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to significantly improve the stability and 
cycle life of Li metal anodes.[5–13] While 
some success has been realized through 
the use of various protection techniques, 
almost all of the testing has been done at 
room temperature conditions. Moreover, 
the Li metal anode is a critical component 
of several next-generation battery systems 
including Li–S, Li–O2, and solid-state bat-
teries. The interactions between Li metal 
and the various electrolytes in these sys-
tems is critical to their performance and 
several factors can affect the chemical and 
physical phenomena observed during elec-
trochemical cycling. Parameters such as 
the type of Li salt, electrolyte composition, 
and current collectors have been shown to 
impact SEI formation and Li nucleation 
morphology.[14–16] Several studies have set 
out to observe the relationships between 
electrode geometry, current densities, 
voltage profiles, and the plating/stripping 
behavior of Li anodes at room tempera-
ture.[17–21] However, until recently, there 

has been a lack of fundamental understanding on the electro-
chemical behavior of Li metal anodes in different temperature 
regimes.[22–26] For the practical application of Li metal batteries, 
the system will need to function in both high and low temper-
ature environments. Thus, it is important to take a step back 
and understand the fundamental kinetic, thermodynamic, and 
physical behavior of Li metal anodes under these conditions 
before proper protection techniques can be designed to stabi-
lize the Li surface.

Recently, Cui and co-workers explored the temperature-
dependent behavior of Li metal in ether-based electrolytes.[22,23] 
Surprisingly, it was found that the electrodeposition of Li on a 
Cu surface could exhibit higher Coulombic efficiency (CE) at 
elevated temperatures due to the stabilizing organic/inorganic 
bilayer formed from electrolyte decomposition. Although the 
chemical reactivity of the electrolyte is expected to increase 
at high temperatures, it was revealed by cryogenic electron 
microscopy that the formed SEI consisted of a polymeric inner 
layer with a crystalline Li2O exterior, which can improve CE. 
Cui and co-workers hypothesized that the organic components 
of the SEI formed at 20 °C are partially soluble in the electro-
lyte, resulting in poor anode passivation whereas the thicker 

The Li metal anode has been long sought-after for application in Li 
metal batteries due to its high specific capacity (3860 mAh g−1) and low 
electrochemical potential (−3.04 V vs the standard hydrogen electrode). 
Nevertheless, the behavior of Li metal in different environments has been 
scarcely reported. Herein, the temperature-dependent behavior of Li metal 
anodes in carbonate electrolyte from the micro- to macroscales are explored 
with advanced synchrotron-based characterization techniques such as 
X-ray computed tomography and energy-dependent X-ray fluorescence 
mapping. The importance of testing methodology is exemplified, and the 
electrochemical behavior and failure modes of Li anodes cycled at different 
temperatures are discussed. Moreover, the origin of cycling performance at 
different temperatures is identified through analysis of Coulombic efficiencies, 
surface morphology, and the chemical composition of the solid electrolyte 
interphase in quasi-3D space with energy-dependent X-ray fluorescence 
mappings coupled with micro-X-ray absorption near edge structure. This work 
provides new characterization methods for Li metal anodes and serves as an 
important basis toward the understanding of their electrochemical behavior in 
carbonate electrolytes at different temperatures.

Li metal is an ideal anode candidate for next-generation battery 
systems due to its high specific capacity, low electrochemical 
potential, and light weight. However, the use of Li metal anodes 
has been hindered by its high chemical reactivity toward liquid 
electrolytes, unstable solid electrolyte interphase (SEI), large 
volume fluctuations, and dendrite formation.[1–4] In recent 
years, several strategies have been proposed to combat the 
issues associated with Li anodes and to stabilize the SEI layer. 
Methods including the design of 3D current collectors, elec-
trolyte modification, and thin-film coatings have been shown 
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and more ordered SEI formed at 60  °C could act as a more 
mechanically robust and stabilizing layer.

Carbonate-based electrolytes also serve as an important 
system for high voltage LMBs.[26] From an electrochemical 
standpoint, carbonate electrolyte components have a signifi-
cantly higher electrochemical stability window compared to 
their ether counterparts.[27] Thus, while ether electrolyte may 
be suitable for Li metal systems such as Li–S, which have low 
voltage cathodes, all 4 V class cathodes such as LiCoO2 and 
LiNixMnyCozO2 are incompatible with ether-based systems and 
require carbonate electrolytes in order to achieve adequate cycle 
life and stability. Nevertheless, the behavior of Li metal anodes 
in carbonate electrolyte can be expected to differ significantly 
from ether and ester-based electrolytes.[27] Carbonate electrolyte 
components are thermodynamically unstable against Li metal, 
more so than their ether counterparts, and suffer from signifi-
cantly lower CE during electrochemical cycling.[28] Li metal in 
carbonate systems corrode due to both chemical and electro-
chemical reactivity, which can affect cycle life, deposition mor-
phology, and SEI formation. While the recent emergence of Li 
metal anodes and the development of protection techniques 
for them has given rise to many studies that utilize carbonate-
based electrolytes,[8,29] there still remains many questions about 
the electrochemical behavior of Li metal anodes when they 
deviate from room temperature testing conditions. Therefore, 
it is of the utmost importance to understand the fundamental 
effects of temperature on Li metal anodes in carbonate electro-
lyte and reveal the challenges in various conditions in order to 
better design targeted protection techniques for both high and 
low temperature Li metal battery applications.

In this study, we aim to elucidate the (electro)chemical behavior 
of Li metal in carbonate electrolyte under different thermal con-
ditions from the micro to macroscale with advanced characteriza-
tion techniques. We further highlight the importance of testing 
methodology and show how different methods can lead to dras-
tically different conclusions. Different electrochemical methods 
are used to evaluate Li anode performance and it is shown that 
thin Li anodes, in contrast to the conventional Cu anodes, are 
required for more realistic Coulombic efficiency estimates in real 
Li metal batteries. We further utilize advanced synchrotron-based 
characterization techniques for the first time to reveal both the 
chemical and physical microstructure of Li metal anodes cycled 
under different temperatures. Using energy-dependent X-ray 
fluorescence (XRF) mappings, the inhomogeneous chemical 
composition of the SEI is visualized and is further coupled with 
micro-X-ray absorption near edge structure (micro-XANES) to 
provide nondestructive information on SEI components present 
on the surface and at depth. This work serves as an important 
basis toward a fundamental understanding of practical Li metal 
anodes in carbonate electrolyte systems and will provide insight 
for the design of future Li protection techniques.

