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Controlling the nucleation and growth of lithium metal is essential

for realizing fast-charging batteries. Here we report the growth of
single-crystalline seeds that results in the deposition of dense lithium,
even at high current densities. Contrary to the widely accepted practice of
using a lithiophilic surface to achieve dendrite-free deposition, we employ
alithiophobic surface made of ananocomposite of LiF and Fe to deposit

hexagonal crystals, which induce subsequent dense lithium deposition. The
nanocomposites have uniform Fe sites for nucleation while LiF enables rapid
lithium transport. A cell using a3 mAh cm™LiNi, sCo,;Mn,;0, (LINMCS811)

cathode, onefold excess of lithiumand 3 g Ah " electrolyte cyclesatal C rate

for more than 130 cycles with 80% capacity retention, a 550% improvement
over the baseline cells. Our findings advance the understanding of lithium
nucleation and pave the way for realizing high-energy, fast-charging

Li-metal batteries.

Lithium-metal batteries (LMBs) are under intensive development due
to their promise of high energy densities for applications in electric
vehicles and portable electronics' ™. It is generally accepted that the
stability of the Li-metal anode determines the cycle life of these bat-
teries” . Controlling the nucleation and growth of Li metal is thus
critical. Both chemical and mechanical approaches have been applied.
The development of new electrolytes, as represented by the localized
high-concentration electrolytes**”'***%8 has advanced the cycle life
of LMBs substantially, culminating in arecent demonstration of cell
energy densities of 350 Wh kg™ and cycle life of 600 cycles (ref. ¢). With
regard tomechanical control, applying a pressure of 1,200 kPa has been
shownto effectively reduce Li-metal porosity increase and extend the
cyclelife of LMBs, although practical implementation of such pressure
in commercial-format cells will be challenging'>>*°.

Despite these performance advancements, the fundamental
mechanisms that determine Li nucleation and growth remain a topic

of ongoing study. Two factors are of primary importance: the elec-
trolyte and the substrate. High-performance electrolytes usually
promote the formation of a LiF-rich solid electrolyte interface (SEI)
layer on deposited Li metal>'°*°~*2, The high surface energy between
these two materials ensures rapid diffusion of Liat the Li/SEl interface,
which is one of the most critical interfaces in LMBs and essential for
non-dendritic growth. In the meantime, as energy-dense LMBs with
low negative/positive (N/P) ratio are desired® (ideally, anode-free bat-
teries), where lithium must also be deeply plated/stripped, regulation
of lithiumnucleationand early growth on aforeign substrate also play
amajor role in improving cyclability. Thus, transport of Li at the Li/
substrate interface could be as essential as the transport at the Li/SEI
interface, especially for theinitial Linucleation and growth. Asa previ-
ousstudy shows™*, with fast Li diffusion on both the Li/SEl interface and
Li/substrateinterface, the quick ‘self re-arrangement’ enables the early
nucleation, and growth of lithium progresses in amore planar manner.
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Fig.1|Linucleation and growth on different substrates. a, Schematic
illustration of Li plating onto different substrates. Fe/LiF nanocomposite
regulates Li nucleation and growth, resulting in a dense Li deposition.
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b, Wetting angle of molten lithium on FeF;and SEM image of Li deposition. Tests
are conducted at 300 °C. SEM images of 0.1 mAh cm™Li deposited on Fe/LiF
nanocomposite at 3 mA cm™.

Asfarastheeffect of substrates, lithium depositionis also observed to
be facilitated by a high affinity with the substrate material®*°. In other
words, lithium metal needs to ‘wet’ the substrate. In fact, the wetting
angle of lithium is widely used as a metric to predict the nucleation of
lithium. To take the concept one step further, metals (for example, Ag
and Au) capable of forming alloys are often used to reduce barriers
for lithium deposition*"*2, Non-dendritic seeds have a semi-spherical
shape, which presumably grow into large ‘chunks’ with smooth edges
asthe deposition progresses.

One fundamental issue of asphere-particle-based growth model
lies in its limitation in approaching a porosity-free Li electrode.
Although applying high pressure has been found to be helpful, ideally,
lithium should growina planar mannerinstead of aporous manner to
minimize porosity. In crystal growth theory, planar growth requires
rapid lateral diffusion of the metal atoms®. In the case of Liseedson a
substrate, Li diffusion rates need to be fast at both the Li/SEl and the
Li/substrate interfaces. While a LiF-rich SEI has addressed this issue
at the Li/SElinterface, the Li/substrate interface remains a challenge.
In fact, wetting by Li on a substrate due to a strong affinity does not
necessarily promote rapid lateral lithium diffusion. Because Liis known
todiffuse fastataLi/LiF interface, the substrate should also be ideally
covered with LiF. However, LiF isaknown insulator and cannotbe used
asasubstrate by itself.

