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Understanding the lithium nucleation and growth process is crucial for

improving lithium metal battery performance. Here we investigate the
roles of the lithium-electrolyte and lithium-substrate interfaces during the
lithium nucleation process. Using a physics-based model, we identify which
of the two interfaces controls lithium nucleation for different electrolytes
and substrates. Sluggish lithium transport through the solid-electrolyte
interphases (SEls) and slow charge-transfer kinetics make the nucleation
process SEl controlled and substrate independent, while substrate

properties control lithium nucleation in a system having fast SEl transport
and charge-transfer reactions. For substrate-controlled nucleation, we derive
amodel that elucidates the need for fast lithium adatom velocity along the
substrate that outpaces the critical nuclei formation. We also reveal that
lithium nucleation modes have a strong impact on lithium plating/stripping
reversibility. Simultaneous fast transport through the SEls and fast lithium
adatom movement on the substrate are essential for achieving dense lithium

deposition and long-cycle-life lithium metal batteries.

Thereversible cycling of lithium-metal anodes holds the key torealizing
high-energy-density batteries'. However, uncontrolled lithium deposi-
tionand irreversible stripping leads to poor cyclability and increased
safety hazards®®. As the initial step of lithium deposition, the nucleation
morphology significantly impacts the final morphology of deposited
lithium®’. Controlling the lithium nucleation processiis thus crucial for
enabling the stable cycling of lithium-metal anodes® ™.

Itis generally accepted that two interfaces, lithium-substrate
and lithium-electrolyte (the latter involving solid-electrolyte
interphases (SEIs)), play a critical role in controlling lithium nuclea-
tion and determining subsequent lithium growth morphology™ ™.
Substrates impact the thermodynamic lithium nucleation barrier
(overpotential) by having different affinities for lithium metal®.
Lithium nucleation preferentially takes place on those sites with
lower energy barriers. As a result, various substrates have been
developed with the aim of reducing the lithium nucleation barrier,

including metal-based substrates such as gold and magnesium that
form alloys with lithium®”™, doped-carbon substrates” ' and other
three-dimensional hosts** %, The migration barrier for lithium on the
substrate’s surfaceis anotherimportant factor for lithium nucleation
regulation®. Density functional theory (DFT) calculations show that
compared with other species such as Li,O and Li,CO,, lithium halides
exhibit higher surface energies and lower surface diffusion barriers®,
which facilitate the surface migration of lithium. This theory is cor-
roborated by the discovery of ananocomposite substrate containing
metal nanoparticles as uniform nucleation sites and lithium fluoride
(LiF) which facilitates surface migration. The substrate was found
to enable uniform single-crystalline lithium nucleation despite its
apparentlithiophobility®. Overall, the design of substrates hasbeen
mainly driven by the desire to enhance affinity between lithium and
the substrate to reduce nucleation energy, with a more recent con-
sideration being lithium surface mobility.
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The lithium-electrolyte interface (SEI) also plays a crucial role
in determining lithium nucleation morphology. Recent studies®®
revealed that whenlithiumis deposited under ultrahigh current density
and lithium nucleation is allowed to outpace the formation of the SEI,
lithium forms single-crystalline rhombic dodecahedra, regardless of
the plating substrate or electrolyte chemistry. However, when lithiumis
depositedinthe presence of an existing SEI (under practical operating
conditions), the morphology of lithium nucleation and early growth
is highly dependent on the SEI composition and morphology, which
is dictated by the electrolyte chemistry. With an SEI that allows facile
lithium diffusion, lithium atoms can rearrange and effectively release
local stress, which helps avoid SEl breakage and dendrite extrusion,
thus enabling uniform and planar (two-dimensional) lithium nuclea-
tion and growth®. This has driven the approach to generate SEls rich
in LiF, which is known to enable fast lithium transport inside SEIs** %,
Additionally, SEIs with high lithium ion conductivity®, improved
uniformity?, robustness and flexibility*** serve the same purpose of
suppressing SEl breakage®**’.

Experimental and theoretical investigations thus far have provided
in-depth understanding on the role that each interface plays during
lithium nucleation. However, under practical battery operating condi-
tions, the two interfaces always coexist, that is, lithium is expected to
nucleate and grow between the substrate and an SEI that has already
formed. Consequently, itis essential to understand which interface will
play the decidingrole in thelithium nucleation under agiven substrate,
electrolyte and other experimental conditions. Furthermore, such
consideration needs to be extended to the subsequent growth, that
is, whether the lithium interface with predeposited lithium nuclei or
whether thelithiuminterface with the electrolyte (SEI) will determine
the growth behaviour. By understanding which interface dictates
nucleationand growth behaviour, the necessary design principles can
be used to optimize battery performance.

Inthis study, we use quantitative models to elucidate the limiting
interfaces for lithium nucleation in batteries with different substrates
and SEI chemistries. By carrying out the study at room temperature
and using practical deposition current densities (with the existence
of an SEI), we find that the lithium nucleation process can be either
substrate controlled or SEl controlled (substrateindependent), which
is determined by the electrolyte and SEI chemistries. Although both
cases cangenerate dendrite-free lithium growth, SEl-controlled lithium
nucleation can be harmfulto cycling stability, regardless of the choice
of substrate for lithium deposition. In the SEI-controlled process,
nucleation is continuous during the growth process. The resulting
nucleation-driven multilayer growth mode leads to weak connections
between lithium particles and promotes dead lithium formation upon
stripping, which is detrimental to cycling reversibility and stability. In
contrast, a substrate-driven nucleation process, particularly one that
featuresrapidlithiumtransportatthelithium-substrateinterface, leads
touniformfaceted lithium seeds followed by an extrusion-based growth
process. The deposited lithium particles have better connectivity, thus
suppressing the formation of isolated dead lithium. The insights from
this study will facilitate the design of new electrolytes and substrates to
further advance the cycling stability of lithium-metal batteries.

Results and discussion

A study matrix to probe the effect of substrate and SEls on
lithium nucleation

We first construct a matrix of two substrates and four electrolytes to
probe the effect of lithium-substrate and lithium-electrolyte interfaces
onlithiumnucleationand early growth. In addition to commonly used
copper substrate, we also tested a Ni/LiF nanocomposite substrate.
Previously, we have shown that a metal/LiF nanocomposite substrate
enables uniform single-crystalline lithium nucleation®. In our case, a
thin film of NiF, is deposited on copper by thermal evaporation. The
filmisthenlithiated electrochemically in situ to form ananocomposite

of nickel and LiF. As described in Supplementary Section 3, chemical
and morphological characterization results (Supplementary Figs.1-8)
show that the Ni/LiF substrate has uniform composition, morphology
and electronic conductivity.