Symmetrical cell cycling and Coulombic efficiency meas-
urements are the most common characterization techniques 
used to evaluate the electrochemical performance of Li metal 
anodes. Throughout this study, we use a current density and 
capacity of 1 mA cm−2 and 1 mAh cm−2 since these are the most 
common testing conditions found in literature.[30–36] Figure 1A  
displays the symmetrical cell cycling of Li electrodes with a 
thickness of ≈400 µm cycled at 0, 25, and 60  °C (referred to 

as 400 µm Li||400 µm Li). As expected, due to the differences 
in temperature, the overpotential increases significantly as the 
testing temperature decreases toward 0 °C. For the cells cycled 
at 0 °C, an overpotential of ≈200 mV can be observed in the ini-
tial stage of cycling (Figure 1A). In comparison, the cells cycled 
at 25 and 60  °C possess overpotentials of ≈100 and 40 mV,  
respectively. However, as the cycling time progresses, it can be 
observed that the cells cycled at 60 °C begin to rapidly fail after 
175 h. This finding is in contrast with the previously reported 
results on ether-based electrolytes, where cells cycled at 60  °C 
have significantly higher CE compared to those cycled at 
20  °C.[22,23] The reason for the enhanced cycling performance 
in ether electrolytes was attributed to the formation of a pas-
sivating SEI layer.[22] In contrast, the chemical reactivity of car-
bonate components such as dimethyl carbonate (DMC), diethyl 
carbonate (DEC), and ethylene carbonate (EC) cannot be inhib-
ited, leading to constant decomposition of electrolyte on the Li 
metal surface at high temperatures. Furthermore, it has been 
previously reported that several of the SEI components formed 
are soluble in electrolyte at high temperatures, leading to con-
tinuous dissolution and reformation of the SEI.[37]

The Li symmetric cell cycling at 25  °C exhibits the typical 
cycling behavior found in most reported studies. Dasgupta and 
co-workers thoroughly studied the plating/stripping mecha-
nism of Li metal symmetric cells by optical microscopy and 
revealed the relationships between voltage profiles and physical 
phenomena.[38] The gradual increase in overpotential during 
prolonged cycling is attributed to the formation of a thick dead 
Li layer, where the long and tortuous pathway for Li ion diffu-
sion results in increased resistance. The mode of failure under 
these conditions are usually due to fractal short-circuits upon 
reaching a critical dead Li layer thickness.[38,39] The prolonged 
cycle life of the symmetrical cells cycled at 25 °C compared to 
that observed at 60 °C is likely due to the accelerated consump-
tion and degradation of electrolyte at high temperature as well 
as possible morphological effects that will be discussed later.

It is expected that lower temperatures will lead to higher over-
potentials due to greater charge-transfer resistance and sluggish 
Li-ion-transport kinetics through the electrolyte. Moreover, the 
formation of dendrites at 0  °C should be much more severe 
compared to 25 and 60 °C according to the Sand’s time model, 
which describes the time for the onset of Li dendrite formation 
due to mass transport limitations 
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where D is the diffusion coefficient, J is the effective electrode 
current density, e is the electronic charge, C0 is the initial cation 
concentration, and ua and uc are the mobilities of anions and 
cations, respectively.[40] Interestingly, the cycling lifetime of Li 
metal symmetric cells cycled at 0  °C differs greatly from the 
aforementioned results. While it may be expected that the Li 
symmetrical cells cycled at lower temperature would fail pre-
maturely due to dendrite formation, short-circuiting is not 
observed for 400 µm Li||400 µm Li cells cycled at 0 °C. In fact, 
the cycling life is significantly prolonged compared to cells 
cycled at 25 and 60 °C, and the onset of overpotential increase 
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is extended. It is apparent that other factors are playing a role 
in the cycle life.

The Li symmetrical cells were further tested at a high cur-
rent density of 5 mA cm−2 (1 mAh cm−2 capacity) to observe 
any differences in the electrochemical behavior at different 
temperatures. It can be seen that when the current density is 
high, the diffusion limitation at low temperature causes sig-
nificantly higher overpotentials and eventual premature failure 
due to short-circuits after about 35 h (Figure S1, Supporting 
Information). Thus at exceedingly high current densities, while 
parasitic side reactions may be slowed to the low temperature, 
dendrite growth and propagation cannot be inhibited. Mean-
while, a similar situation is observed for Li symmetrical cells 
cycled at 25 and 60  °C where the cycle life is shortened due 
to fractal short circuits, as indicated by the unstable voltage 
profiles. Therefore, it can be concluded that at high current 
densities, the Li metal anode rapidly fails due to dendrite for-
mation regardless of the cycling temperature, and the primary 
difference is the large difference in initial overpotential due to 
changes in Li ion mobility. However, at a reasonable current 
density of 1 mA cm−2, the cells fail more gradually due to dead 
Li build up and side reactions with electrolyte.

In order to better understand why the battery does not fail due 
to dendrite formation at 1 mA cm−2, two types of short-circuit  

tests were conducted; 1) an “unrestricted” growth-type 
symmetric cell with an o-ring in place of a separator and 2) 
continuous Li plating in symmetric cells with conventional 
polypropylene separators. The scenario for case (1) is displayed 
in Figure S2A in the Supporting Information, where the time 
for the cells to short-circuit due to dendrite formation in the 
“unrestricted” cells is in agreement with that predicted based 
on the Sand’s time model (60 °C > 25 °C > 0 °C). In contrast, 
Figure S2B in the Supporting Information shows the cells 
using conventional polypropylene separator (restricted growth) 
and reveals that none of the cells short-circuit within a reason-
able time frame and eventually fail due to exhaustion of the Li 
counter electrode. Therefore, it can be concluded that the rela-
tive trend for the effect of temperature on short-circuit time 
can be estimated based on the Sand’s time model in cells with 
unrestricted growth, but in more practical cell configurations 
(with polypropylene separator), these models may fail to pre-
dict the effect of mechanical suppression. The driving force 
for Li penetration through the separator must exceed the com-
peting mechanical suppression effects, however, under the 
most commonly tested conditions in literature (1 mA cm−2,  
1 mAh cm−2), the diffusion limitation is not enough to cause 
cell failure.[41] Nevertheless, the mode of failure cannot be solely 
determined by symmetrical cells with thick electrodes where the 