The current work overcomesthis challenge with a Fe/LiF nanocom-
posite substrate and demonstrates the growth of single-crystalline Li
seeds enabled by this rapid transport mechanism. Such growth persists
evenatacurrentdensity of 5mA cm™ These faceted crystalline seeds
evolve into a dense Li layer as the deposition continues and virtually
eliminate the porosity near the substrate, aphenomenon suffered by

aCusubstrate. Leveraging the dendrite-free and dense Li deposition,
we demonstrate much-improved cycling stability of LiNi, sCo,;Mn, 0,
(Li/NMCS811) full cells at a1 C rate. Our results invite more in-depth
examination of the mechanisms for nucleation and growth of lith-
ium metal, essential for realizing batteries capable of fast charging
and discharging.

Linucleation behaviour

ToenableLigrowth between two LiF-rich surfaces that promote rapid
lateral lithium diffusion, we designed a Fe/LiF nanocomposite-modified
Cu substrate for lithium deposition. A thin film of FeF; is converted
insitu to generate a uniform Fe/LiF nanocomposite (Fig. 1a). Our pre-
vious study has shown that the lithiation of iron halogen compounds
generate ~2 nm metal particles, much smaller than copper and other
transition metals*‘. We hypothesize that the nanosized Fe particles
provide abundant and uniformly distributed nucleation sites for Li,
leading to a uniform Li seeding at the initial deposition stage, while
the LiF promotes rapid lithium diffusion®>*>*¢, As shown in Fig. 1a,
theregulated nucleationand initial growth on the Fe/LiF nanocompos-
iteresultsinadenser Lilayerin the subsequent deposition. In contrast,
the dendritic initial growth on Cu leads to a highly porous Li deposit.
The full-cell cyclability will be greatly affected by the Li structure
because the pores consume alarge amount of electrolyte. Regulating
the initial stage of Li growth is essential to mitigate porosity growth
and cell failure due to electrolyte dry out.

The FeF; substrate is prepared by thermal evaporation of FeF;
powder onto Cu. Top-view scanning electron microscopy (SEM)
image of the obtained film shows a crack-free morphology (Supple-
mentary Fig. 1a). The thickness of the film is ~270 nm as determined
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Fig.2|Morphology of initial Li deposition on different substrates. SEM
images of 0.1 mAh cm™Li deposited on the Fe/LiF nanocomposite or Cu
substrate, under different current densities, including 0.5,3 and 5 mA cm ™.
Insets: higher-magnification images.

from the cross-sectional-view image obtained by focused ion beam
scanning electron microscopy (FIB-SEM) (Supplementary Fig. 1b).
Energy-dispersive X-ray spectroscopy of the FeF; thin film shows a
uniform Fe and F distribution (Supplementary Fig. 1c,d). The FeF,
thin film prepared by thermal evaporation appears to be amorphous
as shown by Supplementary Fig. 2. The amorphous nature of thermal
evaporated FeF, has been previously reported by literature®. Despite
the absence of crystallinity, X-ray photoelectron spectroscopy (XPS)
data (Supplementary Fig. 3) are collected to estimate the chemical
composition of the thin film. The elemental ratio between Fe and F
is 1:3. (Supplementary Table 1). Therefore, the obtained sample is a
200-300 nm-thick uniform FeF thin film.

We ffirst evaluate the wetting of Lion the FeF, substrate. Ashas been
previously shown where FeF, was studied as a cathode-active material,
when FeF;is lithiated (discharged) to below 1V, the FeF; will fully con-
vertinto Fe and LiF (more details are provided below by transmission
electron microscopy (TEM) analysis)*. As expected, Li has a contact
angle of 161.2° (Fig. 1b), much higher than Li on Fe substrate (106.5°),
even higher than 137.1° measured on a Ti substrate (Supplementary
Fig.4) and the values reported for Cu, Ni and other similar metals*.

To investigate how the substrate affects the nucleation and ini-
tial growth of Li, 0.1 mAh cm™ Li is deposited on Fe/LiF nanocom-
posite and Cu, after first discharging to O V. The electrolyte, 2M
lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane/
bis(2,2,2-trifluoroethyl) ether (DME/BTFE) (1:4 by weight) (LDME),
is a state-of-art electrolyte offering high Li efficiency (>99%) and
dendrite-free Li morphology’. The SEM images of Li deposition are
shown in Fig. 2 and Supplementary Fig. 5. Despite the fact that Li
deposition in LDME electrolyte is often shown to be dendrite free,
to our surprise, the initial Li growth on Cu shows randomly oriented
dendritic morphology. This is likely a result of the non-uniform and
chemical nature of the Cu substrate. With low surface Li diffusivity
and lacking nucleationsites, lithium would preferably deposit locally

atselected sites with low nucleation energy (for example, high-energy
grain-boundary sites). As a result, the actual local current density is
very high, which would promote a dendritic morphology. We note
that such ‘patchy’ behaviour of deposition on Cu in the initial stage is
widely reported®*****°, Furthermore, the inhomogeneous nucleation
site phenomenonis not limited to Cu. In fact, even when depositing Li
onalifoil, non-uniformand even dendrite morphology have also been
observed (Supplementary Fig. 6).

