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ABSTRACT: Lithium (Li) metal is a high-capacity anode material (3860 mAh g−1) that can enable high-energy batteries for
electric vehicles and grid-storage applications. However, Li metal is highly reactive and repeatedly consumed when exposed to
liquid electrolyte (during battery operation) or the ambient environment (throughout battery manufacturing). Studying these
corrosion reactions on the nanoscale is especially diﬃcult due to the high chemical reactivity of both Li metal and its surface
corrosion ﬁlms. Here, we directly generate pure Li metal inside an environmental transmission electron microscope (TEM),
revealing the nanoscale passivation and corrosion process of Li metal in oxygen (O2), nitrogen (N2), and water vapor (H2O). We
ﬁnd that while dry O2 and N2 (99.9999 vol %) form uniform passivation layers on Li, trace water vapor (∼1 mol %) disrupts this
passivation and forms a porous ﬁlm on Li metal that allows gas to penetrate and continuously react with Li. To exploit the selfpassivating behavior of Li in dry conditions, we introduce a simple dry-N2 pretreatment of Li metal to form a protective layer of
Li nitride prior to battery assembly. The fast ionic conductivity and stable interface of Li nitride results in improved battery
performance with dendrite-free cycling and low voltage hysteresis. Our work reveals the detailed process of Li metal passivation/
corrosion and demonstrates how this mechanistic insight can guide engineering solutions for Li metal batteries.
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materials of interest have high chemical reactivity. For example,
Li metal easily tarnishes in ambient air,11,12 which would aﬀect
operando TEM observations of the sensitive material depending on its previous environmental exposure. Studying these
reactive materials requires generating a pure sample without
prior history of exposure to outside environments and
subsequent observation of their chemical and electrochemical
reactions under the environment of interest. Here, we
demonstrate this important capability by direct electro-

he development of advanced materials for renewable
energy generation and storage is crucial for creating a
sustainable future.1 New breakthroughs depend on an intimate
understanding of such materials. Real-time probing of chemical
and electrochemical reactions using X-ray and electron
microscopy/spectroscopy have given us unprecedented knowledge into the nanoscale working mechanisms of batteries,2−6
catalysts,7,8 and nanocrystal syntheses,9,10 providing tremendous insight for designing potential improvements. These
exciting examples highlight the necessity of both real-time and
real-environment monitoring of relevant phenomena during
operating conditions (operando). New challenges emerge when
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Figure 1. Li metal deposition inside environmental TEM. (a) Schematic of the Li deposition process using an electrical biasing TEM holder. Li metal
exposed brieﬂy (∼3 s) in air during transfer into the TEM column forms oxides and nitrides that serve as a solid electrolyte to conduct Li ions. Upon
applying a voltage bias, Li metal is deposited onto the copper substrate. With a clean and pristine surface, the deposited Li metal is then exposed to
dry and wet O2 or N2. (b) TEM image of the pristine Li metal surface necessary for meaningful studies of the initial reaction between Li and gas. (c)
TEM image of Li metal exposed to the ambient air. The corrosion products formed on the Li surface interfere with its reactions with gas.

and its eﬀects on battery performance are largely neglected. Li
metal foil, a common form of Li used in batteries, is often
exposed to a gaseous environment after it is made. Li metal’s
high chemical reactivity implies that a past history of
environmental exposure could adversely aﬀect its electrochemical behavior in battery cells.29−31 Therefore, understanding the initial reaction between a pristine Li metal surface
with the surrounding environment would be essential for
guiding practical battery designs in the future.
For reactive materials, especially on the nanoscale, operando
TEM studies of corrosion reactions are diﬃcult. Before any
observation can occur, the sample spontaneously forms a
surface corrosion ﬁlm due to brief environmental exposure,
aﬀecting its interaction with gases later introduced into the
system. Previous studies of Li metal corrosion were thus limited
to measuring the increase in sample mass over time and
optically detecting surface changes as Li metal was continuously
exposed to various gases.11,12 While useful, these macroscopic
studies cannot properly explain the relevant phenomena
happening at the nanoscale. At present, direct observation of
the Li metal reaction with relevant gaseous species (e.g., O2, N2,
H2O) and a clear understanding of this passivation/corrosion
process remain absent. Our work here is to ﬁll this knowledge
gap.
Generating Pristine Li Metal Directly Inside the TEM.
Since any meaningful gas study requires a pristine and clean Li
metal surface, Li metal must be generated inside a controlled
environment within the TEM. Using an electrical biasing TEM