Figure 1. Electrochemical cycling of Li metal anodes at 0, 25, and 60 °C with different testing formats. A) 400 µm Li||400 µm Li cells, B) Cu||400 µm Li  
symmetrical cells, and C) 50 µm Li||400 µm Li cells.
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excessive Li reservoirs remove the possibility of failure due to Li 
consumption. While the 400 µm Li||400 µm Li symmetric cells 
may indicate that Li metal can actually achieve longer cycle life 
at 0 °C compared to 25 and 60 °C, the results of Coulombic effi-
ciency measurements in Cu||400 µm Li cells reveal a drastically 
different conclusion. Cu||Li cells are the predominant testing 
format for Coulombic efficiency measurements in literature and 
are often used to extrapolate efficiencies to real Li anodes.[31,42–44] 
In the case of the cell cycled at 25  °C, a Coulombic efficiency 
ranging between 75% and 85% can be observed before rollover 
at 70 cycles (Figure  1B). In contrast, the cells cycled at 0 and 
60 °C both show significantly lower efficiencies from the begin-
ning, rapidly decaying from ≈80% to ≈50% within 30 cycles.  
Moreover, the poor Coulombic efficiency and quick performance 
degradation observed in the Cu||400 µm Li cells cycled at 0 °C is 
in stark contrast to the performance displayed in 400 µm Li||400 
µm Li cells. There is a clear discrepancy in the performance of 
these Li metal anodes under different temperatures according 
to the 400 µm Li||400 µm Li and Cu||400 µm Li testing methods, 
and conducting one without the other may lead to incorrect 
assumptions about modes of failure. The performance differ-
ence between the two testing methods could possibly be attrib-
uted to the thick Li used in 400 µm Li||400 µm Li cells, where a 
large excess Li reservoir can compensate for low Coulombic effi-
ciency and enable artificially prolonged cycle life in the absence 
of short circuits. However, the Coulombic efficiency measure-
ments in Cu||400 µm Li cells are dependent on Li plating and 
stripping on a Cu surface, and previous reports have shown that 
Li nucleation behavior and morphology are sensitive to sub-
strate effects.[45] While Cu current collectors are conventionally 
used for measuring the Coulombic efficiency of Li metal plating 
and stripping of Li-containing anodes in Li metal batteries, fac-
tors such as pit formation and subsequent cycle nucleation sites 
may have dramatic effects on cell efficiency. Thus, Coulombic 
efficiency measurements utilizing the Cu||Li format may not be 
representative of a real Li anode due to different SEI formation 
and plating/stripping morphology. It should be noted that the 
Cu||Li testing format may provide accurate CE results for anode-
free Li batteries, but other methods of CE measurements may 
yield more accurate results for Li anode-containing batteries if 
the CE can be measured directly on a bulk Li surface.

In order to determine the real reason behind the observed 
differences, we have adopted a model proposed by Zhang and 
co-workers to measure the Coulombic efficiency of Li on a Li 
metal surface.[46] This method utilizes a quasi-symmetric cell 
with a thin Li electrode (50 µm) on Cu foil coupled with a thick 
Li counter electrode, which acts as a Li reservoir with a large 
excess of Li. The 50 µm Li||400 µm Li cell is then cycled under 
the same conditions as the 400 µm Li||400 µm Li cell until all 
of the Li is exhausted on the 50 µm Li electrode and the cell 
voltage rapidly increases to 1 V. From this testing method, the 
average Coulombic efficiency over the number of cycles to 
failure can be estimated in a more accurate environment com-
pared to the Cu||400 µm Li testing method. Figure 1C displays 
the cycling performance of the Coulombic efficiency cells with 
the 50 µm Li||400 µm Li cell format. Surprisingly, the trend in 
cycle life and Coulombic efficiency is not the same as that found 
in Cu||400 µm Li cells and instead mirrors the cycling stability 
found in the 400 µm Li||400 µm Li cells. The average Coulombic 

efficiencies of Li metal at 0, 25, and 60 °C are ≈85%, 79.4%, and 
73.5%, respectively. It is clear that the substrate plays a critical 
role in cycle life and stability, especially when exposed to envi-
ronments with different temperatures. The difference between 
Cu||400 µm Li and 50 µm Li||400 µm Li Coulombic efficiency 
measurements highlight the need to conduct measurements on 
a Li metal surface in order to obtain more accurate results in a 
realistic environment. These results imply that the prolonged 
cycle life observed in 400 µm Li||400 µm Li symmetric cells 
with thick electrodes cycled at 0 °C is due to both an enhanced 
Coulombic efficiency and a lower tortuosity pathway for Li ions 
through the dead Li layer, as indicated by the more gradual 
increase in overpotential over time compared to those cycled at 
higher temperatures. While the initial overpotential of Li metal 
anodes cycled at 0 °C is higher due to poor diffusion kinetics at 
low temperatures, the cycle life may be enhanced if failure due 
to premature short-circuits can be avoided.

Electrochemical impedance spectroscopy (EIS) was used to fur-
ther understand the evolution of the Li metal anodes in 400 µm 
Li||400 µm Li format over the first 10 cycles at 0, 25, and 60 °C. 
Figure S3 in the Supporting Information depicts the Nyquist 
plots of the symmetrical cells after the 1st, 2nd, 3rd, 5th, 7th, and 
10th cycles. Two semicircles are observed in all cells, which can 
be attributed to the SEI layer at the high frequency region and 
the charge transfer resistance in the medium frequency regime. 
As expected from the temperature dependency of Li ion diffusion 
kinetics, the overall impedance associated with the cells increases 
along with a decrease in testing temperature. For the case of  
400 µm Li||400 µm Li cells cycled at 25  °C (Figure S3B, Sup-
porting Information), a gradual increase in the SEI resistance 
can be observed along with a subtle change in charge transfer 
resistance. The relative change in SEI resistance from the 2nd 
to 10th cycle is even more pronounced for cells cycled at 60 °C, 
which can be attributed to the inability of Li metal to form a stable 
interphase in carbonate electrolyte at elevated temperatures. It 
is interesting to note that the SEI and charge transfer resistance 
after the 1st cycle is initially greater than that found in subsequent 
cycles, possibly caused by the dissolution and re-formation of SEI 
components formed through chemical reactions after the initial 
resting period (6 h). The Nyquist plots of 400 µm Li||400 µm Li 
cells cycled at 0 °C display very different characteristics with the 
semicircle attributed to charge transfer resistance being reduced 
significantly over the initial 10 cycles (Figure S3A, Supporting 
Information). Moreover, the SEI resistance, while larger than that 
found at 25 and 60 °C, appears to be more stable and undergoes 
little change in the initial cycling period. The decrease in charge 
transfer resistance may be due to the formation of high surface 
area dendrites, which lower the overall impedance.