In contrast, the images of 0.1 mAh cm™ Li deposited on Fe/LiF
nanocomposite reveal uniformly distributed micron-size hexagonal
crystals. The hexagonal crystals grown on the Fe/LiF substrate rep-
resent near thermodynamically equilibrated growth owing to highly
uniform nucleation sites and facilitated lithium transport at both the
lithium/substrate interface and the lithium/SEl interface due to the
presence of LiF. As a previous report has shown, a triagonal or hex-
agonal cross section is appropriate for Li, a body-centred cubic (bcc)
crystal, to expose {110} low-energy planes at all three or six facets®. Fur-
thermore, we have found that the hexagonal crystal feature persists up
to5 mA cm™, indicating the fast-charging capability of Lianode using
the Fe/LiF nanocomposite-modified Cu (Fig. 2 and Supplementary
Fig. 5). We note that the Li crystals are not perfectly aligned in crystal
orientation although they have similar sizes. The optical images of
the deposited Lishow the morphological difference at amacroscopic
scale (Supplementary Fig. 7). The Li deposited on Fe/LiF nanocom-
posite shows a silver colour, while the one on Cu is darker, which is
typically associated with anirregular morphology. This macroscopic
difference is related to the uniformity of nucleation site distribution.
Fesites are generated in situ and are inherently uniformly distributed
with nearidentical size and structures. As aresult, lithium nucleation
can take place on all of them simultaneously. This uniformity itself is
insufficient to generate single-crystalline seeds, however. When Fe,0,
is evaporated on Cu and used as substrate for Li deposition, Li grows
as dendrites (Supplementary Fig. 8), clearly indicating that due to
high surface Li diffusion, LiF-rich substrate facilitates the growth of
deposited lithium towards its thermodynamically stable morphology.
Additionally, to probe the importance of Cu current collector under-
neath the Fe/LiF coating, we evaporated FeF, on Ti foil. The initial Li
deposition still manifests in a hexagonal single-crystal morphology
(Supplementary Fig. 9).

Our results thus show that to grow dense lithium with low porosity,
the substrateis not necessarily lithiophilic, although lithiophobicity is
unlikely tobe required either. What mattersisrapid Litransport at the
Li/substrate interface. As willbe shown later, fast Li transport on Li/sub-
strateinterface enables faceted lithium nucleation and growth, leading
to low-porosity Li deposition, which persists even after high-capacity
deposition.

TEM observation of single-crystalline Li seeds

We next perform cryogenic TEM characterization of the Fe/LiF nano-
composite substrate and the deposited Li crystalsin their native states
(Methods). Figure 3a-c shows theimage and diffraction patterns of the
FeF, thin film after electrochemical Li deposition. Dark-field cryoEM
image, asshowninFig. 3a (large field-of-view image in Supplementary
Fig.10), is formed by selecting part of the scattered electrons with an
objective aperture (the direct electronbeamis unselected). The areas
where the electron scattering is selected will be brighter, while the
areas withelectronscattering not selected will appear dark. The bright
features (indicated by arrows) in the dark-field TEM image indicate that
nanosized domains are formed, which is verified by atomic-resolution
imaging showing the formation of bcc Fe nanoparticles with a size of
~2 nmand the presence of disordered/amorphous domains (Fig. 3b).
Considering the clear existence of LiF observed in the F 1s XPS spectra
(Supplementary Fig. 11) and given the disordered nature of LiF from
FeF; lithiation reported previously*’, we conclude that the amorphous
domainisLiF. Theelectron-diffraction pattern shows that the reacted
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Fig. 3| Cryo-TEM imaging and crystallographic analysis of the single-
crystalline Licrystals. a, Dark-field TEM (DF-TEM) image showing the formation
of nanosized domains (examples indicated by arrows) in the substrate after
electrochemical Li deposition. b, Atomic-resolution TEM image showing the
formation of sub-nano (<10 nm) bcc Fe nanoparticles (red circles) and disordered/
amorphous domains (orange circles). The measured lattice spacing of 0.20 nm
and 0.14 nm can be assigned to the (110) and (200) planes of bcc Fe, respectively.
¢, Electron-diffraction pattern of the reacted substrate showing diffraction rings
corresponding to bcc Fe and halo pattern corresponding to amorphous phase.
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d,EDS mapsof C, O, F, S, N. The result shows that a thin layer of uniform SEI forms
onthesurface of the Li crystal. HAADF, high-angle angular dark field. e, Atomic-
resolution TEM image of the Li metal obtained along the [111] zone axis. The
electron-diffraction patternin the inset shows that the Li crystalind is perfectly
single-crystalline. f, Three-dimensional imaging of the hexagonal-shaped
single-crystalline Li metal in d by cryo-TEM tomography. The single-crystalline Li
metal has a near-elongated hexagonal bipyramidal shape mainly terminated with
low-energy {110} facets. g, The cross-section analysis highlights the elongated
prism-side surfaces corresponding to the {110} planes of bcc Li metal.

Fe/LiF nanocomposite substrate has Bragg rings corresponding to
bcc Fe. The halo pattern probably corresponds to the disordered or
amorphous LiF.

