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Nucleation processes at interfaces with  
both substrate and electrolyte control 
lithium growth
 

Zeyu Hui1,3, Sicen Yu2,3, Shen Wang    1, Gayea Hyun1, John Holoubek    1, 
Ke Zhou1, Jenny Nicolas    2, Mengchen Liu1, Qiushi Miao2, Shuangjie Tan    1, 
Victoria Petrova2, Haichen Lin2, Jianbin Zhou1, Haodong Liu1 & Ping Liu    1,2 

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 (SEIs) and slow charge-transfer kinetics make the nucleation 
process SEI controlled and substrate independent, while substrate 
properties control lithium nucleation in a system having fast SEI transport 
and charge-transfer reactions. For substrate-controlled nucleation, we derive 
a model 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 SEIs and fast lithium 
adatom movement on the substrate are essential for achieving dense lithium 
deposition and long-cycle-life lithium metal batteries.

The reversible cycling of lithium-metal anodes holds the key to realizing 
high-energy-density batteries1. However, uncontrolled lithium deposi-
tion and irreversible stripping leads to poor cyclability and increased 
safety hazards2–5. As the initial step of lithium deposition, the nucleation 
morphology significantly impacts the final morphology of deposited 
lithium6,7. Controlling the lithium nucleation process is thus crucial for 
enabling the stable cycling of lithium-metal anodes8–10.

It is 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 morphology11–14. 
Substrates impact the thermodynamic lithium nucleation barrier 
(overpotential) by having different affinities for lithium metal15. 
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 lithium15–17, doped-carbon substrates17–19 and other 
three-dimensional hosts20–22. The migration barrier for lithium on the 
substrate’s surface is another important factor for lithium nucleation 
regulation23. Density functional theory (DFT) calculations show that 
compared with other species such as Li2O and Li2CO3, lithium halides 
exhibit higher surface energies and lower surface diffusion barriers24, 
which facilitate the surface migration of lithium. This theory is cor-
roborated by the discovery of a nanocomposite 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 
apparent lithiophobility25. Overall, the design of substrates has been 
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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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 SEIs, we select four electro-
lyte systems to cover the commonly used electrolyte types: (1) a 
localized high-concentration electrolyte (LDME)38: 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)39: 1 M LiPF6 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 LiNO3 additive (DOLDME)7: 1 M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL) 
+ DME + 1% LiNO3, which is most commonly used for lithium–sulfur 
batteries; and (4) a fluorine-free carbonate electrolyte (F-Free): 1 M 
lithium bis(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 
a function of substrate and electrolyte (SEI). Lithium is deposited at 
a current density of 3 mA cm−2 and a capacity of 0.1 mAh cm−2. 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 uniform single-crystalline lithium nucleation at larger length scales 
(100-μm 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 an analysis 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 uniform size 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 
are sequentially shown in equation (1): (1) transport of lithium through 
the bulk electrolyte and the thickness of the SEI; (2) transport of lithium 
adatoms along the active surface; (3) Li/Li+ charge-transfer kinetics and 
(4) interfacial energy of critical lithium nuclei formation40.

η = irRT
D1c1F 2 +

ir2RT
D2c2F 2 +

RT
αF ln

i
i0
+ 2γVLi

Fr (1)

Here, η is the lithium nucleation overpotential (V), i is the effective 
current density (mA cm−2), i0 is the exchange current density (mA cm−2), 
r is the lithium nucleation size (cm), D1 and D2 are the effective lithium 
diffusion coefficients for through-plane and in-plane directions, 
respectively (cm2 s−1), c1 is the bulk/SEI lithium ion concentration 
(mol cm−3), c2 is the surface lithium concentration (mol cm−2), γ is the 

The lithium–electrolyte interface (SEI) also plays a crucial role 
in determining lithium nucleation morphology. Recent studies26–28 
revealed that when lithium is 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 lithium is 
deposited in the 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 SEI breakage and dendrite extrusion, 
thus enabling uniform and planar (two-dimensional) lithium nuclea-
tion and growth29. This has driven the approach to generate SEIs rich 
in LiF, which is known to enable fast lithium transport inside SEIs29–32. 
Additionally, SEIs with high lithium ion conductivity33, improved 
uniformity3, robustness and flexibility34,35 serve the same purpose of 
suppressing SEI breakage36,37.