deposition of Li metal inside a high-vacuum environmental
TEM chamber, followed by exposure to key gaseous species for
operando observation.
Widely considered to be the holy grail of battery research, Li
metal has the highest speciﬁc capacity (3860 mAh g−1) and
lowest electrochemical potential of all anodes, making it a
promising candidate to enable high-energy batteries for
portable electronics, electrical vehicles, and grid-scale energy
storage.13,14 However, Li metal is highly reactive, which drives
the electrochemical decomposition of organic liquid electrolyte
during battery operation.15,16 This process consumes Li salts
and electrolyte to form a fragile solid electrolyte interphase
(SEI) on the Li metal surface. The SEI is then repeatedly
broken and reformed due to Li metal’s inﬁnite volume change
and dendritic growth17 that is intrinsic to its electrochemical
deposition and stripping during battery charge and discharge,
respectively. Furthermore, these failure modes would be
exacerbated by Li metal’s side reactions with the environment
throughout a realistic manufacturing process occurring outside
of an inert atmosphere. As a result, low Coulombic eﬃciencies,
poor cycle life, and safety concerns caused by continuous
electrolyte consumption and dendrite growth preclude Li metal
from being a practical anode material. Recently, there has been
signiﬁcant interest and eﬀort to address these problems with
some success.18−28 However, the overwhelming emphasis of
both fundamental studies and engineering approaches has been
toward materials that are assumed to be pristine once
assembled into batteries; previous environmental exposure
B
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Figure 2. Passivation reaction of Li metal in dry N2 gas. (a) Time-lapse TEM images of Li metal reacting with dry N2 taken from Movie S1,
Supporting Information. A smooth and uniform passivation layer (outlined by dashed red lines) forms on the Li metal surface, preserving its original
morphology. (b) Schematic illustrating the passivation mechanism of Li metal in dry N2. The reaction is localized at the interface between Li metal
and N2 gas. (c) Graph of passivation layer thickness measured over time. Two growth modes are identiﬁed: a reaction-limited regime at early times
(left of dashed line) and a diﬀusion-limited regime at later times (right of dashed line). Guides for the eye are provided as lines through the data
points.

microscopy (EFTEM), and selected area electron diﬀraction
(SAED) allows us to identify the gas-formed corrosion
products. By generating pristine Li metal directly in an
environmental TEM, we can elucidate its passivation process
when exposed to dry O2/N2 and its highly corrosive behavior
when exposed to trace water vapor. Our ﬁndings here help
shape our design of a Li nitride coating on Li metal that greatly
improves battery performance, demonstrating the importance
of coupling fundamental studies with engineering solutions.
Li Metal Passivation in Dry Oxygen and Nitrogen.
Figures 2a and 3a display time-lapse TEM images of the
passivation (Figure 2a) and corrosion (Figure 3a) process in

holder, we deposit bare Li metal onto a copper substrate while
under high vacuum (∼10−7 mbar) inside the TEM column
(Figure 1a). Following deposition, the Li metal surface is clean
without any corrosion ﬁlm formed from previous exposure
(Figure 1b). In contrast, Li metal that is exposed brieﬂy to air
(∼3 s) during transfer from an inert atmosphere into the TEM
quickly forms surface corrosion products (Figure 1c). To
monitor the reaction between fresh Li metal and relevant gases
in real time, we introduce “dry” (99.9999 vol % purity) or “wet”
(∼1 mol % H2O content) O2 and N2 inside the environmental
TEM at ∼0.5 mbar. Chemical analysis by electron energy loss
spectroscopy (EELS), energy-ﬁltered transmission electron
C
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Figure 3. Corrosion and consumption of Li metal in wet N2 gas. (a) Time-lapse TEM images of Li metal reacting with wet N2 taken from Movie S2.
The pristine Li metal is consumed to form a porous network of corrosion products that grow outward as ﬁlaments. (b) Schematic illustrating the
corrosion mechanism of Li metal in wet N2. Since Li nitride is no longer inert in the presence of H2O, reactions can occur at both the solid−solid
and the solid−gas interface. (c) Graph of average corrosion ﬁlm thickness measured over time. Without a diﬀusion barrier, the growth rate in wet N2
is linear and reaction-limited. Guides for the eye are provided as lines through the data points.