Figure 3d-f shows the cryo imaging of the plated Li crystal. The
energy-dispersive X-ray spectroscopic (EDS) images in Fig. 3d show the
deposited Li crystal has a thin, conformal SEI film that contains C, O,
F,Sand N, which could be a gradient layer derived from the lithiation
of fluoride, according to a previous report*’, while the high-intensity
signal of F on the substrate is dominated by the contribution from the
LiF/Fefilm. Figure 3e and the inset shows that the hexagonally shaped
Licrystalindeedis asingle crystal—both the high-resolution cryo-TEM
image and the diffraction pattern show a perfect hexagonal symmetry
down the [111] zone axis. We further perform cryo-electron tomogra-
phy to image the three-dimensional (3D) shape of the Li crystal. The
3Dreconstructionin Fig. 3f shows the single-crystalline Limetal has a
near-elongated hexagonal bipyramidal shape mainly terminated with
low-energy {110} facets. Previous theoretical modelsindicate that [100]
is the most stable facet for Li metal**~°. However, [110] facet has been
observedinelectrodeposited Li metals*®. The hexagonal shape we have
observed thus represents the Wulff shape of Li metal.

The evolution of Limorphology during
subsequent growth

We then examine the effect of single-crystalline Li-metal seeds on the
subsequent growth of Li-metal layers to reach a capacity thatis relevant

toapractical battery. Although the crystalline seeds are not perfectly
alignedintheir orientation (Fig. 2a), they still provide notable benefit
ingrowth of low-porosity Li. To study whether the Li regulation effect
still persists when the layer grows thicker, we gradually increased the
deposition capacity from 0.1 mAh cm™2to3 mAh cm™. The top-view SEM
images are shown in Supplementary Fig. 12. As the capacity increases,
the hexagonal Li crystals gradually merge to form asubstrate with uni-
form Li orientation. Meanwhile, another layer of Li starts to be plated
on top of the smooth Li substrate, which appears to be dendrite free
and dense. The uniform Li deposition continues as capacity increases
from 0.5 mAh cm™to 3 mAh cm™. On the contrary, Li deposited on
Custartswithrandomly oriented Lifilaments. As deposition capacity
increases from 0.1 mAh cm?to1 mAh cm, the filaments grow thicker
but do notvanish. Onlywhen3 mAh cm2isdeposited, the Limergesinto
granular deposits. The different Li morphology evolution behaviour
indicates that the substrate effect remains as the deposition continues.

Tounderstand the effect of current density,1 mAh cm™Liis depos-
ited under different current densities, ranging from 0.5 mAhcm™2to
5mA cm 2 Figure4aand Supplementary Fig. 13 show the cross-sectional
SEM images of the deposited Li, where substantial thickness differ-
ences are observed between the Fe/LiF nanocomposite and Cusample,
especially at high current densities. The thicknesses of Li layers on
Fe/LiF nanocomposite at 0.5,1,3 and 5 mA cm™, are 6.1, 6.7, 7.3 and
8.7 um, while the ones on Cu are 8.5,10.115.8 and 17.8 um, respectively.
The theoretical thickness of 1 mAh cm™Li is 4.85 pm at 0% porosity.
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Fig. 4| Cross-sectional morphology and thickness of the deposited Lilayer.
a,SEMimages of 1 mAh cm™Li plated on the Fe/LiF nanocomposite and Cu
substrate, under 0.5,3,5 mA cm™ b, Cryo-FIB-SEM images of 1 mAh cm™Li
deposited on the Fe/LiF nanocomposite and Cu substrate under 3 mA cm™.

¢, Summarized average thickness data (+ s.d.) of 1 mAh cm™Li deposited on
Fe/LiF nanocomposite and Cu substrate under different current. d, Summarized
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Data are presented as mean values + s.d.
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average thickness data (+ s.d.) of different amounts of Li deposited on Fe/LiF
nanocomposite and Cu substrate under 3 mA cm™. The error barsin ¢,d are the
standard deviation of the Li-layer thickness measured from three SEM images.
The SEM images corresponding to the error bars are shown in Supplementary
Figs.14-17.

Thefact thatLilayers deposited on Cu, especially at high current densi-
ties, are more than three times thicker than the fully dense Liindicates
their high porosity. Cryo-FIB-SEM s utilized to examine the Li plated at
3 mA cm~on different substrates to better reveal the porosity differ-
ence. Asshownin Fig. 4b, Lideposited on Fe/LiF nanocomposite shows
a columnar structure with few sub-micron pores distributed in the Li
layer.Onthe contrary, afew um-size interconnected pores are observed
inLiplated on Cu. The FIB-SEM images thus clearly illustrate how Liis
packed differently on different substrates. How the deposition capac-
ity affects the porosity isillustrated in Supplementary Figs. 14 and 15,
where the current density is maintained at 3 mA cm™, but the capacity
isvaried from 0.3t09 mAh cm™. TheLi plated on Fe/LiF nanocompos-
iteis found to be denser than the Cu counterpart, independent of the
deposition amount. To better visualize the porosity difference and
evolution as current or capacity increases, in Fig. 4c,d, we summarize
the thickness data of the Li layer deposited under different current