The nucleation and growth of Li metal is a critical factor 
affecting the overall electrochemical performance and Cou-
lombic efficiency of the battery system. Figure 2A–K displays 
scanning electron microscopy (SEM) images of Li metal plating 
on a bulk Li surface at 0, 25, and 60 °C for different charging 
capacities (0.1–1 mAh cm−2). We identify four primary stages of 
growth applicable to all temperature testing conditions:

1) Nucleation: In an ideal system, the initial stages of Li plating 
are expected to follow the classical model according to the 
following equation 
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r V F n2 /crit mγ η=  (2)

where rcrit is the critical nuclei radius, γ is the surface energy 
of the Li–electrolyte interface, Vm is the molar volume of Li, 
F is Faraday’s constant, and ηn is the nucleation overpoten-
tial. Thus, an increase in overpotential (lower temperature)  
is expected to lead to smaller nuclei formation. In the early 
stages of Li plating (0.1 mAh cm−2), there are subtle differences 
in Li deposit morphology that can be identified (Figure 2A,E,I). 
At the microlevel, it can be observed at 0 and 25  °C that 
dendritic-like morphological features form sporadically on 
the Li surface. From the macroscopic level, SEM images 
reveal fewer island features at low temperature (Figure S4A,  
Supporting Information) however those present are larger in 
size compared to the Li deposition at 25 °C (Figure S4E, Sup-
porting Information). In contrast, at 60 °C, the initial nuclea-
tion stage gives rise to a combination of smaller rod-type and 
particle-like morphologies with irregular shapes in addition 
to inhomogeneous island deposition with respect to size and 
location (Figure 2I and Figure S4I, Supporting Information). 
The irregular deposition at 60 °C is believed to be highly 
influenced by the instability of the SEI, which is supported 
by the EIS results. From an electrochemical standpoint, it is 
expected that higher overpotentials should result in smaller 
nuclei due to slower diffusion kinetics. However, other factors 

such as chemical reactivity, homogeneity, and composition of 
the nucleation surface are not taken into consideration and 
thus actual observations may deviate greatly from theoretical 
predictions. In particular, carbonate-based electrolytes are 
significantly less stable against Li metal compared to ether-
based electrolytes, potentially leading to nonideal conditions. 
Moreover, the traditional nucleation theory does not take into 
consideration the activity of the nucleation sites after the initial 
plating, which may vary from site-to-site due to localized dif-
ferences in charge transfer kinetics. Thus, a careful interplay 
between classical theory and chemical/temperature-dependent 
effects can lead to different nucleation phenomena.

2) Densification: While previous reports have focused on the nu-
cleation of Li metal in different systems at the nanolevel,[45,47] 
few studies have looked at the subsequent stages of Li depo-
sition. We find that after the initial nucleation stage, a densi-
fication process occurs. Early stages of Li deposition usually 
occur in a direction perpendicular to the bulk Li surface due 
to the kinetics and mass transport of Li ions directed toward 
the electrode. Dendrite formation typically occurs due to the 
formation of concentration gradients at the surface and a re-
sulting Li ion depletion zone caused by sluggish transport 
kinetics, leading to dendrite propagation in an attempt to 
instigate charge neutrality.[48] Nevertheless, for sufficiently 

Figure 2. SEM images of the different stages of Li metal growth on a Li metal surface. A–D) Li growth at 0 °C from 0.1 to 1.0 mAh cm−2, E–H) Li growth 
at 25 °C from 0.1 to 1.0 mAh cm−2, and I–L) Li growth at 60 °C from 0.1 to 1.0 mAh cm−2. Scale bars in all images are 10 µm.
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low current densities, the dendrite propagation through the 
separator can be inhibited due to effects such as stack pres-
sure, small pore size, and tortuous pathways. Thus, upon 
reaching this barrier, we find that Li begins to grow in the 
void spaces initially formed during the nucleation stage until 
a densified structure is formed, as seen after plating of Li to 
0.25 mAh cm−2 (Figure 2B,F,J). Figure S5 in the Supporting 
Information depicts a lower magnification SEM image of 
Li metal at this stage of plating where clearly defined dense 
regions are surrounded by porous dendritic Li. While many 
studies may observe Li plating in an “unrestricted” growth-
type environment, the lack of pressure can cause significant 
effects on dendrite propagation or morphology. With coin 
cells sealed under realistic crimping pressures, the force is 
enough to inhibit the dendrite penetration through the sepa-
rator and instead leads to infill of the unoccupied void space 
before growth in a more unrestricted lateral direction.

3) Island growth: The next stage of growth involves lateral 
propagation of Li deposition stemming from the initial 
nuclei sites. As the densified Li deposits begin to fill, the ac-
tive surface area decreases and the Li flux begins to cause Li 
deposition parallel to the bulk Li surface leading to growth 
of Li islands, as seen in Figure S4C,G,K in the Supporting 
Information. It can be inferred from the lateral growth that 
the energy barrier associated with subsequent Li deposition 
on these new Li islands is less than that required to form 
new nucleation sites. Dendrite formation at 0 and 25 °C be-
gin to propagate laterally, repeating the cycle of densifica-
tion and continue to grow outward from the center of the 
Li islands. At the micro-level, the Li metal anodes cycled at 
25 and 60 °C begins to form globular features of irregular 
size and shape, with those formed at 60 °C being the largest 
(Figure 2G,K).