To investigate the effect of the SEls, we select four electro-
lyte systems to cover the commonly used electrolyte types: (1) a
localized high-concentration electrolyte (LDME)*®: 2 M lithium
bis(fluorosulfonyl) imide (LiFSI) in 1,2-dimethoxyethane (DME) +
bis(2,2,2-trifluoroethyl) ether (BTFE), which is well known to offer
high-efficiency lithium cycling; (2) an all-fluorinated carbonate
electrolyte (All F)*°: 1 M LiPF, in fluoroethylene carbonate (FEC)
+1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE)
+ methyl (2,2,2-trifluoroethyl) carbonate (FEMC), also reported
to offer high-efficiency and dendrite-free cycling; (3) a dilute
ether electrolyte with LiNO, additive (DOLDME)”: 1M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL)
+ DME +1% LiNO;, which is most commonly used for lithium-sulfur
batteries; and (4) a fluorine-free carbonate electrolyte (F-Free): 1M
lithiumbis(oxalato)borate (LiBOB) in ethylene carbonate (EC) + dime-
thyl carbonate (DMC), which is chosen to exclude the formation of
LiF. Figure 1 shows the resulting lithium nucleation morphology as
afunction of substrate and electrolyte (SEI). Lithium is deposited at
a current density of 3 mA cm™ and a capacity of 0.1 mAh cm™. In the
LDME and All F electrolytes (Fig. 1a,b), lithium nucleation is strongly
affected by the specific substrate. Whereas the Ni/LiF substrate enables
uniform single-crystalline lithium nucleation, lithium deposited on
copper appears as irregular dendrites. Supplementary Fig. 9 shows
the uniformsingle-crystalline lithium nucleation at larger length scales
(100-pum scale and millimetre scale) on the Ni/LiF substrate, again
confirming its uniformity. In contrast, the DOLDME and F-Free elec-
trolytes (Fig. 1c,d) enable uniform dendrite-free lithium nucleation
on both copper and the nanocomposite substrate. Thus, the study
matrix allows us to categorize the lithium nucleation into two modes:
substrate-controlled nucleation versus substrate-independent nuclea-
tion (Fig. 1e). Supplementary Figs. 10 and 11 show the voltage profiles
for lithium nucleation. Noticeably, the F-Free electrolyte shows much
higher polarization than the other three electrolytes. However, these
profiles do not otherwise provide any information that would indicate
the different nucleation modes.

Unveiling the limiting interface during nucleation
To unveil the limiting interface for lithium nucleation, we adopt a
physics-based model to describe the lithium nucleation phenomena.
To ensure ananalysis with high accuracy, here we only apply the quan-
titative analysis based on the model to the lithium nucleation on the Ni/
LiF nanocomposite substrate because this promotes lithium nucleation
with uniformsize and regular shape for all electrolytes under different
applied current densities. At the stage of lithium nucleation on the Ni/
LiF substrate, the source of overpotential can be expressed by four
components (illustrated in Supplementary Fig. 12; lithium movement
on predeposited lithium surface is ignored at this early stage), which
aresequentially showninequation (1): (1) transport of lithium through
thebulk electrolyte and the thickness of the SEI; (2) transport of lithium
adatomsalongthe active surface; (3) Li/Li* charge-transfer kinetics and
(4) interfacial energy of critical lithium nuclei formation*°,
irRT
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Here, nisthelithium nucleation overpotential (V), iis the effective
currentdensity (mA cm™), i, is the exchange current density (mA cm™),
risthelithium nucleation size (cm), D, and D, are the effective lithium
diffusion coefficients for through-plane and in-plane directions,
respectively (cm?s™), ¢, is the bulk/SEI lithium ion concentration
(mol cm™), ¢, is the surface lithium concentration (mol cm™), yis the
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Fig. 1| Effect of substrate and electrolyte on lithium nucleation morphology
to probe the roles of the lithium-substrate and lithium-electrolyte (SEI)
interfaces. a-d, Lithium deposited on copper substrate (top) and on Ni/LiF
nanocomposite substrate (bottom), in LDME electrolyte (a), All F electrolyte (b),

DOLDME electrolyte (c) and F-Free electrolyte (d). Current density, 3 mAcm™;
deposited capacity, 0.1 mAh cm™. e, Schematic illustrations of two lithium
nucleation modes: substrate controlled and substrate independent.

interfacial energy (J cm™), V,;is the molar volume of lithium (cm® mol ™),
aisthe charge-transfer coefficient, Ris the gas constant (J mol™ K™), Fis
Faraday’s constant (C mol™) and Tis the temperature (K).In this model,
we neglect the effect of convection and concentration polarization.
Detailed explanations are provided in Supplementary Section 4. In
particular, we developed a continuum-level porous electrode model
(Supplementary Table1) to quantify the effect of concentration polari-
zation. As shown in Supplementary Fig. 13, during the lithium nuclea-
tion stage, the overpotential contribution from the ion concentration
gradientis ~6 mV, whichis negligible compared with the total lithium
nucleation overpotential (>200 mV). This is to be expected since the
time scale for nucleation (~10 s) very different from the Sand’s time.
Our treatment is consistent with previous reports*’.

Considering the non-perfect surface coverage of lithium nuclei
in the initial nucleation stage, the applied surface current density
(i,ppiica) is correlated with the effective current density (i) by a surface
coverage factor (0):

[= iapplied /0 (vl

To determine the value for 8, we analysed scanning electron
microscopy (SEM) images of lithium deposited at the very initial stage
of nucleation (0.01 mAh cm™) under different current densities (Sup-
plementary Figs. 14-17) by measuring the nuclei size and number
density. This stage of lithium nucleation (0.01 mAh cm™) is chosen to
reflect the surface coverage at the start of nucleation (Supplementary
Fig.18). This offers a quantitative correlation between surface cover-
age and nuclei size:

O~r—> 3

where the exponent coefficient x is fitted from image-analysis data
(Supplementary Figs. 14-17). Equation (1) can be converted into:

_ Biappiea ™ RT  Biappiicar™*RT RT, Blappiical™ L 2

= + 4
DiciF? Dyc,F? af iy Fr @

where Bisthe constant to match the dimension (cm™). To determine the
nucleisizethatleads tothe lowest nucleation overpotential and is most
energetically stable, we minimize the lithium nucleation overpotential
with respect to nucleisize:

0
a_’rl =0 ®)
Combining equations (4) and (5), we obtain the following:
2V _ XRT
; F aF
fapplied = i oRT (HORT ©)
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Equation (6) establishes the correlation between two experimen-
tally measurable variables: applied current density (i,ppiies) and lithium
nucleisize (r). Moreover, the right-hand side expression preserves the
four terms corresponding to the four sources of lithium nucleation
overpotential, with each term having a different order of dependence
onr.Thisenables direct application of the model to the experimental
observations (Supplementary Fig. 19). For example, if the lithium
nucleation processis limited by the substrate surface properties (that
is, by the interfacial energy and/or by the lithium surface transport),
then the equation canbe reduced to:

2V
= F _ 2yVuiD,GF ~G40) @
applied = BEERT 3 B2 +XRT
D,G,F?

Whereas if the SEI property controls the lithium nucleation process
by limiting the lithium through-plane transport and/or by limiting the
charge transfer, the equation can be reduced to:

XRT

—r
[applied = o = XDLCF () (8)
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Fig. 2| The nuclei size-current density relationship as afunction of electrolyte
chemistry. a-d, Deposition morphology of lithium on Ni/LiF nanocomposite
substrate in LDME electrolyte (a), All F electrolyte (b), DOLDME electrolyte

(c) and F-Free electrolyte (d). Current density, 0.5 mA cm™(top), 10 mA cm™
(bottom); capacity, 0.1 mAh cm™. e-h, Current-size dependence of lithium

& 104

g 1 *\
< N
E N

T

o
£ 100 N

1 = 10G(i,ppiieq ) = ~(4.56 + 0.49)log(r) ™
T T T
3x10™ 4x107" 6x107"
r (um)
h
10" o |

< ™~
5 o
£ ™~
= ™~

o

2 100 4 ™~
.8 ] \

] = 109(isppiiea ) = ~(3.49 + 0.15)log(r) e
T T T
2x10™ 3x10™ 4x107"

r (um)
nucleationin LDME electrolyte (e), All F electrolyte (f), DOLDME electrolyte (g)
and F-Free electrolyte (h). For e-h, dots with error bars are experimental results,
and dashed lines and legend show the fitting results. For e-h, statistics are
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Data are presented as mean + s.d.

Figure 2a and Supplementary Fig. 20 show the morphology of
lithium deposited under different applied current densities on the
Ni/LiF nanocomposite substrate in the LDME electrolyte. The size of
lithium particles deposited under different current densities is meas-
ured and plotted in Fig. 2e. Application of a linear fit to the log(i,ppied)
versuslog(r) plotyieldsaslope of-3.90 + 0.41.Supplementary Table 2
shows the models that have been customized by considering the dif-
ferent O correlations (Supplementary Figs. 14-17). If we assume that in
the case of the Ni/LiF substrate and the LDME electrolyte, the dominant
factors for lithium nucleation are nuclei formation and interfacial
lithium transport, the model can be simplified to:

Vi
___F
3.94RT 13.94
D,C>F2

)

iapplied =

This will yield a log(i,,piiea) Versus log(r) slope of -3.94, agreeing
perfectly with the experimental observation. No other combinations
ofthe termswould yield a value for the slope thatis in such close agree-
ment. Thus, we haveidentified the limiting processesin this casetobe

lithium nuclei formation and interfacial lithium transport, which are
both controlled by the nature of the substrate.

Figure 2b-d and Supplementary Fig. 20 show morphologies of
lithium nucleation in other electrolytes, which are expected to have simi-
lar bulk Li* transport rates, but with very different SEl lithium transport
properties. Comparisons between the models and the experimental
results (Supplementary Table 2) indicate two distinct categories: sub-
strate controlled and SEI controlled. For lithium nucleation in LDME
and AllF electrolytes, the nucleation process is limited by lithium nuclei
formation and interfacial lithium transport, making the nucleation pro-
cesssubstrate controlled, whereas for DOLDME and F-Free electrolytes,
lithium nucleation s limited by the SEl through-plane lithium transport
andthe charge-transfer reaction, which are controlled by the chemistry
of the SEI(SEl controlled). These insights help us explain the observations
inFig. 1. If the SElis notlimiting lithium transport and the charge-transfer
reaction, lithium nucleation tends to be dominated by the properties of
the substrate (LDME and All F cases). However, in electrolytes that show
a slow SEI through-plane lithium transport and slow charge-transfer
kinetics, the nucleation process becomes SEI controlled, which is
independent of the substrate chemistry (DOLDME and F-Free cases).
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Fig. 3| Characterization of electrolyte-lithium metal interface (SEI). a, The
distribution of relaxation times profile from EIS measurements of lithiated
Ni/LiF substrate after SEI formation in four electrolytes. b-e, Cryo-TEM images
of deposited lithium on a NiF,-coated TEM grid in LDME electrolyte (b), All F
electrolyte (c), DOLDME electrolyte (d) and F-Free electrolyte (e). Deposition
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capacity, 0.2 mAh cm™.f, lllustration showing the beam positions regarding the
SEland lithium metal. g-j, Cryo-STEM-EELS spectrum of lithium-electrolyte
interface (SEI) in LDME electrolyte (g), All F electrolyte (h), DOLDME electrolyte
(i) and F-Free electrolyte (j).

Correlating SEI chemistry and structure with its role in
regulating lithium nucleation
We next examine which chemical and structural features of the SEI
make it the limiting factor for lithium nucleation. Electrochemical
impedance spectroscopy (EIS) is used to study the lithium transport
and charge-transfer kinetics indifferent electrolytes. Supplementary
Fig. 21 shows the EIS spectra after the substrate is biased at 0.01V for
24 h. This state represents the substrate before lithium nucleation but
after the SEl is formed. These data are then fitted via the distribution
of relaxation times model, in which the cellimpedanceis represented
as acontinuum of repeating parallel resistor-capacitor circuits which
enables kinetic analysis of the cell as a function of the time constant**%,
AsshowninFig.3a, two distinct peaks are identified with two different
time constants. The peak with the lower time constant is associated with
lithium transport in the SEI, while the peak with the higher time con-
stant is correlated with charge transfer*, Compared to the LDME and
AllF electrolytes, theimpedance for SEllithium transport and charge
transfer are much higher for the DOLDME and F-Free electrolytes. This
observationis consistent with the lithium nucleation mechanism dis-
covered fromthe modelsin the previous section. Noticeably, theimped-
ance for the F-Free electrolyte is the highest, consistent with the large
polarization (Supplementary Fig.11) and the small nucleisizes (Fig. 1d).
Cryogenic TEM (cryo-TEM) (Fig. 3b-e) and scanning transmission
electron microscopy (STEM) with electron energy loss spectroscopy