densities (0.5to 5 mA cm™, at same capacity,1 mAh cm™) and capacity
(0.3t09 mAh cm™, at the same current density, 3 mA cm™). The yellow
coloured dashed linesrepresent the thickness of fully dense Li deposits.
The data clearly show that no matter what current or capacity is, the Li
plated on Fe/LiF nanocomposite is always much denser than that on Cu.
The majority of the improvement, however, is found to be associated
with the first 1 mAh cm™ capacity. We believe this is due to the reduc-
tionin porosity of dendritic lithium upon further Li deposition with the
presence of pressure, as has been observed by previous studies'>”. We
note thatat9 mAh cm™, the Li thickness is 45.4 pm, nearly identical to
the expected thickness of a fully dense layer. The SEM images we use
to obtain the thickness information are included in Supplementary
Figs.14-17.Inaddition to side-view observations, we also investigated
the top-view morphology. SEM images of 1 mAh cm™ Li deposited in
0.5,1,3,5 mA cm™are shownin Supplementary Fig.18. Itis quite clear
that the Li plated on Cu shows more dendritic morphology than the
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Fig. 5| Electrochemical performance of half cells with different substrates. a-d, CE versus cycle number of Li||Cu or Fe/LiF nanocomposite cell under different
conditions: 3 mA cm?,1mAh cm™(a); 3mA cm™2,3 mAh cm2(b); 5mA cm2, 1 mAh cm™?(c); 5mA cm2,3 mAh cm™(d).

Fe/LiF nanocomposite, especially under high current density, which
agrees with our cross-sectional observations.

By investigating the Li morphology evolution at different capac-
ity and current density, we have shown that although high-capacity
deposition of Li onto Cu shows reduced porosity due to the presence
of pressure”, the porosity near the substrate from Li nucleation and
early growth stage remains. In contrast, the employment of Fe/LiF
substrate greatly reduces the initial porosity of Li deposition because
the hexagonal Lisingle crystal formed inthe initial Li deposition, even
with less than perfect orientation, allows for amuch more planar and
denser packing of Li, thus promoting low-porosity growth of lithium
upon further deposition. We believe such low-porosity plating mor-
phology also helps with uniform stripping of lithium to avoid void
formation. Finally, we note that the test conditions we have employed
inthis study do not trigger a solution transport-limited regime that is
characterized by the Sand’s capacity (Supplementary Fig.19).

Half-cell and full-cell battery performance

So far, we have shown that the Fe/LiF nanocomposite substantially
influences the Li nucleation behaviour and the initial deposition of
single-crystalline Lileads to much-improved morphology and reduced
porosity in the following deposition. In principle, better morphol-
ogy would result in superior cycling performance. Li||Cu or Li||[Fe/LiF
nanocomposite half cells are constructed to compare their cyclability.
Figure 5 shows the Coulombic efficiency (CE) data of half cells tested
under different conditions. The corresponding voltage profiles are
shown in Supplementary Fig. 20. Current densities of 3 mA cm™and
5mA cm™are used to cycle the batteries because of the remarkable
morphological differences observed between the Fe/LiF nanocom-
posite and Cusamples under such conditions. Lower current-density
cycling data are included in Supplementary Fig. 21. In addition to
the current-density variation, the cycling capacity is also alternated
between1mAh cm™and3 mAh cm™to demonstrate the applicability
of Fe/LiF nanocomposite in different conditions. Figure 5a,b shows
the cycling performance of cells tested under 3 mA cm™ current and
1mAh cm™or 3 mAh cm™ capacity, respectively. Remarkably long
cycle life of the Fe/LiF nanocomposite cell is observed (>1,000 and
300 cycles, respectively), while the Cu cells shorted quite early due to

the high current density. The Cu cell performance deteriorates sub-
stantially when the currentincreases to 5 mA cm™. The Cu cell shorted
atthel13thand2nd cycleswhen1 mAh cm™2and 3 mAh cm™Liis cycled,
respectively, while the Fe/LiF nanocomposite cell delivers 600 and 80
stable cycles under such challenging conditions. The lower voltage on
the deposition curve of Fe/LiF near end of plating at high cycle numbers
probablyindicates abuild-up of porosity over the cycling on the counter
electrode. We also notice that the average CE of the Cu cellis only 97.32%
when1mAh cm™Liis cycled at 5 mA cm™. In contrast, regardless of
cycling conditions, the average CE for the Fe/LiF nanocomposite cell
is always >99%. The superior cycling performance and CE of the Fe/
LiF nanocomposite cell suggest its promise of application in full cells
when cycled at high rates. In addition to the deposition-full-stripping
CEmeasurement, we also apply a partial-stripping measurement follow-
ing the method proposed by Adam et al.”’”. Asshownin Supplementary
Fig.22,aformation cycle of 5mAh cm™is performed at3 mA cm™. Then
another 5 mAh cm™Liisdeposited, whichis followed by 1mAh cm™2ten
deposition-stripping cycles at 3 mA cm™, Finally, the remaining Li is
fully stripped. The CE is estimated by comparing the amount stripped
after cycling and the amount originally deposited. The Fe/LiF nanocom-
posite substrate shows a 98.2% CE at such a high current, while the Cu
cellshows a92.9% CE. More importantly, we find that if the formation
cycleisperformed at 0.5 mA cm™, thereis no CE difference between two
different substrates (Supplementary Fig. 22b). Both cells show a98.9%
CE. SEM images (Fig. 2) have shown that even at high current density,
the Fe/LiF substrate still manages to provide uniform Li seeding. We
believe that theregulated Liseeds formed in the condition cycle leads
to the dramatic CE difference. However, if lower current is used in the
formationcycle, the uniformity difference in Liseeding is smaller, which
resultsinno CEimprovement in the following cycle. This experiment
further proves the importance of the substrate and Li nucleation on
LMB performance at high current densities.