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, it is essential to understand which interface will 
play the deciding role in the lithium nucleation under a given 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 the lithium interface with the electrolyte (SEI) will determine 
the growth behaviour. By understanding which interface dictates 
nucleation and growth behaviour, the necessary design principles can 
be used to optimize battery performance.

In this 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 SEI controlled (substrate independent), which 
is determined by the electrolyte and SEI chemistries. Although both 
cases can generate dendrite-free lithium growth, SEI-controlled lithium 
nucleation can be harmful to 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 
features rapid lithium transport at the lithium–substrate interface, leads 
to uniform faceted 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 SEIs 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 
on lithium nucleation and 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 nucleation25. In our case, a 
thin film of NiF2 is deposited on copper by thermal evaporation. The 
film is then lithiated electrochemically in situ to form a nanocomposite 
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interfacial energy ( J cm−2), VLi is the molar volume of lithium (cm3 mol−1), 
α is the charge-transfer coefficient, R is the gas constant ( J mol−1 K−1), F is 
Faraday’s constant (C mol−1) and T is 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 Table 1) 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 
gradient is ∼6 mV, which is 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 reports40.

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

i = iapplied/θ (2)

To determine the value for θ, we analysed scanning electron 
microscopy (SEM) images of lithium deposited at the very initial stage 
of nucleation (0.01 mAh cm−2) 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−2) 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:

θ ≈ r −x (3)

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

η =
βiappliedr1+xRT

D1c1F 2 +
βiappliedr2+xRT

D2c2F 2 + RT
αF ln

βiappliedrx

i0
+ 2γVLi

Fr (4)

where β is the constant to match the dimension (cm−x). To determine the 
nuclei size that leads to the lowest nucleation overpotential and is most 
energetically stable, we minimize the lithium nucleation overpotential 
with respect to nuclei size:

∂η
∂r

= 0 (5)

Combining equations (4) and (5), we obtain the following:

iapplied =
2γVLi
F

− xRT
αF
r

β (1+x)RT
D1C1F 2 r2+x + β

(2+x)RT
D2C2F 2 r3+x

(6)

Equation (6) establishes the correlation between two experimen-
tally measurable variables: applied current density (iapplied) and lithium 
nuclei size (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 
on r. This enables direct application of the model to the experimental 
observations (Supplementary Fig. 19). For example, if the lithium 
nucleation process is limited by the substrate surface properties (that 
is, by the interfacial energy and/or by the lithium surface transport), 
then the equation can be reduced to:

iapplied =
2γVLi
F

β (2+x)RT
D2C2F2

r3+x
= 2γVLiD2C2F
β(2 + x)RT

r−(3+x) (7)

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:

iapplied =
xRT
αF
r

β (1+x)RT
D1C1F 2 r2+x

= xD1C1F
βα (1 + x)

r−(1+x) (8)
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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 mA cm−2; 
deposited capacity, 0.1 mAh cm−2. e, Schematic illustrations of two lithium 
nucleation modes: substrate controlled and substrate independent.
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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(iapplied) 
versus log(r) plot yields a slope of −3.90 ± 0.41. Supplementary Table 2 
shows the models that have been customized by considering the dif-
ferent θ 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:

iapplied =
2γVLi
F

β 3.94RT
D2C2F 2 r3.94

(9)

This will yield a log(iapplied) versus log(r) slope of −3.94, agreeing 
perfectly with the experimental observation. No other combinations 
of the terms would yield a value for the slope that is in such close agree-
ment. Thus, we have identified the limiting processes in this case to be 

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 SEI 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 All F electrolytes, the nucleation process is limited by lithium nuclei 
formation and interfacial lithium transport, making the nucleation pro-
cess substrate controlled, whereas for DOLDME and F-Free electrolytes, 
lithium nucleation is limited by the SEI through-plane lithium transport 
and the charge-transfer reaction, which are controlled by the chemistry 
of the SEI (SEI controlled). These insights help us explain the observations 
in Fig. 1. If the SEI is not limiting 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. 2 | The nuclei size–current density relationship as a function 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−2 (top), 10 mA cm−2 
(bottom); capacity, 0.1 mAh cm−2. e–h, Current–size dependence of lithium 