4) Convergence: The final stage of Li deposition involves the con-
vergence of macroscopic Li islands. Island growth progress-
es to the point where the spatial distribution of Li deposits  
converge to form interconnected networks (Figure S4D,H,L, 
Supporting Information). At the macroscopic level, the initial 
Li deposition at 25 °C has the most uniform Li coverage while 
that observed at 0 °C has more active Li islands of smaller size, 
however it tends to have areas in which few islands have grown 
and the uncycled Li surface is exposed. The Li islands observed 
at 60  °C are more inhomogeneous and randomly dispersed 
with several islands having nonradial geometries, suggesting 
that the chemical reactivity of carbonate electrolyte at high 
temperature plays a role in directing macroscopic growth pat-
terns. The region of island convergence at the microscale can 
be observed in Figure 2D,H,L for 0, 25, and 60 °C, respectively. 
At 0 °C, small dendritic Li features can be seen to converge 
until the merging zone is densified. A similar phenomenon 
is observed for the case of 25 °C however larger particles are 
identified. In contrast, the Li morphology at 60 °C differs sig-
nificantly from the other cases and large rod-shaped particles 
of varying size are packed together across a poorly defined  
interface. Given the relatively large particle size of the Li deposits 
at 60 °C, it is likely that the poor Coulombic efficiency observed 
in Li metal anodes at this temperature is caused by both SEI 
formation as well as large isolated Li deposits that become  
electrochemically inactive in subsequent cycles.

Further SEM images of the Li anodes after 30 cycles reveal 
the long-term effects of cycling Li in carbonate electrolytes 
under different temperature conditions. The exterior surface of 
Li metal after 30 cycles at 0 °C appears to be microporous with 
Li filaments seen in some regions (Figure S6A, Supporting 
Information). In contrast, the cell cycled at 25  °C possesses 
large cracks throughout the surface with large granular-like 
deposits that are interconnected and flattened at the outermost 
surface (Figure S6B, Supporting Information). At 60  °C, the  
Li surface is rough and consists of particles of irregular shape and 
size (Figure S6C, Supporting Information). It quickly becomes 
apparent that the influence of temperature has a dramatic 
effect on not only the initial nucleation morphology, but can 
also affect the long-term plating/stripping behavior. It is pos-
sible that some of the large particles observed at 60 °C are elec-
tronically isolated from the electroactive Li surface due to thick 
SEI layers caused by electrolyte decomposition, which suggests 
that the poor Coulombic efficiency of Li cycled at elevated tem-
perature is attributed to the formation of inactive Li deposits 
rather than purely from chemical reactivity and continuous SEI 
formation.

While ex situ SEM imaging can provide information on sur-
face morphology at different stages of cycle life, several other 
factors such as cell disassembly and exposure to ambient envi-
ronments during sample transfer can have adverse effects on 
the surface.[47] Observation of Li metal in its native environ-
ment is more practical and can reveal information that cannot 
be obtain by ex situ analysis. There have been several publica-
tions recently on the use of in situ SEM to observe dendrite 
growth and morphology in solid-state systems with sulfide, 
oxide, or polymer-based electrolytes.[49–52] The nonvolatile  
nature of these systems allows for direct observation of the 
physical changes of the battery system during electrochemical 
cycling. Nevertheless, the high vapor pressure and volatility of 
carbonate and ether electrolytes make in situ observation unfea-
sible without highly specialized cell designs or the use of ionic 
liquids. Alternatively, synchrotron X-ray computed tomography 
is a nondestructive technique that can be used to visualize the 
evolution of morphological features in 3D space. Typically, X-ray 
tomography utilizes the absorption contrast between different 
materials to identify different morphological features. How-
ever, the hard X-rays required to penetrate through the cell for 
imaging (19 keV in this case) leads to low absorption contrast 
between low Z elements such as Li, C, and O. Nevertheless, the 
phase contrast of materials can enable visualization of Li metal 
and differentiation between its reacted phases.[53,54] Phase-
contrast imaging can be achieved in-line using a coherent 
synchrotron X-ray source—a technique known as propaga-
tion-based phase contrast imaging. Here, we observe Li metal 
anodes in Li||Li cells at different stages of cycling at 0, 25, and 
60  °C to reveal the influence of temperature on macroscopic 
morphology evolution in 3D space through nondestructive  
characterization. The cell configuration used for characteriza-
tion is displayed in Figure S7 in the Supporting Information. 
Figure 3A–C shows the gradual formation of cycled Li layers 
after 10 and 20 cycles where the highlighted blue, green, and 
red regions correspond to cycled Li deposits at 0, 25, and 60 °C, 
respectively. The same cells were used for each stage of imaging. 
The “cycled” Li layer possesses different phase contrast than the 
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uncycled bulk Li due to incorporation of decomposed organic 
electrolyte species. It should be noted that the dead Li cannot be 
directly differentiated from the cycled Li due to similar phase 
contrast caused by SEI reaction products encapsulating the Li 
deposits. Nevertheless, distinct differences can be observed 
between cells cycled ten times at a current density and capacity 
of 1 mA cm−2 and 1 mAh cm−2, respectively. Uneven Li deposits 
can be found dispersed throughout the symmetrical cells after 
10 cycles at 0 and 60 °C. On average, larger island formations 
are found at 60 °C whereas the cell cycled at 0 °C cell displays 
regions of converged islands with a thinner cycled Li layer. In 
contrast, the cell cycled at 25 °C shows a much more uniform 
cycled Li layer with more pronounced island-like Li deposits 
dwelling in large-scale pits. There is a clear difference in macro-
scopic morphology when cycled at different temperatures, even 
in the subsurface regions, which could not be observed through 
traditional SEM characterization.