We then investigate the performance of Fe/LiF nanocompos-
ite substrate in a full cell, which comprises an NMC811 cathode with
3.25mAh cm™ areal capacity and an anode of either bare Cu or Fe/
LiF nanocomposite film with pre-deposited Li. Previous reports
have demonstrated that a low N/P (negative/positive, 2-4) ratio
and lean-electrolyte (3 g Ah™) conditions are needed to deliver a
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Fig. 6 | Electrochemical performance of full cell with different substrates.

a, Capacity retention of full cell with 3 mAh cm™NMC811 as the cathode and

3 mAh cm™Li plated on different substrates as the anode. The electrolyte
(3gAh™)isadded to each cell. Constant current constant voltage (CCCV) cycling
isperformed at1Crate, with the voltage window of 2.8-4.4 V. Top view of Fe/LiF

(top left) and Cu (bottom left) and cross-sectional view of Fe/LiF (top right) and
Cu (bottom left) SEM images of Li morphology after 20 cycles. ¢, Summary of full-
cell energy density (by projection, Methods; asterisks indicate measured values)
versus charging rate reported in literature’->>7107121471628.3563,64

competitive cell-level energy density (350 Wh kg™) (refs. ***). In addi-
tion to the energy-density consideration, a recent report suggests
thatal:1N/Pratio helpsto prolongcyclelife by lowering side reaction
rate. Therefore, we deposit 3 mAh cm™ Li on Fe/LiF nanocomposite
and Cu, which translates to an N/P ratio of 0.92. The amount of electro-
lyte added is 3 g Ah™ (only ~10 pl per coin cell). The projected energy
density of a 2 Ah pouch cell with aforementioned conditions (areal

capacity, electrolyte amount and N/P ratio) is 354.1 Wh kg™. Detailed
calculationisincluded in Methods. The Liloss due to FeF; lithiation is
calculated to be 0.074 mAh cm™, which is negligible compared with
deposited Li capacity (3 mAh cm™). Moreover, in literature reports
about Li-anode substrate modification, it is not uncommon that asmall
fractionof Liinventoryissacrificed to ensure better Limorphology and
reversibility®>****>*8 Inaddition to the above-mentioned challenging
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condition, NMC811 full cells are cycled at 1 C rate, which corresponds
to a current density of 3 mA cm™ Figure 6a shows the cycling perfor-
mance comparison of the full cells. The Cu cell lasts only 20 cycles
before rapid degradation. The cell capacity decays from >3 mAh cm™
to almost O within a few cycles. The degradation symptom is similar
to those lean-electrolyte cells reported in the literature, which can be
attributed to electrolyte depletion'®***, It is worth noting that such a
phenomenonis typically observedin LMBs with carbonate electrolytes
whilenotintheLi-friendly ether-electrolyte system, largely due to the
higher reactivity of the carbonates. However, in our tests, the high
current-density deposition poses a great challenge to the Li anode
evenwith electrolytes offering one of the highest CEs, which resultsin
therapid degradation. Onthe contrary, the Fe/LiF nanocomposite cell
showsstable cycling for 130 cycles before it decays to 80% of its original
capacity. Assuming negligible degradation of the cathode capacity,
this capacity retention corresponds to a Li cycling efficiency of 99.3%,
based on1x excessLi, much higher thanthe value obtained in half-cell
tests (98.9%). The higher efficiency observed in full cells is due to the
inclusion of a constant-voltage step during charging and the effect of
the counter electrode as shown previously*’.

Tounderstand the origin of the notably different cyclability, cells
are disassembled after 20 cycles to observe the Limorphology. Figure
6b shows top-view and cross-sectional-view SEM images, revealing
dramatically different morphology. The Li on the Fe/LiF nanocom-
posite substrate comprises few-micron-sized Li ‘chunks’, while that on
Cu shows an extremely porous and mossy morphology (Fig. 6b). The
cross-sectionalimages alsoreveal great differencesinLilayer thickness.
(Fig. 6b) The Li layer on Fe/LiF nanocomposite is 25.9 pum, while the Li
layer on Cuis 59.1 um. The difference indicates that the substrate effect
persists even after repeated cycling. The voltage profile, as shown in
Supplementary Fig.23, also indicates that with the presence of Fe/LiF,
the Li-anode impedance evolves much more slowly.