(EELS) (Fig. 3f-i) under cryogenic conditions are used to investigate the
morphology and chemistry of the SEIformed in different electrolytes.
As shown in Fig. 3b-e, clear interface regions can be observed on the
surfaces of the deposited lithium metal. The SElin DOLDME (Fig. 3d)
is much thicker (-35 nm) than those formed in the other electrolytes
(~15 nm). In the STEM-EELS analysis, five spots at different depths
within the SEI are selected to examine the depth profile of the SEI
composition. As shown in Fig. 3g and Supplementary Fig. 22, the SEI
formed in LDME is dominated by inorganic species such as Li,O, LiF
andLi,CO,.Incontrast, the SEIformedinthe F-free electrolyte (Fig. 3j)
only shows asingle peak at lower energy (283-284 eV) in the carbonK
edge spectra, without any signs of Li,CO, formation. The low-energy
peak is associated with amorphous carbon materials**, an indication
of an organic-rich SEI. Meanwhile, Supplementary Fig. 22 also shows
the presence of aLi-B-O compoundinthe SEIfrom F-Free electrolyte,
indicating the reaction between LiBOB salt and lithium metal. For the
SElformedinthe All-F electrolyte, although the carbon K edge spectra
(Fig. 3h) also show signals of organic components, the lithium K edge
andfluorine K edge spectra (Supplementary Fig. 22) display strong LiF
signals. This is consistent with a previous report®’ demonstrating that
the All-F electrolyte-derived SElisrich in LiF. For the SElI formedin the
DOLDME electrolyte, Li,O and Li,CO; signals are observed on the lith-
iumKedge spectra (Fig.3i) and oxygen K edge spectra (Supplementary
Fig.22). However, only a very weak Li,CO, peak is seen on the carbon
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d, Energetically favourable nucleation site density versus applied current
density. e, Average nucleation site interdistance versus applied current density.
f, Critical lithium adatom velocity versus applied current density. For d and

e, statistics are derived from the measurement of three different spots on the
substrate (n = 3). Data are presented as mean + s.d.

K edge spectra (Fig. 3i). We think this inconsistency is due to damage
ofthe sample from the beam during scanning. The morphology of the
SElafter the EELS scan (Supplementary Fig. 23) indeed indicates severe
damage caused by the beam. Such extreme sensitivity to a low-dose
electronbeamisanindication of an SEl of an organic-rich nature. A pre-
vious report* has also concluded that the SEI formed in the DOLDME
electrolyte is composed of Li,O and Li,CO; components distributed
inside a continuous organic polymer matrix. The EELS-based analysis
of SEl chemistry is further corroborated by the X-ray photoelectron
spectroscopy (XPS) results shown in Supplementary Fig. 24. The SEls
from DOLDME and F-Free electrolytes have a higher carbon content,
indicating their organic-rich nature. Detailed XPS data (Supplementary
Fig. 25) also show the inorganic-rich or LiF-rich nature of SEls formed
in LDME and All-F electrolytes.

By summarizing impedance measurements, and the morpho-
logical and chemical characterization results, we can correlate
lithium nucleation modes with the physical properties of different
SEls. With a thin and inorganic/LiF-rich SEI*®, the lithium transport
through the SEl and the charge-transfer process tend to be fast*’*%,
which leads to a substrate-controlled mode of lithium nucleation
(LDME and AlIF cases). Onthe contrary, a thick and/or organic-rich SEI
appears to impede lithium transport through the SEl and slow down
the charge-transfer reaction, thus limiting the nucleation process and
leading to the SEI-controlled mode of lithium nucleation (DOLDME
and F-Free cases).

Quantifying the role of substrates in lithium nucleation
We have thus established the criteria for the electrolyte and SEI that
enable substrate-controlled lithium nucleation. As shownin Fig.1a-d,
initial lithium nucleation appears dendritic on copper and forms
uniform seeds on the Ni/LiF nanocomposite substrate. Uniform
single-crystalline lithium nucleationis known to help reduce the poros-
ity of deposited lithium and improve the cycling stability of lithium
metal batteries®. Next, we seek to quantify the intrinsic attributes
of the substrate that would enable such uniform lithium nucleation.
Figure 4 shows the very early-stage lithium nucleation morphol-
ogy onthe Ni/LiF nanocomposite substrate (Fig. 4a) and on the copper
substrate (Fig. 4b). The deposition capacity is 0.01 mAh cm™. Com-
pared with lithium nucleation on copper, lithium nuclei on Ni/LiF

substrate have a much lower number density and a larger internuclei
distance, indicating a faster lithium surface migration rate on the Ni/
LiF substrate”*°. Moreover, lithium nucleation on the Ni/LiF substrate
forms uniform rhombic dodecahedraof -0.6 pm insize. Interestingly,
during this early-stage deposition, single-crystalline nuclei are also
found on copper, although much smaller insize (-0.2 pm, such as the
one circled in red in Fig. 4b). A similar substrate-controlled lithium
nucleation morphology is also detected for the All-F electrolyte system
(Supplementary Fig. 26). To explain this substrate effect on lithium
nucleation, we propose the following hypothesis:

1. For all substrates, there are always low-energy nucleation sites
that allow for energetically stable single-crystalline lithium
nucleation.

2. Thekey criteriato enable globally uniform single-crystalline lith-
ium nucleation is that lithium adatoms must diffuse fast enough
to reach stable nucleation sites instead of forming new nuclei.

We formulate a model to quantify the rates of lithium adatoms
moving between the two closest stable nucleationsites versus the rate
of critical nuclei formation. We assume that the low-energy nucleation
sites are uniformly distributed, with a number density of N, (number
per cm?) and an average intersite distance of L (cm). From classical
nucleation theory (CNT), the critical nuclei size, r. (cm), is correlated
with overpotential, n (V) by:

29V
Ire = ﬁ (10)
where yis the interfacial energy (J cm™) and Vis the molar volume of
lithium (cm® mol™). The time for critical nuclei formation, ¢, (s), under
aconstant-current deposition condition, is expressed by:

Q. _ 64mpPr? Ny

=== 11
oy 3F2 an

iapplied 13

where Q. (mAh) is the capacity of one critical nucleus and i, (A) is the
currenton eachnucleus. A detailed derivation of Q. and i, can be found
inSupplementary Section 5.