dry and wet N2 environments, respectively. Despite trace
moisture (∼1 mol %) being the only diﬀerence between the dry
and wet conditions, the observed reactions and resulting surface
morphologies of Li metal are strikingly dissimilar. When Li
metal is exposed to dry N2, a smooth and conformal passivation
layer forms on the surface while the overall morphology of the
metal is preserved (Figure 2a). In the supporting video, we
clearly see that this layer forms uniformly across the exposed Li
metal with increasing thickness over time (Movie S1,
Supporting Information). EFTEM data suggest that the layer

is Li nitride (Figure S5), which appears darker in contrast than
pristine Li metal in the TEM because nitrogen has a higher
atomic number than Li. Since we monitor the reaction between
Li and dry N2 in real time, we can use this contrast diﬀerence to
measure and track the passivation layer thickness as the
reaction proceeds (Figure S1). By plotting layer thickness over
time (Figure 2c), we clearly distinguish two growth modes: a
reaction-limited regime and a diﬀusion-limited regime separated by the vertical dashed line. The growth rate of the
passivation layer is represented by the slope of the curve
D
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Figure 4. Design and electrochemistry of dry N2-passivated Li metal anodes. (a) Diagram of the dry N2 pretreatment on Li metal to form a uniform
Li nitride ﬁlm. The cross-sectional SEM image shows the ﬁlm is approximately 2 μm. (b) Voltage proﬁles of bare Li foil, dry N2-passivated Li foil,
and wet N2-passivated Li foil paired with a pristine Li foil counter electrode. The low overpotential exhibited by the dry N2-passivated Li foil remains
unchanged after 100 cycles in the corrosive carbonate-based electrolyte, suggesting that the SEI formed on the Li nitride layer is stable. Without a
protective Li nitride layer, the other samples exhibit large voltage hysteresis that increase over time. (c,d) Top-view SEM image of a bare Li metal foil
(c) and a wet N2-passivated Li metal foil (d) after 10 cycles of Li stripping and deposition (1 mA cm−2, 1 mAh cm−2), showing severe dendrite
growth and uneven surface morphology. (e) Top-view SEM image of a dry N2-passivated Li metal anode after 120 cycles of Li stripping and
deposition (1 mA cm−2, 1 mAh cm−2), showing a smooth surface with suppressed dendrite growth.

prolonged exposure to N2 (∼5 min), protected from further
side reactions by the Li nitride ﬁlm. We show here that
although Li metal has high chemical reactivity, it can be
passivated through a self-limiting reaction mechanism that
prevents further reaction. The passivation behavior of Li metal
in dry N2 is qualitatively identical to its behavior in dry O2
(Figures S3, S6; Movie S3) and strongly resembles the
oxidation of silicon as described by the Deal-Grove model.32
However, this model does not hold in wet environments for Li
metal as it does for silicon.
Li Metal Corrosion in Trace Moisture Environments.
When introduced to wet N2 containing just ∼1 mol % moisture
content, Li metal reacts uncontrollably and is quickly consumed
despite a shorter exposure time to the surrounding gas (∼1
min). The dramatic reaction and change in Li metal