The deposited Li on the Fe/LiF substrate displays substantially
reduced porosity compared with Li plated on Cu substrate (Fig. 4d).
Suchlithiumgrowth originates from the very beginning of deposition
as faceted crystals, which ensures uniform current distribution and
reductions in electrolyte consumption during subsequent lithium
plating and stripping. We believe this low-porosity, more planar lithium
morphology, which persists even after high-capacity deposition is
responsible for the improved full-cell cycling stability.

Inaddition to the high-areal-loading full cell, NMC811 cathode with
1.5 mAh cmareal loading is also tested under similar conditions, with
1x excess Li and 1 C rate. As shown in Supplementary Figs. 24 and 25,
similarimprovementis observed.

The above results demonstrate that when combined with
lean-electrolyte and fast-charging conditions, the Liregulation effects
from Fe/LiF nanocomposite substrate results innotably improved cycla-
bility. To put our results in the context of recently published work, we
summarize the reported full-cell cycling data with a controlled amount
of excessive Liand electrolyte. The cell-level energy density (by projec-
tion or measurement) is plotted against the chargingratein Fig. 6¢c. Most
ofthereported datafallinto the category of high energy density but low
chargingrate out of concern for dendrite growth and performance deg-
radation. Toenable fast-charging LMB, flooded electrolyte and high N/P
ratio are often employed as shown by the light blue line-circled region
inFig. 6¢c, which decrease the cell-level energy density substantially. On
the contrary, our strategy has demonstrated high energy density and
fast charging at the same time as highlighted in Fig. 6¢.

Conclusion

In summary, we have demonstrated that creating a LiF-rich substrate
with nanosized Fe nucleation sites coupled with a high-performance
electrolyte promotes the nucleation of Li single-crystal seeds, in con-
trast toinitial dendritic growth on bare Cu. Suchregulated Li nucleation
and early growthbehaviouris enabled by the fast-surface Li diffusion at

boththeLi/substrateinterface and the Li/SElinterface, which arerich
in LiF. Our finding shows that the interfacial Li transport rate rather
thanlithiophilicity determines the Li growth behaviour. With uniform
nucleation sites and the low-porosity nature of hexagonal single-crystal
Ligrowth, the commonly observed dendritic growth near the substrate
is greatly mitigated.

Leveraging the dendrite-free Li deposition, half cells constructed
with Fe/LiF nanocomposite show >1,000 and >600 cycles under 3 and
5mA cm?, respectively. Compared with the bare Cuanode substrate,
remarkable cyclabilityimprovementis observed in full-cell tests with
lean-electrolyte (3 g Ah™) and 1C rate cycling, which results from the
denser Li deposition. This work presents an approach to tune the Li
nucleation behaviour and its consequent Li deposition, which paves
the way towards high-energy-density LMBs capable of fast charging,
crucial for enabling their applicationin electric vehicles.

Methods

FeF; thin film

The FeF; thin film was prepared by thermal evaporation (Angstrom
Engineering Nexdep EB Evaporator) of FeF; powder (Sigma-Aldrich)
at 18% power for 15 mins. Fe,0; thin film was prepared with the same
method, but at 28% power for 15 mins.

Cathode

NMCS811 was purchased from Targray. A cathode slurry was pre-
pared by mixing NMC811, SuperP and polyvinylidene fluoride in
N-methylpyrrolidone solution by Thinky mixer. The ratio between
the three componentsis 90:5:5. The slurry was coated on Al foil using
adoctor blade. The areal mass loading was controlled at 16 mg cm™
and 8 mg cm™, respectively. After dryingin the vacuum ovenat120 °C
overnight, theelectrodes were calendared into 30% porosity and then
punched into a12-mm-diameter disk for a coin-cell test.

Electrolyte

Dimethoxyethane was purchased from Gotion. Lithium
bis(fluorosulfonyl)imide (LiFSI) was purchased from Sigma-Aldrich.
Bis(2,2,2-trifluoroethyl)ether (BTFE) was purchased from Synquest
Lab. The LDME electrolyte was prepared by dissolving 2 M LiFSl in
DME/BTFE.Here1Mis defined as1 Msalt dissolved into 1 kg of solvent.

Lithium wetting angle test

Lithium was melted with a hot plate inside an argon-filled glovebox,
with O,and H,0O levels <0.1 ppm. The molten lithium was cleaned with
Tistrip multiple times to remove the reaction products onits surface.
Forthe Liwetting test against FeF, FeF, was coated on Tifoil at the same
thickness as the FeF, coated on Cuin electrochemical tests.

Battery assembly

Although pouch cells will offer better pressure control, coin cells have
been shown to be a facile platform for Li morphology studies®* %
2016-type and 2032-type coin cells were used for our study.

The 2016-type coin cells were used for Li deposition and half-cell
tests. Each cellincluded a 250 pm Li chip, a25 pm celgard separator, a
I mmspacer, a piece of bare Cu or FeF; coated Cuand 75 pl electrolyte.