AsillustratedinFig. 4c, to enable uniformsingle-crystalline lithium
nucleation, the lithium adatom should be able to diffuse between two
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Fig. 5| Impact of nucleation behaviour on lithium growth mode and cycling
stability. a-d, Morphology of lithium deposited on Ni/LiF nanocomposite in
LDME electrolyte (a), All F electrolyte (b), DOLDME electrolyte (c) and F-Free
electrolyte (d). Current density, 3 mA cm™; capacity,1 mAh cm™. Top row,
top-down view; bottom row, cross-sectional view. Red circles highlight the
newly nucleated lithium particles on predeposited lithium surface. e, Schematic
of deposited lithium in nucleation-extrusion-styled growth mode. f, Schematic
of deposited lithiumin nucleation-driven multilayer growth mode.

g-j, Morphology of stripped Ni/LiF nanocomposite after deposition and
stripping in LDME electrolyte (g), All F electrolyte (h), DOLDME electrolyte (i)
and F-Free electrolyte (j). Current density, 3 mA cm % capacity, | mAhcm™.

k, Schematic of the stripped substrate after nucleation-extrusion-styled growth.
1, Schematic of the stripped substrate after nucleation-driven multilayer growth.
m, Coulombic efficiency (CE) test of lithium versus Ni/LiF cells with different
electrolytes. Current density, 3 mA cm™%; capacity, ImAhcm™.

nucleation sites before the formation of critical nuclei. Thus, the mini-
mum (critical) velocity for lithium adatoms, v, (cm s™), is expressed by:

iapplied * ’13 -
N, ) 12)

The model can be tested experimentally. For lithium nucleation
on copper under different current densities, the actual N,and L values

canbe estimated through SEM image analysis (Fig. 4b and Supplemen-
tary Fig.27). AsshowninFig.4d,e, with theincreaseinapplied current
density, the nuclei density increases due to a greater overpotential
(driving force), which also leads to the reduction of the average inter-
nuclei distance. Figure 4f shows the critical lithium adatom velocity
(v.) on copper as a function of applied current density. Due to the sig-
nificantly accelerated speed of lithium critical nuclei formation, a
greater lithium adatom critical velocity is required for single-crystalline
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Fig. 6 | Schematicillustration of the impact of two interfaces on the lithium nucleation, growth and stripping process. The illustration highlights the critical
influence of both the lithium/electrolyte and lithium/substrate interfaces on lithium nucleation, which dictates the subsequent lithium growth modes and its stripping

reversibility.

lithium nucleation under higher current densities. The lithiumadatom
velocity onagivensubstrateisanintrinsic property. Results from Fig. 4f
indicate that for the copper substrate, lithium nucleation under alower
current density has a greater chance of forming single-crystalline
nuclei. Thisisindeed confirmed experimentally. Under a very low cur-
rentdensity (0.1mA cm™), lithium nucleation on copper forms uniform
single crystals (Supplementary Fig. 28a). When the current density is
increased (3 mA cm™,10 mA cm™), the nucleation morphology trans-
forms from single crystals to dendrites (Supplementary Fig. 28b,c).
This analysis shows that lithium adatom surface movement needs to
outpace the critical nuclei formation to generate uniform
single-crystalline lithium nucleation. In thisregard, asubstrate witha
high adatom velocity, and uniformand high-density low-energy nuclea-
tion sites is highly desirable.

Impact of lithium nucleation on cycling stability

We next examine how the modes of lithium nucleation and the SEI
properties dictate the subsequent lithium growth and plating/strip-
ping reversibility. The SEM images in Supplementary Figs.29-32 and
Fig.5a-d showthe morphological evolution of deposited lithium at dif-
ferent capacitiesinall four electrolytes. With the Ni/LiF nanocomposite
substrate, lithium deposition in all electrolytes starts from uniform
nucleation (Fig.1).Inthe LDME and Al F electrolytes, lithium whiskers
starttoextrude fromthelithium nuclei (Supplementary Figs.29 and 30),
thicken and merge (Supplementary Figs. 31 and 32), eventually form-
ing a dense layer (Fig. 5a,b). In contrast, in the DOLDME and F-Free
electrolyte, lithium extrusionisrarely observed. Instead, anew layer of
lithium crystals nucleates on top of the previously deposited lithium,
leading to a layer-by-layer nucleation style growth. We note that for
the F-Free electrolyte, the lithium particles are highly non-uniformin
size and shape, along with poor connectivity. Lithium nucleation on
the previously deposited lithium surface canbe clearly observedinthe
F-Free system over the course of lithium growth, even after 1 mAh cm™
of deposition (Fig. 5d, examples of lithium nucleation on the predepos-
ited lithium are highlighted by red circles).

We think thatsuch distinct lithium growth styles are the results of
different nucleation modes. For substrate-controlled nucleation (with
non-limiting SEI), lithium nucleation only takes place on the original
substrate, followed by lithium extrusion, and thickening and merging

of whiskers, eventually forming a well-connected structure (Fig. 5e). On
the contrary, with SEI-controlled nucleation, the organic-rich SEl hin-
dersthelithium transport and charge-transfer reaction, thus encourag-
ing new lithium nuclei formation on the previously deposited lithium*.
Suchsubstrate-independent nucleation leads to alayer-by-layer lithium
deposition (Fig. 5f). The nucleation-driven multilayer growth mode
resultsin point contact between different layers, which creates struc-
tural weak points during subsequent stripping. To better illustrate
the two different growth styles, we performed lithium deposition in
a pressure-free cell. As shown in Supplementary Figs. 33 and 34, in
the absence of pressure, lithium deposition with a non-limiting SEI
still forms a continuous structure (Supplementary Fig. 33), whereas
layer-by-layer growth is clearly observed in the system with a limiting
SEI (Supplementary Fig.34).