(Figure 2c), and its reaction mechanism is schematically
illustrated in Figure 2b.
Initially, N2 freely reacts with the clean Li metal surface
according to the reaction Li (s) + N2 (g) → Li3N (s), rapidly
forming a smooth Li nitride layer. Because Li nitride does not
react with the surrounding N2 gas, further reactions must occur
at the interface between Li metal and the Li nitride ﬁlm. During
early times (left of the vertical dashed line in Figure 2c), N2
diﬀusion through the thin passivation layer is fast and its
formation is thus reaction-limited. As the layer grows thicker, it
impedes further gas transport to the Li metal and becomes a
diﬀusion barrier for additional reaction. After suﬃcient time
(right of the vertical dashed line in Figure 2c), the passivation
layer growth slows down signiﬁcantly and its formation
becomes diﬀusion-limited. Li metal remains stable after
E
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time. After initial formation of the SEI in the ﬁrst few cycles, the
dry N2-passivated Li foil exhibits low overpotentials of less than
50 mV starting from the 20th cycle. This is due to the fast ionic
conductivity of the Li nitride ﬁlm. The voltage hysteresis
remains largely unchanged as the battery is cycled, suggesting
that Li nitride stabilizes SEI formation and prevents its cyclic
regeneration. By contrast, bare Li foil has a much larger
overpotential (100 mV) that increases with cycling, indicating
that the SEI is continually being broken/reformed and
accumulates on the surface of the Li metal. The voltage proﬁle
of the wet N2-passivated Li is even worse, with overpotentials of
over 250 mV that increase dramatically with repeated cycling.
From our operando TEM observations, we can explain this
large voltage hysteresis by considering the Li hydroxides
formed on the Li metal surface during reactions with water.
Because Li hydroxide does not conduct Li ions, it only serves as
an insulating layer that increases the overpotential needed to
electrochemically deposit and strip Li metal. Therefore, it is
absolutely critical to minimize moisture in a real batteryprocessing environment to reduce the formation of these
corrosion products on Li metal prior to battery assembly. The
electrochemical data here show the importance of reaction
conditions in forming a uniform and stable Li nitride layer on
Li metal that enables fast kinetics for improved energy
eﬃciency in Li metal batteries.
In addition to energy eﬃciency, a stable surface morphology
during battery cycling is necessary for safe operation. The
tendency of Li metal to grow as dendrites during electrochemical deposition presents a major safety concern for battery
operation, as these structures can potentially penetrate the
polymer separator, causing electrical shorting and thermal
runaway.35 Furthermore, dendrites increase the eﬀective surface
area of Li metal, amplifying the consumption of liquid
electrolyte and the metal itself through electrochemically
driven side reactions. Figure 4c shows a scanning electron
microscopy (SEM) image of the bare Li metal surface after 10
cycles in the corrosive carbonate-based electrolytes used in this
study. Clearly, erratic dendrite growth dominates the surface,
which is detrimental to battery performance and safety. The
surface of the wet N2-passivated Li foil after 10 cycles is also
covered with dendrites, as the porous network of Li hydroxide
that forms on Li metal does not eﬀectively inhibit dendrite
growth (Figure 4d). By contrast, the dry N2-passived Li foil has
a smooth surface even after 120 cycles (Figure 4e, Figure S4).
In addition to providing fast transport of Li ions, the uniform Li
nitride layer is able to suppress dendrite growth and enable
stabilized Li metal batteries. The results presented here
represent a simple but telling demonstration of the practical
applications that can be initiated by our fundamental gas study
on reactive battery materials, opening up many excellent
opportunities for scientiﬁc discovery and invention.
Methods. Generating Pristine Li Metal and Operando
TEM of Gas Reactions. During its transfer from an argon
glovebox to the environmental transmission electron microscope (ETEM), Li metal will tarnish and form a corrosion layer
due to ambient air exposure. To generate pristine Li metal
inside the ETEM, we used a specialized dual-probe TEM
holder (Nanofactory Instruments AB) capable of spatial
manipulation and electrical biasing. One probe was a Cu wire
with a diameter of ∼0.25 mm and length of ∼0.5 cm. The other
probe was a W wire with the same dimensions. We physically
scratched the surface of Li foil with the W probe to load Li
metal onto the tip. The two probes were then secured to the