nucleation in 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 
derived from the measurement of four different spots on the substrate (n = 4). 
Data are presented as mean ± s.d.
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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 in different electrolytes. Supplementary 
Fig. 21 shows the EIS spectra after the substrate is biased at 0.01 V for 
24 h. This state represents the substrate before lithium nucleation but 
after the SEI is formed. These data are then fitted via the distribution 
of relaxation times model, in which the cell impedance is represented 
as a continuum of repeating parallel resistor-capacitor circuits which 
enables kinetic analysis of the cell as a function of the time constant41,42. 
As shown in Fig. 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 transfer43. Compared to the LDME and 
All F electrolytes, the impedance for SEI lithium transport and charge 
transfer are much higher for the DOLDME and F-Free electrolytes. This 
observation is consistent with the lithium nucleation mechanism dis-
covered from the models in the previous section. Noticeably, the imped-
ance for the F-Free electrolyte is the highest, consistent with the large 
polarization (Supplementary Fig. 11) and the small nuclei sizes (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 SEI formed in different electrolytes. 
As shown in Fig. 3b–e, clear interface regions can be observed on the 
surfaces of the deposited lithium metal. The SEI in 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 Li2O, LiF 
and Li2CO3. In contrast, the SEI formed in the F-free electrolyte (Fig. 3j) 
only shows a single peak at lower energy (283–284 eV) in the carbon K 
edge spectra, without any signs of Li2CO3 formation. The low-energy 
peak is associated with amorphous carbon materials44, an indication 
of an organic-rich SEI. Meanwhile, Supplementary Fig. 22 also shows 
the presence of a Li–B–O compound in the SEI from F-Free electrolyte, 
indicating the reaction between LiBOB salt and lithium metal. For the 
SEI formed in the All-F electrolyte, although the carbon K edge spectra 
(Fig. 3h) also show signals of organic components, the lithium K edge 
and fluorine K edge spectra (Supplementary Fig. 22) display strong LiF 
signals. This is consistent with a previous report39 demonstrating that 
the All-F electrolyte-derived SEI is rich in LiF. For the SEI formed in the 
DOLDME electrolyte, Li2O and Li2CO3 signals are observed on the lith-
ium K edge spectra (Fig. 3i) and oxygen K edge spectra (Supplementary 
Fig. 22). However, only a very weak Li2CO3 peak is seen on the carbon 
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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 NiF2-coated TEM grid in LDME electrolyte (b), All F 
electrolyte (c), DOLDME electrolyte (d) and F-Free electrolyte (e). Deposition 

capacity, 0.2 mAh cm−2. f, Illustration showing the beam positions regarding the 
SEI and 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).
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K edge spectra (Fig. 3i). We think this inconsistency is due to damage 
of the sample from the beam during scanning. The morphology of the 
SEI after the EELS scan (Supplementary Fig. 23) indeed indicates severe 
damage caused by the beam. Such extreme sensitivity to a low-dose 
electron beam is an indication of an SEI of an organic-rich nature. A pre-
vious report45 has also concluded that the SEI formed in the DOLDME 
electrolyte is composed of Li2O and Li2CO3 components distributed 
inside a continuous organic polymer matrix. The EELS-based analysis 
of SEI chemistry is further corroborated by the X-ray photoelectron 
spectroscopy (XPS) results shown in Supplementary Fig. 24. The SEIs 
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 SEIs 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 
SEIs. With a thin and inorganic/LiF-rich SEI46, the lithium transport 
through the SEI and the charge-transfer process tend to be fast47,48, 
which leads to a substrate-controlled mode of lithium nucleation 
(LDME and All F cases). On the contrary, a thick and/or organic-rich SEI 
appears to impede lithium transport through the SEI 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 shown in Fig. 1a–d,  
initial lithium nucleation appears dendritic on copper and forms 
uniform seeds on the Ni/LiF nanocomposite substrate. Uniform 
single-crystalline lithium nucleation is known to help reduce the poros-
ity of deposited lithium and improve the cycling stability of lithium 
metal batteries25. 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 on the Ni/LiF nanocomposite substrate (Fig. 4a) and on the copper 
substrate (Fig. 4b). The deposition capacity is 0.01 mAh cm−2. 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 substrate23,40. Moreover, lithium nucleation on the Ni/LiF substrate 
forms uniform rhombic dodecahedra of ~0.6 μm in size. Interestingly, 
during this early-stage deposition, single-crystalline nuclei are also 
found on copper, although much smaller in size (~0.2 μm, 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.	 The key criteria to 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 nucleation sites 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 cm2) and an average intersite distance of ̄L (cm). From classical 
nucleation theory (CNT), the critical nuclei size, rc (cm), is correlated 
with overpotential, η (V) by:

rc =
2γV
Fη (10)

where γ is the interfacial energy ( J cm−2) and V is the molar volume of 
lithium (cm3 mol−1). The time for critical nuclei formation, tc (s), under 
a constant-current deposition condition, is expressed by:

tc =
Qc
i#

= 64πγ3V 2

3F 2 ∗ N#
iapplied ∗ η3

(11)

where Qc (mAh) is the capacity of one critical nucleus and i# (A) is the 
current on each nucleus. A detailed derivation of Qc and i# can be found 
in Supplementary Section 5.

As illustrated in Fig. 4c, to enable uniform single-crystalline lithium 
nucleation, the lithium adatom should be able to diffuse between two 
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Fig. 4 | Quantifying the role of the substrate. a, Lithium nucleation morphology 
on Ni/LiF nanocomposite substrate. Current density, 3 mA cm−2; capacity, 
0.01 mAh cm−2. b, Lithium nucleation morphology on copper substrate. Current 
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illustration of the criteria for substrate-regulated uniform lithium nucleation.  

d, Energetically favourable nucleation site density versus applied current 
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e, statistics are derived from the measurement of three different spots on the 
substrate (n = 3). Data are presented as mean ± s.d.

http://www.nature.com/naturechemistry


Nature Chemistry

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

nucleation sites before the formation of critical nuclei. Thus, the mini-
mum (critical) velocity for lithium adatoms, vc (cm s−1), is expressed by:

vc =
̄L
tc
= 3F2

64πγ3V 2 ∗
iapplied ∗ η3

N#
∗ ̄L (12)

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

can be estimated through SEM image analysis (Fig. 4b and Supplemen-
tary Fig. 27). As shown in Fig. 4d,e, with the increase in applied 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 
(vc) 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. 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−2; capacity, 1 mAh cm−2. 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 lithium in 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−2; capacity, 1 mAh cm−2.  
k, Schematic of the stripped substrate after nucleation-extrusion-styled growth. 
l, 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−2; capacity, 1 mAh cm−2.
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lithium nucleation under higher current densities. The lithium adatom 
velocity on a given substrate is an intrinsic property. Results from Fig. 4f 
indicate that for the copper substrate, lithium nucleation under a lower 
current density has a greater chance of forming single-crystalline 
nuclei. This is indeed confirmed experimentally. Under a very low cur-
rent density (0.1 mA cm−2), lithium nucleation on copper forms uniform 
single crystals (Supplementary Fig. 28a). When the current density is 
increased (3 mA cm−2, 10 mA cm−2), 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 this regard, a substrate with a 
high adatom velocity, and uniform and 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 show the morphological evolution of deposited lithium at dif-
ferent capacities in all four electrolytes. With the Ni/LiF nanocomposite 
substrate, lithium deposition in all electrolytes starts from uniform 
nucleation (Fig. 1). In the LDME and All F electrolytes, lithium whiskers 
start to extrude from the lithium 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 extrusion is rarely observed. Instead, a new 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-uniform in 
size and shape, along with poor connectivity. Lithium nucleation on 
the previously deposited lithium surface can be clearly observed in the 
F-Free system over the course of lithium growth, even after 1 mAh cm−2 
of deposition (Fig. 5d, examples of lithium nucleation on the predepos-
ited lithium are highlighted by red circles).

We think that such 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 SEI hin-
ders the lithium transport and charge-transfer reaction, thus encourag-
ing new lithium nuclei formation on the previously deposited lithium49. 
Such substrate-independent nucleation leads to a layer-by-layer lithium 
deposition (Fig. 5f). The nucleation-driven multilayer growth mode 
results in 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 
the reversible removal of deposited lithium, leaving behind only a small 
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,l). Such a difference 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 from the corrosion reaction between electrolyte and deposited 
lithium is negligible within the time scale of our study. The differences 
in morphological evolution translate into reversibility and stability dif-
ferences during long-term cycling (Fig. 5m and Supplementary Fig. 37). 
The nucleation-extrusion-styled growth leads to much more reversible 
and stable cycling than the layer-by-layer growth. Generally, lithium 
deposition morphology has been categorized as ‘planar’ or ‘dendritic’, 
with the former implying stable, high-efficiency cycling. We show here 
that the connectivity between particles is critical. Such connectivity is 
directly related to the underlying nucleation mechanism and is a better 
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 a desired electrolyte is also profound as has 
been demonstrated previously25. 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−2, the lithium thickness on Ni/LiF is 
17.7 μm, about 60% of the 30.1 μm shown by the copper control. The 
top-down morphology is noticeably more dendritic in 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−2 and a capacity of 3 mAh cm−2.