During the subsequent stripping process, the robust, well-
connected structure (formed in non-limiting SEI systems) allows for
thereversible removal of deposited lithium, leaving behind only asmall
number of single crystals from the initial nucleation layer (Fig. 5g,h, k).
In contrast, stripping of lithium from the nucleation-driven multi-
layer growth mode (in limiting SEI systems) is much less reversible,
with more ‘dead lithium’ left due to the loss of contact between layers
(Fig. 5i,j,1). Such adifference is even more pronounced after repeated
cycling (Supplementary Fig. 35). Supplementary Fig. 36 shows that
for the four electrolyte systems considered in this study, the ageing
effect fromthe corrosionreactionbetween electrolyte and deposited
lithiumis negligible within the time scale of our study. The differences
inmorphological evolution translate into reversibility and stability dif-
ferences duringlong-termcycling (Fig. 5m and Supplementary Fig. 37).
The nucleation-extrusion-styled growth leads to much morereversible
and stable cycling than the layer-by-layer growth. Generally, lithium
depositionmorphology has been categorized as ‘planar’ or ‘dendritic’,
with the formerimplying stable, high-efficiency cycling. We show here
that the connectivity between particles is critical. Such connectivity is
directly related to the underlying nucleation mechanism andis abetter
indicator of cycling efficiency and stability.

While the earlier discussion focused on the effect of the SEI
chemistry on high-capacity lithium cycling for a Ni/LiF substrate, the
effect of the substrate for adesired electrolyte is also profound as has
been demonstrated previously”. For example, Supplementary Fig. 38
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compares the top-down and cross-sectional SEM images for copper
and Ni/LiF substrates while operating in an LDME electrolyte. For a
deposition capacity of 3 mAh cm, the lithium thickness on Ni/LiF is
17.7 pm, about 60% of the 30.1 um shown by the copper control. The
top-down morphology is noticeably more dendriticin the case of cop-
per. Furthermore, the Ni/LiF substrate shows much improved plating/
stripping reversibility and stability (Supplementary Fig. 39) under a
current density of 3 mA cm™and a capacity of 3mAh cm™.

A framework to describe lithium nucleation and growth

We present in Fig. 6 a framework to describe the lithium nucleation
and growth process. In electrolytes that produce an organic-rich SEI
(forexample, DOLDME and F-Free electrolytes), lithium nucleation is
limited by lithium transport through the SEl and the charge-transfer
kinetics (SEI-controlled nucleation), which makes the nucleation pro-
cessindependent of the substrate. Under suchamode, further deposi-
tion of lithium features a nucleation-driven multilayer growth. Due to
the weak connection between particles, lithium metal electrodes in
this systemare prone to dead lithium formation upon stripping, which
translates to poor lithium plating/stripping reversibility and stability.
However, in electrolytes that produceinorganic/LiF-rich SEls (for exam-
ple, LDME and All F electrolytes), the nucleation process is limited by
lithium transport onthe substrate surface and the formation of lithium
nuclei (substrate-controlled nucleation). A substrate (for example,
Ni/LiF nanocomposite substrate) with dense, uniform nucleationsites
and fastlithium adatomtransportonits surface enables highly uniform
nucleation. Insuch combined system, the lithium growth after nuclea-
tion primarily involves extrusion from the pre-existing lithium nuclei,
which produceslithium particles with robust electronic connectivity.
The electrode has a much lower tendency for isolated, dead lithium
formation and is more reversible and stable for cycling.

In summary, we have used physics-based models to uncover the
effects of lithium-substrate and lithium-SEl interfaces on lithium
nucleation. Additionally, contrary to the usual treatment that cat-
egorizes lithium growth morphology by particle shape (for example,
dendritic versus spherical), we elucidated the effects of nucleation
modes on lithium plating/stripping reversibility and found that the
continuous nucleation-induced lithium growth mode is detrimental
to the cyclability of lithium metal anodes. Based on our analysis®,
coupling a well-designed substrate (for example, LiF-rich substrate
with uniformlow-energy nucleationsites or very cleanlithium) and an
electrolyte that derives inorganic-rich SEI (LHCE electrolytes, highly
fluorinated electrolyte, etc.) would promote uniform lithium nuclea-
tion and continuous lithium growth, thus significantly improving the
reversibility and stability of the lithium metal anode. We hope that
this study not only deepens our understanding of lithium nucleation
processes, but also links lithium nucleation to the subsequent growth
process and opens anew window to understand and optimize lithium
metal anode cycling stability.

Online content
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maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41557-025-01911-y.

References

1. Liu, J. et al. Pathways for practical high-energy long-cycling
lithium metal batteries. Nat. Energy 4, 180-186 (2019).

2. Cheng, X.-B., Zhang, R., Zhao, C.-Z. & Zhang, Q. Toward safe
lithium metal anode in rechargeable batteries: a review.
Chem. Rev. 117, 10403-10473 (2017).

3. Lin, D., Liu, Y. &Cui, Y. Reviving the lithium metal anode for
high-energy batteries. Nat. Nanotechnol. 12, 194-206 (2017).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bai, P., Li, J., R. Brushett, F. & Bazant, Z. M. Transition of lithium
growth mechanisms in liquid electrolytes. Energy Environ. Sci. 9,
3221-3229 (2016).

Zhang, W. et al. Recovery of isolated lithium through discharged
state calendar ageing. Nature 626, 306-312 (2024).

Thirumalraj, B. et al. Nucleation and growth mechanism of lithium
metal electroplating. J. Am. Chem. Soc. 141, 18612-18623 (2019).
Pei, A., Zheng, G., Shi, F., Li, Y. & Cui, Y. Nanoscale nucleation and
growth of electrodeposited lithium metal. Nano Lett. 17, 1132-1139
(2017).

Yan, K. et al. Temperature-dependent nucleation and growth of
dendrite-free lithium metal anodes. Angew. Chem. Int. Ed. 131,
11486-11490 (2019).

Guan, X. et al. Controlling nucleation in lithium metal anodes.
Small14, 1801423 (2018).

Chen, X.-R., Zhao, B.-C., Yan, C. & Zhang, Q. Review on Li
deposition in working batteries: from nucleation to early growth.
Adv. Mater. 33, 2004128 (2021).

Yan, C. et al. Nucleation and growth mechanism of anion-derived
solid electrolyte interphase in rechargeable batteries. Angew.
Chem. Int. Ed. 133, 8602-8606 (2021).

Li, N. et al. Normalized lithium growth from the nucleation stage
for dendrite-free lithium metal anodes. Angew. Chem. Int. Ed. 131,
18414-18419 (2019).