The cycled Li layers begin to rapidly grow and recogniz-
able features become more pronounced after 20 cycles. In 
the case of cells cycled at 60  °C (Figure  3C), the cycled Li 
layer is unevenly formed throughout the Li metal surface 
with irregular deposit size and shapes. This observation is 
in line with the belief that the chemical reactivity of car-
bonate electrolytes at high temperature causes destabiliza-
tion of the SEI and subsequent dissolution of soluble com-
ponents, leading to inhomogeneous Li plating/stripping. 
Additionally, the thickness of the cycled Li layer appears to be 
less than that observed in the cell cycled at 25  °C. Moreover, 
taking into consideration the thickness of these layers, the 
longer cycle life of Li anodes in symmetrical cells at 25  °C, 

and the fact that they typically fail due to dead Li formation,  
it is probable the cells cycled at 60  °C do not simply fail due 
to the formation of a thick and tortuous dead Li layer but also 
degradation of the electrolyte itself. The cell cycled at 25 °C for 
20 cycles (Figure  3B) displays distinct large-scale pit features  
(≈150 µm wide) where the Li is seen to redeposit. The homo-
geneous layer formed at 25 °C and the growth of macroscopic 
pits indicate the possibility of the electroactive Li preferentially 
plating/stripping along the edge regions of preformed pits 
underneath the cycled layer, which could not be observed by 
other methods such as SEM. In contrast, the cell cycled at 0 °C 
(Figure 3A) shows a thinner cycled Li layer that is not as homo-
geneous as its 25 °C counterpart. Moreover, the large-scale pit 
features and Li islands are not observed, indicating different 
cycling behavior at 0  °C. Upon closer inspection, small-scale 
pits can be seen on a similar scale to that found for the cell 
cycled at 25 °C for 10 cycles, which may suggest Li metal cycled 
at 0 °C will eventually form larger pits with extended cycling.

The layer-by-layer morphological differences over extended 
regions of interest can also be observed in Movies S1–S3 in 
the Supporting Information, which show the top-down view 
of reconstructed layers of Li metal after 20 cycles at 0, 25, and 
60 °C, respectively. The movies depict ≈6.1 × 4.4 mm areas of 
the electrodes and display individual layers of the tomograms 
with 3.6 µm pixel size as they progress through the bulk Li 
layer, through the cycled Li layer, followed by the separator layer 
at a rate of 4 frames per second. Movie S1 in the Supporting 
Information of the Li metal cycled at 0  °C reveals irregularly 
shaped Li islands submerged beneath a relatively smooth and 
compact cycled Li layer. In contrast, the cell cycled at 25  °C 

Figure 3. Synchrotron X-ray computed tomography images of Li||Li symmetrical cells cycled at 0, 25, and 60 °C. A) Li||Li cell in the pristine state and 
after 10 and 20 cycles at 0 °C. B) Li||Li cell in the pristine state and after 10 and 20 cycles at 25 °C. C) Li||Li cell in the pristine state and after 10 and 20 
cycles at 60 °C. Reconstructed images are taken from representative regions of the cells. Highlighted regions with blue, green, and red color represent 
the cycled Li layers at 0, 25, and 60 °C, respectively.
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shows well defined “tree-like” growth where the initial Li depo-
sition sites grow outward and expand until they converge and 
form a smooth film at the cycled Li–separator interface (Movie S2,  
Supporting Information). The island shape, size, and disper-
sion are more uniform at 25 °C compared to that found at 0 °C. 
At an elevated temperature of 60  °C, the Li metal deposition 
morphology appears quite different and porous in nature with 
localized regions of inhomogeneous Li deposits (Movie S3, 
Supporting Information). It is possible that the chemical reac-
tivity of Li toward the carbonate electrolyte leads to the gradual 
consumption of the inactive Li on the surface leading to the 
formation of porous surface features compared to the more 
smooth interface found between the cycled Li and separator 
layers in cells cycled at 25 and 0 °C. Further investigation into 
the density and porosity of these cycled Li layers should be con-
sidered to gain a better understanding of mass transport to the 
electroactive surfaces.

Energy-dependent XRF mapping is a chemically selective 
spectroscopic imaging technique that exploits unique absorp-
tion features specific to different chemical species in XANES 
spectra. The incident energy used for XRF mapping can be 
fine-tuned to enable selective excitation of core level electrons to 
unoccupied orbitals, subsequently inducing fluorescence attrib-
uted to different chemical species if the incident energy reso-
nates around “fingerprint” spectral features. By controlling the 
excitation energy resonance around certain near-edge features, 
fluorescence mapping of the SEI components with chemical 
sensitivity can be obtained. Upon mapping at different ener-
gies, unique features or hotspot differences between the maps 
can be attributed to different chemical species. For the first 
time, we have exemplified energy-dependent X-ray fluorescence 
resonance mapping coupled with micro-XANES to study the Li 
metal anode. All electrodes were transferred to the beamline 
without exposure to air though the use of an anaerobic sample 
holder (Figure S8, Supporting Information). The F references 
used for this work are displayed in Figure S9 in the Supporting 
Information. Figure 4A–C shows XRF mappings at 691.3 and 
694.0 eV, which are associated with energies below and at the 
peak of the F 1s → unoccupied 2p state whiteline transition of 
LiF, respectively. The mappings at 694.0 eV display hotspots 
associated with decomposition of Li salts and the formation of 
LiF. In all mappings, the intensity of the fluorescence counts 
was normalized to the maximum counts found at either energy 
where yellow color represents high counts and blue corresponds 
to low counts. For the case of Li metal after 10 cycles at 0 °C, very 
distinct regions of LiF hotspots can be observed in the mapping 
at 694.0 eV (Figure 4A). It can be seen the LiF formation in the 
SEI is inhomogeneously dispersed throughout the surface, and 
the localized hotspots may be a result of regions with severe 
dendrite growth or high surface area Li deposits. The mapping 
at 691.3 eV has significantly weaker overall counts, which can 
be attributed to the formation of other fluorinated species. It 
is possible that some reduced PFx or more complex POxFy-type 
bonding structures are formed as a result of other side reac-
tions between SEI components.[55] The XRF mappings of Li 
metal cycled at 25 and 60 °C tell different stories than their 0 °C 
counterpart. At 25 °C, the LiF distribution is found to be more 
homogeneous than the cell cycled at 0  °C, however, there are 
still small regions where the distribution of fluoride species dif-
fers (Figure  4B). Particularly in the bottom region of the XRF 

mappings at 25  °C, areas of low F counts appearing as dark 
blue islands in the XRF map taken at 691.3 eV suggest the lack  
of reduced PFx or POxFy-type fluorine structures. Nevertheless, 
the same regions in the mappings at 694.0 eV clearly show the 
excitation and fluorescence of F-containing species specific to this 
energy level. At 60 °C, there are few differences in the spatial dis-
tribution of different F species, but the overall F distribution 
appears to be more even compared to the Li metal anodes cycled 
at lower temperature. This suggests that the chemical decom-
position of carbonate electrolyte at 60  °C occurs more readily 
than at lower temperatures and more F-containing species are 
present in the SEI, however, it may not be beneficial toward 
the overall electrochemical performance since the reaction rate 
and consumption of Li salts may lead to faster cell failure. The 
higher F counts in the XRF maps at 60  °C further supports  
the findings of poor Coulombic efficiency at high temperatures 
and degradation of electrolyte as likely failure modes for high 
temperature Li metal anodes in carbonate electrolyte.