morphology is monitored in Movie S2. In stark contrast to its
stable passivation in dry environments, Li metal exposed to
moisture forms rough and uneven corrosion products that grow
outward as ﬁlaments until the Li is fully consumed (Figure 3a).
After reaction, the original Li metal has degraded into a porous
network of these corrosion products. From EFTEM and SAED
data, we identify the major corrosion product to be Li
hydroxide (Figure S7), which appears darker than Li metal
because of the presence of oxygen. Although the corrosion ﬁlm
is not uniform across the entire surface of the Li metal, we can
still measure and track the average ﬁlm thickness over time
(Figure 3c). Surprisingly, the growth rate appears linear
throughout the reaction and only stops when all the Li is
fully depleted. The reaction appears to proceed uninhibited,
which is entirely diﬀerent from the self-limiting growth
behavior in dry environments.
To understand this corrosion behavior, we recognize that
two gaseous species (N2 and H2O) can now react with Li metal.
Furthermore, the Li nitride ﬁlm formed in dry N2 is no longer
inert in the wet gas environment. Thus, in addition to the Li
metal reaction with N2, there are two new reactions that can
occur: 2Li (s) + 2H2O (g) → 2LiOH (s) + H2 (g); Li3N (s) +
3H2O (g) → 3LiOH (s) + NH3 (g). Unlike the passivation
reaction that is restricted to the interface between Li nitride and
the metal in dry environments, reactions in wet environments
can also occur at the interface between the corrosion ﬁlm and
the gas (Figure 3b). As a result, no diﬀusion barrier exists and
the corrosion reactions proceed unimpeded until no Li metal
remains. The gas products (H2 and NH3) released from these
reactions diﬀuse outward, producing the observed porosity in
the ﬁnal corrosion ﬁlm. The uneven ﬁlamentary growth of the
corrosion ﬁlm may be due to concentration gradients in the gas
phase. This phenomenon is similar to dendritic growth
observed during battery operation caused by concentration
gradients of Li salt in the liquid battery electrolyte. In wet O2
(Figure S3, Movie S4), Li metal’s corrosion behavior is
qualitatively identical to the observed behavior in wet N2.
Therefore, we identify H2O as the primary component that
disrupts the passivation of Li metal and elucidate its nanoscale
corrosion mechanism.
Electrochemical Performance of Li Metal Passivated
by Dry Nitrogen. We can exploit our detailed understanding
of these passivation and corrosion reactions to engineer a stable
interface on Li metal for improved battery performance. From
our operando TEM experiments, we observe that a uniform Li
nitride ﬁlm can be formed on a pristine Li metal surface. Li
nitride is known to be a fast ionic conductor33,34 and can
simultaneously serve as a mechanical barrier to reduce dendrite
growth, making it a suitable protective layer for Li metal
batteries. To form a suﬃciently thick Li nitride coating (∼2
μm), we carefully clean the surface of a commercial Li foil and
then expose the pristine metal to dry N2 gas prior to battery
assembly (Figure 4a). X-ray diﬀraction data conﬁrm that the
nitride passivation layer is crystalline (Figure S8). To evaluate
the electrochemical behavior of this Li nitride passivation layer,
we constructed 2032 type coin cells (see Methods) with N2passivated Li metal as the working electrode and bare Li metal
as both the counter and reference electrode. Li with an areal
capacity of 1 mAh cm−2 was then galvanostatically deposited
onto and stripped from the N2-passivated Li foil at a current
density of 1.0 mA cm−2.
Figure 4b shows the voltage proﬁles of bare Li, dry N2passivated Li, and wet N2-passivated Li as they are cycled over
F
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TEM holder and transferred to the ETEM facility in a sealed,
airtight container. During insertion into the ETEM, the Li
metal on the W tip tarnished from the brief air exposure (∼3 s).
This tarnish layer consisted of oxides and nitrides that act as a
solid electrolyte, permitting the ﬂow of Li ions during electrical
biasing. All experiments were carried out using a FEI Titan 80300 ETEM operated at 300 kV. The microscope was equipped
with an aberration corrector in the image forming (objective
lens) and a Gatan 966 Quantum electron energy loss (EEL)
spectrometer.
Once the TEM holder was fully inserted, the Cu and W
probes were brought into physical contact by manipulating the
piezoelectric controller. Fresh Li metal with a clean surface was
then plated onto the Cu wire by applying a negative bias of −3
V. After suﬃcient Li metal was plated (∼5−10 min), we
introduced gas at a pressure of ∼0.5 mbar into the ETEM and
observed the reaction with Li metal in real time. The pressure
in the microscope chamber was monitored using an Edwards
Barocell 600 capacitance manometer, with a precision of ±3%.
In order to avoid condensation of contaminants on the Li metal
during gas ﬂow, we used a liquid nitrogen-cooled coldﬁnger
next to our sample. After the passivation/corrosion reaction
was complete, the gas was pumped out of the ETEM, and EEL
spectra of the corrosion ﬁlm and Li metal were collected.
Electrochemical Characterization. In an argon-ﬁlled glovebox, bare Li metal and N2-passivated Li metal working
electrodes were assembled into type 2032 coin cells with a
polymer separator (Celgard 2250) and bare Li metal (Alfa
Aesar) as the counter/reference electrode. 50 μL of 1.0 M
LiPF6 in 1:1 v/v ethylene carbonate/diethyl carbonate (BASF
Selectilyte LP40) was added as the electrolyte with full wetting
of both working and counter electrode surfaces. Coin cells were
loaded into a battery tester (Arbin Instruments) and cycled
with an areal capacity of 1 mAh cm−2 at a current density of 1.0
mA cm−2. For ex situ scanning electron microscopy (SEM)
characterization of working electrodes, coin cells were
disassembled, and the working electrodes were then rinsed
gently in 1,3-Dioxolane (DOL) to remove Li salts from the
residual electrolyte. The cleaned samples were then transferred
out of the glovebox in an airtight container to the SEM facility.
SEM images were taken on a FEI Sirion and Nova NanoSEM.
Thickness Measurement of Passivation and Corrosion
ﬁlm. To plot the thickness of the passivation and corrosion
layers over time, we took still frames of the Li metal
morphology at speciﬁc time points. We distinguish the pure
Li metal from the passivation/corrosion ﬁlm by the diﬀerence
in contrast of the high resolution TEM image. The thickness
can then be measured at multiple points by using ImageJ
software. An example for the dry oxygen case is given in Figure
S1. Using ImageJ software, we drew a straight line and overlaid
it on the bottom-left scale bar. Then, going to “Analyze” → “Set
Scale···” we could deﬁne the length (200 nm) of this straight
line. In this way, any line subsequently drawn will be scaled
accordingly. The red circles in Figure S1 denote the ﬁve regions
where we measured the Li oxide thickness. Averaging these
values gives us the mean and standard deviation, which can be
plotted as a function of time.
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