Fan, Y. et al. Altering polythiophene derivative substrates to explore
the mechanism of heterogeneous lithium nucleation for dendrite-free
lithium metal anodes. J. Energy Chem. 59, 63-68 (2021).

Xu, Y. et al. Promoting mechanistic understanding of lithium
deposition and solid-electrolyte interphase (SEl) formation using
advanced characterization and simulation methods: recent
progress, limitations, and future perspectives. Adv. Energy Mater.
12, 2200398 (2022).

Yan, K. et al. Selective deposition and stable encapsulation of
lithium through heterogeneous seeded growth. Nat. Energy 1,
16010 (2016).

Fang, Y., Zhang, S. L., Wu, Z.-P. & Luan, D. A highly stable

lithium metal anode enabled by Ag nanoparticle-embedded
nitrogen-doped carbon macroporous fibers. Sci. Adv. 7,
eabg3626 (2021).

Li, S.-Q. et al. A dendrite-free lithium-metal anode enabled

by designed ultrathin MgF, nanosheets encapsulated inside
nitrogen-doped graphene-like hollow nanospheres. Adv. Mater.
34,2201801(2022).

Huang, G. et al. Lithiophilic 3D nanoporous nitrogen-doped
graphene for dendrite-free and ultrahigh-rate lithium-metal
anodes. Adv. Mater. 31, 1805334 (2019).

Zhang, R. et al. Lithiophilic sites in doped graphene guide uniform
lithium nucleation for dendrite-free lithium metal anodes.
Angew. Chem. Int. Ed. 129, 7872-7876 (2017).

He, J. & Manthiram, A. 3D CoSe@C aerogel as a host for
dendrite-free lithium-metal anode and efficient sulfur cathode in
Li-S full cells. Adv. Energy Mater. 10, 2002654 (2020).

Chi, S.-S. et al. Lithiophilic Zn sites in porous CuZn alloy induced
uniform Li nucleation and dendrite-free Li metal deposition.
Nano Lett. 20, 2724-2732 (2020).

Park, S., Jin, H.-J. & Yun, Y. S. Advances in the design of
3D-structured electrode materials for lithium-metal anodes.

Adv. Mater. 32, 2002193 (2020).

Sun, J. et al. Lithium deposition mechanism on Siand Cu
substrates in the carbonate electrolyte. Energy Environ. Sci.
https://doi.org/10.1039/D2EE01833K (2022).

Ozhabes, Y., Gunceler, D. & Arias, T. A. Stability and surface
diffusion at lithium-electrolyte interphases with connections

to dendrite suppression. Preprint at https://arxiv.org/
abs/1504.05799v1 (2015).

Nature Chemistry


http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-025-01911-y
https://doi.org/10.1039/D2EE01833K
https://arxiv.org/abs/1504.05799v1
https://arxiv.org/abs/1504.05799v1

Article

https://doi.org/10.1038/s41557-025-01911-y

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wu, Z. et al. Growing single-crystalline seeds on lithiophobic
substrates to enable fast-charging lithium-metal batteries.

Nat. Energy 8, 340-350 (2023).

Boyle, D. T. et al. Resolving current-dependent regimes of
electroplating mechanisms for fast charging lithium metal
anodes. Nano Lett. 22, 8224-8232 (2022).

Yuan, X., Liu, B., Mecklenburg, M. &Li, Y. Ultrafast deposition of
faceted lithium polyhedra by outpacing SEl formation. Nature
620, 86-91(2023).

Biswal, P., Stalin, S., Kludze, A., Choudhury, S. & Archer, L. A.
Nucleation and early stage growth of Li electrodeposits.

Nano Lett. 19, 8191-8200 (2019).

Shi, Y. et al. Interfacial evolution of lithium dendrites and

their solid electrolyte interphase shells of quasi-solid-state
lithium-metal batteries. Angew. Chem. Int. Ed. 59, 18120-18125
(2020).

Fan, X. et al. Fluorinated solid electrolyte interphase enables
highly reversible solid-state Li metal battery. Sci. Adv. 4, eaau9245
(2018).

Liu, V. et al. Self-assembled monolayers direct a LiF-rich
interphase toward long-life lithium metal batteries. Science
https://doi.org/10.1126/science.abn1818 (2022).

Zhang, Q. et al. Synergetic effects of inorganic components in
solid electrolyte interphase on high cycle efficiency of lithium ion
batteries. Nano Lett. 16, 2011-2016 (2016).

Yan, C. et al. Lithium nitrate solvation chemistry in carbonate
electrolyte sustains high-voltage lithium metal batteries. Angew.
Chem. Int. Ed. 57, 14055-14059 (2018).

Liu, Y. et al. Electro-chemo-mechanical modeling of artificial solid
electrolyte interphase to enable uniform electrodeposition of
lithium metal anodes. Adv. Energy Mater. 12, 2103589 (2022).
Shen, X. et al. The failure of solid electrolyte interphase on Li
metal anode: structural uniformity or mechanical strength?
AdVv. Energy Mater. 10, 1903645 (2020).

Li, N.-W. et al. A flexible solid electrolyte interphase layer for
long-life lithium metal anodes. Angew. Chem. Int. Ed. 130,
1521-1525 (2018).

Yoon, I., Jurng, S., Abraham, D. P., Lucht, B. L. & Guduru, P.R.
Measurement of mechanical and fracture properties of solid
electrolyte interphase on lithium metal anodes in lithium ion
batteries. Energy Storage Mater. 25, 296-304 (2020).

Liu, H. et al. Ultrahigh coulombic efficiency electrolyte
enables Li||SPAN batteries with superior cycling performance.
Mater. Today 42, 17-28 (2021).

39. Fan, X. et al. Non-flammable electrolyte enables Li-metal
batteries with aggressive cathode chemistries. Nat. Nanotechnol.
13, 715-722 (2018).

40. Biswal, P. et al. The early-stage growth and reversibility of Li
electrodeposition in Br-rich electrolytes. Proc. Natl Acad. Sci. USA
118, 2012071118 (2021).

41. Danzer, M. A. Generalized distribution of relaxation times analysis
for the characterization of impedance spectra. Batteries 5, 53 (2019).

42. Holoubek, J. et al. Toward a quantitative interfacial description of
solvation for Li metal battery operation under extreme conditions.
Proc. Natl Acad. Sci. USA 120, e2310714120 (2023).

43. Zhang, S. S., Xu, K. & Jow, T. R. Electrochemical impedance study
on the low temperature of Li-ion batteries. Electrochim. Acta 49,
1057-1061 (2004).