The 2032-type coin cells with Al-coated positive case were used
for full-cell tests. The Al-coated case was used to prevent corro-
sion. A predetermined amount of Li was deposited on Cu or Fe/LiF
nanocomposite-modified Cu. Full cells were assembled with NMC811
cathodes, Cu or Fe/LiF nanocomposite-modified Cuwith pre-deposited
Li, Celgard separators, spacers and springs. The electrolyte amount
was controlledas3 g Ah™.

Electrochemical testing
Lideposition and half-cell tests were conducted on an LBT-5V5A battery
tester (Arbin Instruments). Cells were first discharged at 10 pA until
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0.2V. An additional 24 hour 0.2 V constant voltage hold was applied
in the FeF; cells to fully lithiate the thin film. Once 0 V was reached,
constant-current discharges with different current densities and
deposition time were applied to deposit Li. Cells for the morphology
observation were disassembled after deposition. Cells for the cycling
test were then strippedto1V.

For the full cell, cycling tests were carried out using battery test-
ers (LANHE CT2001A). The batteries were tested in the voltage range
of 2.8-4.4 V under a constant current, constant-voltage charge and a
constant-current discharge mode. When the charge voltage reached
the set cut-off, the constant-voltage charge process was applied until
the charge current decayed to 0.05 C. The capacity retention was cal-
culated on the third cycle capacity, after two formation cycles.

SEM

To perform morphological observation, cells were disassembled in
anargon-filled glovebox. The deposited Li was washed with dimethyl
carbonate toremove residual electrolytes. The morphology and thick-
ness of the deposited Li were characterized using scanning electron
microscopy (FEI Quanta 250 SEM). The cryogenic focused-ion beam
milling was conducted using FEI Scios DualBeam FIB/SEM.

Cryo-TEM experiments

The samplesused for TEM observations were prepared by the method
illustrated in Supplementary Fig. 26. Specifically, FeF; was evaporated
on athin carbon film-supported Cu grid, which was assembled into a
coin cell. After electrochemically converting FeF; into Fe/LiF nano-
composite, 0.1 mAh cm™Li was plated on it. The SEM image of the
Li-deposited TEM grid was shown in Supplementary Fig. 27, where
hexagonal-shaped Licrystals were observed, showing great agreement
with Li plated on the Fe/LiF nanocomposite-modified Cu.

The cryo-TEM experiments were conducted in an FEI Talos
F200X transmission electron microscope (operated at 200 kV) with
anextreme Schottky field emission source and the four-quadrant EDS
detectors. To keep the sample at cryogenic temperature (185 °C)
in TEM, a Gatan liquid nitrogen holder with an anti-frost window was
used to transfer the TEM sample at liquid nitrogen temperature. To
prepare the TEM samples for the cryo-TEM experiments, we assem-
bled coin cells with copper grids inserted onto a Cu foil electrodeina
glovebox protected by an argon atmosphere. After electrochemical
deposition, coin cells were disassembled, and the copper grids were
sealed in aluminium pouch bags. The sealed grids were plunged into
aliquid nitrogen bath and quickly loaded onto the pre-cooled cryo
holder. With the protection of the anti-frost widow, the cryo holder was
soon inserted into the TEM for further characterization. To perform
the cryo-TEM tomography experiments, annular dark-field scanning
transmission electron microscopy imaging mode was used to acquire
tilt series with a maximum tilt range of + 80°. The data were aligned
by cross-correlation function and reconstructed by the simultaneous
iterative reconstruction technique (SIRT) algorithm. The 3D tomo-
graphicreconstruction was visualized by Avizo.

XPS

XPS (Physical Electronics, Quantera Scanning XPS Microprobe Sys-
tem) was carried out using Al-anode source at 15 kV. Obtained data
were calibrated based on the reference of C-C bond at 284.6 eV and
fitted in CasaXPS. For FeF; XPS spectra, the noticeable Cand O signals
in the presented XPS results are probably a result of residual con-
taminants presents from air exposure during sample transfer into the
XPS instrument.

Calculation of projected cell energy density

Uavg X chll

En = . (0))
M7 (Quic/QnMC)/0.9 + Qui/Qul + Mete X Qell + Myep + Mec/2.0

where £, is the projected cell-level energy density; U, is the average
cell operating voltage (3.8 V); Q. is the total areal capacity of the
cell (Que = Qumc =3.25mAh cm™, Q;=3.0 mAh cm?, given N/Pratio is
0.92); Q,,\“is the specific capacity of NMC811 (200 mAh g™); cathode
COMPOSItion is Myyc : Mpypr : Mearpon = 90:5:5; Q. is the specific capac-
ity of lithium (3,861 mAh g™); m,,. is the mass of electrolyte (3 g Ah™);
m,, is the areal mass of separator (0.0007 g cm?); m, is the areal mass
of current collector (0.00796 g cm? for Cu and 0.00324 g cm? for Al,
double-sided electrode).

Data availability
All relevant data are included in the paper and its Supplementary
Information. Source data are provided with this paper.
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