To better understand the SEI composition of Li metal cycled 
at 0, 25, and 60 °C, micro-XANES spectroscopy was employed 
in multiple regions to explore the electronic structure of fluo-
rine- and oxygen-containing species. Moreover, measurements 
in total electron yield (TEY) and fluorescence yield (FLY) modes 
were utilized to observe differences in composition in the near-
surface region (2–10 nm) and the bulk, respectively, of each 
point. The coupling of energy-dependent XRF mapping with 
TEY and FLY mode micro-XANES provides the opportunity to 
explore the physical location of different SEI components on 
a large scale along with the ability to provide depth-sensitive 
information in a nondestructive manner, unlike tradition X-ray 
photoelectron spectroscopy characterization methods. The flu-
orine species found in the SEI should arise from the decom-
position of the LiPF6 salt—the sole fluorine component in the 
tested electrolyte. The primary decomposition product of LiPF6 
is LiF and PF5, which may undergo further reaction to form fur-
ther reduced PFx, LixPOyFz, POxFy, or small amounts of fluori-
nated hydrocarbons under certain conditions.[55] Figure 4D dis-
plays the F K-edge XANES in regions I and II of Li metal after  
10 cycles at 0 °C with a beam size of ≈20 µm. Region I is within 
a region of the SEI that is representative of the bulk distribu-
tion, as seen in the XRF maps in Figure 4A. The TEY and FLY 
spectra share several common spectral features with key peak 
at 693.9 and 702 eV likely associated with a mixture of PFxOy 
and LiF, with LiF found to be more present in the near sur-
face region.[56] Further absorption features are observed at 
energies lower than that of LiF and at 695.3 eV, and may be 
attributed to other salt reduction products. In contrast, region 
II is in the center of the hotspot seen in the energy-dependent 
XRF mappings and confirms that the region is primarily LiF, as 
confirmed by both TEY and FLY measurements. The F K-edge 
spectra of region III is not shown as the F content was too 
low to accurately determine composition. In contrast, Li metal 
cycled at 25 °C yields different composition in both the surface 
and bulk compared to that found in Li cycled at 0 °C. Figure 4E 
shows that the F species in the SEI are homogeneous at all 
depths with little variation between the tested regions. The F 
K-edge spectra indicate the F species are primarily LiF with a 
small contribution from another species as indicated by the 
broadening of the edge jump region located at 692.2 eV. Upon 
increasing the cycling temperature to 60  °C the SEI is found 
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to change once again to form SEI layers of different but still 
homogeneous composition. Regions I–III of Figure  4F pre-
sent spectral features similar to that observed in region I of Li 
cycled at 0  °C, suggesting that certain electrolyte components 
may have preferential decomposition products at both high and 
low temperatures. However, unlike Li cycled at 0 °C, the homo-
geneity of the reaction products may be attributed to the high 
chemical reactivity of the carbonate electrolyte and lower activa-
tion barrier toward decomposition. The oxygen K-edge spectra 

taken over three separate regions further reveal the unique 
composition and distribution of organic and inorganic SEI 
components at the micro-level. Previous reports on SEI compo-
sition include oxygenated species such as Li2O, Li2CO3, LiOH, 
and various alkyl Li components.[4,37,57] Key fingerprint features 
can be observed in the XANES spectra at ≈531.3, 532.3, 533.8, 
536.6, 539.3, and 543.5 eV corresponding to various transitions 
from the O 1s to unoccupied 2p states. In all cases where Li 
metal is cycled at 0, 25, or 60 °C, the resulting O K-edge XANES 

Figure 4. Synchrotron energy-dependent XRF mappings and micro-XANES measurements of the Li metal SEI at 0, 25, and 60 °C. XRF mappings of the 
Li metal surface after 10 cycles at A) 0 °C, B) 25 °C, and C) 60 °C with incident energies of 691.3 and 694.0 eV. D–F) F K-edge micro-XANES at regions 
I–III of Li metal cycled at 0, 25, and 60 °C, respectively. G–I) O K-edge micro-XANES at regions I–III of Li metal cycled at 0, 25, and 60 °C, respectively.
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reveals the presence of many of these components, however, 
the spatial distribution and relative quantity of the species dif-
fers greatly. Li2CO3 appears to be the predominant component 
with the relative ratio of other species differing depending on 
operating temperature.

O K-edge XANES of Li metal cycled a 60 °C at various points 
reveals the presence of various organic and inorganic species 
within the surface and bulk (Figure 4I). The well-defined peak 
present at 533.8 eV is related to the π* transition of Li2CO3. The 
relative density of states associated with this transition is found 
to be more prominent in the FLY signals compared to the TEY 
signals in the corresponding regions, indicating the inorganic 
Li2CO3 species is preferentially formed on the innermost SEI 
or in SEI layers found deeper in the dead Li layer. Moreover, 
the peak at 531.3 eV can be attributed to the σ* transition of 
C–O–H-type molecular structures from organic polymeric spe-
cies formed in the SEI layer.[57,58] Regions I and III show strong 
features associates with this type of structure present in the 
near surface region (TEY) with diminishing contribution from 
these species in the bulk at the same points (FLY). The feature 
observed at 536.6 eV may also be related to Li–O–R structures 
with a similar bonding environment, providing more evidence 
that at 60 °C, lithiated organic oxygen species are formed more 
prevalently in the surface SEI compared to at depth. Further-
more, the presence of LiOH is found throughout the surface 
and subsurface. Identification of Li2O with both TEY and FLY 
measurements is convoluted by the coexistence of other inor-
ganic oxygen species such as Li2CO3, which have nearly over-
lapping spectral features, nevertheless, the spectral feature at 
544.5 eV may be used to distinguish the two inorganic com-
pounds.[57,58] Broadening of the peak at 533.8 eV may also be a 
result of Li2O contributions and alkyl carbonate species.