44. Liao, Y. Practical electron microscopy and database. https://www.
globalsino.com/EM/ (20086).

45. Han, B. et al. Cryo-electron tomography of highly deformable and
adherent solid-electrolyte interphase exoskeleton in Li-metal batteries
with ether-based electrolyte. Adv. Mater. 34, 2108252 (2022).

46. Fan, X. et al. All-temperature batteries enabled by fluorinated
electrolytes with non-polar solvents. Nat. Energy 4, 882-890 (2019).

47. Lu, Y., Tu, Z. & Archer, L. A. Stable lithium electrodeposition in
liquid and nanoporous solid electrolytes. Nat. Mater. 13, 961-969
(2014).

48. Ma, X.-X. et al. The origin of fast lithium-ion transport in the
inorganic solid electrolyte interphase on lithium metal anodes.
Small Structures 3, 2200071 (2022).

49. Dong, K. et al. Unravelling the mechanism of lithium nucleation
and growth and the interaction with the solid electrolyte
interface. ACS Energy Lett. 6, 1719-1728 (2021).

50. Hui, Z. Source data NCHEM-24071878B.zip. figshare https://doi.org/
10.6084/m9.figshare.29466917.v1(2025).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2025

Nature Chemistry


http://www.nature.com/naturechemistry
https://doi.org/10.1126/science.abn1818
https://www.globalsino.com/EM/
https://www.globalsino.com/EM/
https://doi.org/10.6084/m9.figshare.29466917.v1
https://doi.org/10.6084/m9.figshare.29466917.v1

Article

https://doi.org/10.1038/s41557-025-01911-y

Methods

NiF, thin-film deposition

The NiF, thin film was prepared by thermal evaporation (Angstrom
Engineering Nexdep EB Evaporator) of NiF, powder (Sigma-Aldrich)
onto copper foil (9 um thick), at 20% power for 15 min.

Electrolyte preparation

The LDME electrolyte was prepared by dissolving 2 M LiFSIin DME/BTFE
(1:4 w/w).Here, 1 Mis defined as1 M salt dissolved into 1 litre of solvent.
LiFSI was purchased from Sigma-Aldrich, DME was purchased from
Gotion and BTFE was purchased from Tokyo Chemical Industry(TCI).

The All F electrolyte was prepared by dissolving1 M LiPFin FEC/
TTE/FEMC (1:3:1 w/w/w). Lithium hexafluorophosphate (LiPF,) was
purchased from Gotion, FEC was purchased from Sigma-Aldrich, and
TTEand FEMC were purchased from TCI.

The DOLDME electrolyte was prepared by dissolving1 M LiTFSIin
DOL/DME (1:1v/v) +1wt%LiNO,. LiTFSIand DOL were purchased from
Gotion. Lithium nitrate (LiNO;) was purchased from Sigma-Aldrich.

TheF-freeelectrolyte was prepared by dissolving1 MLiBOBin EC/
DMC (1:1v/v).LiBOB) and EC were purchased from Sigma-Aldrich. DMC
was purchased from Gotion.

Battery assembly

Coin cells (2016-type) were used for lithium deposition and half-cell
testing. Each cellincluded a 250-pm lithium chip (12 mmin diameter),
a25-pm Celgard-2325 separator (19 mm in diameter), a 1-mm spacer
(15 mm in diameter), a piece of bare copper or NiF,-coated copper
(16 mmin diameter), and 75 pl of electrolyte.

Electrochemical testing

Lithium deposition and half-cell tests were conducted on a Neware
tester. Cells were first discharged at 100 pA cm™ until 0.2 V. An addi-
tional 24 h of 0.2V constant voltage hold was applied in the NiF,
cells to fully lithiate the thin film. With this hold at low voltage, the
thin-film NiF, fully converts to Ni/LiF. Then, the cells were discharged
at 100 pA cm™until 0 V. Once 0 V was reached, constant-current dis-
charges with different current densities and deposition time were
applied to deposit lithium. Cells for the morphology observations were
disassembled after deposition. Cells for the plating/stripping testing
werethenstrippedtolV.

SEM

For morphological observations of lithium, cells were disassembled
in an argon-filled glovebox. The deposited lithium was washed with
thesame solvent used inits electrolyte to remove residual electrolyte.
The morphologies of the deposited lithium were characterized by
SEM (JEOLJSM-7400F field emission scanning electron microscope).

SEM image analysis
Image] software was used to extract quantitative information (that s,
crystal size and number density) from the SEM images.

Cryo-S/TEM and EELS

Cryo-S/TEMand EELS analyses were conducted usinga300-kV FEI Titan
Krios G3 scanning transmission electron microscope (S/TEM) equipped
with a Gatan BioContinuum 1067HD energy filter (EF) and post-filter
mounted K3 Direct Electron Detector with STEM and EELS support.
Sample preparation mirrored the protocols reported in our previous
paper?®, withlithium electrochemically deposited onto NiF ,-coated TEM
grids (with lacey carbon, 300-mesh) in a coin cell. The deposited TEM
grids were washed in a glovebox and stored in argon-filled bags. These
bags were submergedin liquid nitrogen before the samples were clipped
using Thermo Fisher Autogrid c-clips and rings to allow loading using
the microscope’s autoloader system. All data acquisition was done at
80 K with either an EFTEM fringe-free nanoprobe or in EFSTEM mode.

The energy slit was retracted during the imaging. Low-magnification
TEM images accumulated a total dose of approximately 0.1e A2, while
high-magnification TEMimages had accumulated approximately 40 e A
total dose. All TEM imaging was motion corrected within Gatan Digital
Micrographsoftware and collectedin correlated double-sampling mode.
EELS experimentsacquired datawitha68-135 pAbeamcurrentand 0.1s
dwelltime per pixel. Aggregating spectra from multiple pixels was used
to enhance the signal-to-noise ratios.

XPS

XPS (Physical Electronics, Quantera Scanning XPS Microprobe System)
was carried out using an aluminium anode source at 15 kV. Obtained
datawere calibrated based onareference C-Cbond energy of284.6 eV
and fitted in CasaXPS.

Atomic force microscope

Substrate roughness and electronic conductivity characterization
were carried out using a Park NX20 atomic force microscope. The film
roughness was measured using an NSC15 probe. Conductive AFM was
performed using an ElectriMulti75-G probe, with abias voltage of 3.0 V.

Data availability

The datasupporting the findings of this study are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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