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 
(for example, DOLDME and F-Free electrolytes), lithium nucleation is 
limited by lithium transport through the SEI and the charge-transfer 
kinetics (SEI-controlled nucleation), which makes the nucleation pro-
cess independent of the substrate. Under such a mode, further deposi-
tion of lithium features a nucleation-driven multilayer growth. Due to 
the weak connection between particles, lithium metal electrodes in 
this system are prone to dead lithium formation upon stripping, which 
translates to poor lithium plating/stripping reversibility and stability. 
However, in electrolytes that produce inorganic/LiF-rich SEIs (for exam-
ple, LDME and All F electrolytes), the nucleation process is limited by 
lithium transport on the substrate surface and the formation of lithium 
nuclei (substrate-controlled nucleation). A substrate (for example,  
Ni/LiF nanocomposite substrate) with dense, uniform nucleation sites 
and fast lithium adatom transport on its surface enables highly uniform 
nucleation. In such combined system, the lithium growth after nuclea-
tion primarily involves extrusion from the pre-existing lithium nuclei, 
which produces lithium 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–SEI 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 analysis50, 
coupling a well-designed substrate (for example, LiF-rich substrate 
with uniform low-energy nucleation sites or very clean lithium) 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 a new window to understand and optimize lithium 
metal anode cycling stability.
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Methods
NiF2 thin-film deposition
The NiF2 thin film was prepared by thermal evaporation (Angstrom 
Engineering Nexdep EB Evaporator) of NiF2 powder (Sigma-Aldrich) 
onto copper foil (9 μm thick), at 20% power for 15 min.

Electrolyte preparation
The LDME electrolyte was prepared by dissolving 2 M LiFSI in DME/BTFE 
(1:4 w/w). Here, 1 M is defined as 1 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 dissolving 1 M LiPF6 in FEC/
TTE/FEMC (1:3:1 w/w/w). Lithium hexafluorophosphate (LiPF6) was 
purchased from Gotion, FEC was purchased from Sigma-Aldrich, and 
TTE and FEMC were purchased from TCI.

The DOLDME electrolyte was prepared by dissolving 1 M LiTFSI in 
DOL/DME (1:1 v/v) + 1 wt% LiNO3. LiTFSI and DOL were purchased from 
Gotion. Lithium nitrate (LiNO3) was purchased from Sigma-Aldrich.

The F-free electrolyte was prepared by dissolving 1 M LiBOB in EC/
DMC (1:1 v/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 cell included a 250-µm lithium chip (12 mm in diameter), 
a 25-µm Celgard-2325 separator (19 mm in diameter), a 1-mm spacer 
(15 mm in diameter), a piece of bare copper or NiF2-coated copper 
(16 mm in diameter), and 75 µl of electrolyte.

Electrochemical testing
Lithium deposition and half-cell tests were conducted on a Neware 
tester. Cells were first discharged at 100 µA cm−2 until 0.2 V. An addi-
tional 24 h of 0.2 V constant voltage hold was applied in the NiF2 
cells to fully lithiate the thin film. With this hold at low voltage, the 
thin-film NiF2 fully converts to Ni/LiF. Then, the cells were discharged 
at 100 µA cm−2 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 
were then stripped to 1 V.

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

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

Cryo-S/TEM and EELS
Cryo-S/TEM and EELS analyses were conducted using a 300-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 
paper25, with lithium electrochemically deposited onto NiF2-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 submerged in 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 0.1 e Å−2, while 
high-magnification TEM images had accumulated approximately 40 e Å−2 
total dose. All TEM imaging was motion corrected within Gatan Digital 
Micrograph software and collected in correlated double-sampling mode. 
EELS experiments acquired data with a 68–135 pA beam current and 0.1 s 
dwell time 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 
data were calibrated based on a reference C–C bond energy of 284.6 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 a bias voltage of 3.0 V.

Data availability
The data supporting 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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