The spectral features within the O K-edge XANES of the 
Li metal anode cycled at 0 °C display clear variations between 
composition in the near-surface and subsurface SEI layers 
(Figure 4G). A broad peak at 544.5 eV is present in all the three 
regions on the surface, as indicated by the TEY measurements. 
However, the fluorescence from the electronic transitions 
associated with this peak is attenuated in the FLY signals, sug-
gesting that Li2O is found more prevalent in the near surface 
region rather than within the bulk dead Li layers. Moreover, the 
peak at 533.8 eV attributed to the π* (CO) orbital of Li2CO3 is 
more distinct in the FLY spectra compared to the TEY spectra, 
which indicates the preferential formation of carbonates at 
depth in the SEI. Other organic oxygen-containing species such 
as polyolefins are not as prominent at 0  °C with only small 
amounts being observed on the surface of region I. However, 
unlike Li metal cycled at 25 and 60 °C, displays strong contri-
butions from a spectral feature located at 532.3 eV, which may 
be related to C–O–H structures. The Li2O is primarily observed 
in regions II and III in both TEY and FLY spectra, indicating 
that this reaction product has a more homogeneous spatial 
distribution.

The chemical sensitivity of the O 1s edge features reveal 
the relative concentration of certain oxygen-containing species 
observed at 25  °C is an intermediate of that found at 0 and 
60  °C (Figure  4H). As a general trend, the contribution from 
the spectral feature at 531.3 eV, which may be attributed to poly-
meric CCO type bonding, increases from 0 up to 60 °C. 

This is also supported by the dampening of the feature at 536.6 eV 
as compared to that observed in the case of Li metal cycled at 
60 °C. Other inorganic species such as Li2CO3 are common in 
the SEI formed at 25 °C, as indicated by the features present at 
533.8 and 539.3 eV. However, the relative intensity of the peak 
at 533.8 eV compared to that at 539.3 eV is increased in the FLY 
measurements of all regions, which may indicate the formation 
of more Li2O deeper within the cycled Li layers. The spectral 
feature at 533.8 eV overlaps with a transition of Li2O while that 
found at 543.5 eV does not, which allows for differentiation in 
the relative ratios of these oxide components.

To highlight the advantages of XANES over other spectro-
scopic techniques, the O 1s XPS of Li anodes cycled under the 
same conditions were compared (Figure S10, Supporting Infor-
mation). The results of the Li metal SEI at 0, 25, and 60 °C are 
consistent with the TEY micro-XANES results and indicate 
the presence of more Li2O on the surface at low temperatures 
and more organic alkyl carbonate species formed at high tem-
peratures. The peak located at ≈531.9 eV may be attributed to 
Li2CO3 species and is present regardless of testing temperature. 
However, the similarity in binding energy and peak shapes in 
XPS make it difficult to determine the composition of the SEI 
with absolute certainty. Moreover, the surface sensitivity of XPS 
prevents characterization of the SEI beyond the escape depth 
of the photoelectron, while the fluorescence X-rays measured 
by XANES in FLY mode provide nondestructive depth informa-
tion and can build a more complete picture of the SEI evolu-
tion. These facts coupled with the unique fingerprint spectral 
features induced by the core level excitation of electrons to 
unoccupied states in XANES provide significant advantages 
over traditional XPS characterization of the Li metal SEI.

To summarize, the SEI formed on the Li metal anode differs 
significantly depending on the temperature at which it is cycled. 
Moreover, we are able to show that the composition is not only 
different between electrodes cycled at 0, 25, and 60 °C, but can 
also vary significantly within individual electrodes depending 
on the area of measurement. The use of energy-dependent 
XRF mappings coupled with micro-XANES is able to visualize 
the local variations in SEI formation that would be otherwise 
looked over by tradition testing methods such as XPS, which 
typically take average measurements over a large area. Addition-
ally, the use of TEY and FLY modes of measurement is used 
as nondestructive tools to reveal that the surface and subsurface 
chemical compositions differ greatly. Our results indicate that 
at 0 °C, according to TEY and FLY modes of measurement, the 
chemical composition of F-containing species is more homoge-
neously dispersed at the surface and at depth, but has isolated 
regions where the bulk composition may differ significantly 
from neighboring regions. This is in contrast to Li anodes 
cycled at 25 and 60 °C where the spatial distribution of F spe-
cies is more uniform across the entire surface, but still differ in 
chemical composition in the near-surface regions and at depth. 
Micro-XANES further reveals strong differences in composition 
of organic species across the electrodes and at different depths 
when cycled at different temperatures. Li2CO3 is found be the 
predominant reaction product and forms preferentially deeper 
in the SEI layer along with other inorganic components, and 
the ratio of carbonate to other organic species differs depending 
on the operating temperature. These advanced characterization 
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techniques will prove useful for further studies on Li metal 
anodes to show how certain conditions or protection techniques 
will affect SEI composition and homogeneity in quasi-3D space.

Understanding the behavior of Li metal anodes operating 
under different conditions is of the utmost importance for the 
development of next-generation Li metal batteries. We have 
thoroughly studied the influence of temperature on Li metal 
anodes cycled in carbonate electrolytes, which has been poorly 
understood until now. The trends in electrochemical behavior 
of Li metal anode cycled at 0, 25, and 60 °C in carbonate-based 
electrolyte are shown to be significantly different from recent 
reports on Li metal anodes in ether electrolyte, and we show 
that testing methodology is critical to interpreting modes of 
failure at different temperatures. Low temperatures are shown 
to increase Coulombic efficiency and extend cycle life through 
lower chemical reactivity in the absence of short-circuits, 
whereas it is believed that higher temperatures lead to unstable 
SEI formation, poor Coulombic efficiency, and electrolyte deg-
radation. Moreover, the mechanism of Li nucleation and growth 
at the microlevel was studied by SEM and synchrotron-based 
X-ray tomography to reveal the effect of thermal conditions on 
the initial and early stages of cycling in symmetric cells. Fur-
thermore, energy-dependent XRF mapping coupled with micro-
XANES was used for the first time to study the Li metal SEI 
to show differences in spatial distribution and composition at 
the micro-level at 0, 25, and 60 °C. This work provides valuable 
insight into the electrochemical behavior of Li metal anodes in 
carbonate systems and offers new characterization methods for 
the study of Li metal batteries.
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