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electrolyte or even a solid-state electrolyte, where the real 
interactions between the liquid electrolyte and active materials 
are completely missing. In addition, the highly energetic elec-
tron beam in a TEM can cause significant artifacts, such as 
melting of the lithium metal into liquid.[20] In contrast, in situ 
optical microscopy characterization[14,21–25] can provide more 
real information of lithium dendrite growth process due to 
the much larger dimension of the cells and is free from the 
electron beam effect. However, the resolution of an optical 
microscope is normally too low to provide the detailed infor-
mation on the initial stage of lithium dendrites nucleation as 
well as during the lithium plating/stripping processes. In this 
respect, SEM seems to be a good compromise between the cell 
size (similar to that used in an optical microscope) and the 
resolution (down to a few nanometers). However, so far, SEM 
characterizations for lithium batteries were mostly carried out 
as ex situ,[26–32] no in situ work has been reported except that 
from our group.[13]

The schematic design of the EC-SEM liquid cell in this work 
is shown in Figure 1a. It is composed of two chips: a top silicon 
chip with a SiNx membrane viewing window and a bottom chip 
made of quartz with two injection orifices. A pair of Cu current 
collectors and Li electrodes was patterned on the top chip with 
a microgap lying in the middle of the viewing window. The two 
chips were sealed by epoxy, with a separation of ≈0.5 mm. The 
orifices were also sealed with the same epoxy after the injec-
tion of the liquid electrolyte (≈60 µL). A detailed description on 
the fabrication of the EC-SEM liquid cell can be found in the 
Supporting Information. During in situ electrochemical experi-
ments, the growth and dissolution of lithium dendrites at the 
edges of the Li/Cu electrodes can be observed through the SiNx 
window by SEM (Figure 1b).

Using the EC-SEM liquid cell, we systematically studied 
the effects of lithium nitrate (LiNO3) and/or lithium poly-
sulfide (Li2S8) additives on the lithium dendrite growth in 
an electrolyte (1.0 m lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethox-
yethane (DME) (volume ratio 1:1)) typically used for lithium/
sulfur (Li/S) batteries. A current density of ±0.15 mA cm−2 
was employed in all lithium plating/stripping experiments. 
Figure S1 (Supporting Information) shows an SEM image of 
the Li/Cu electrode of a bright contrast inside the EC-SEM 
liquid cell, which typically contains a darker edge indicative of 
a small gap between the Li/Cu electrode and the SiNx mem-
brane. The electrolyte was observed to change from a dark 
contrast to dark gray within only a few frames of electron 

Lithium batteries represent the most promising energy 
storage technology and have been studied extensively.[1–9] 
However, lithium dendrite growth is one of the most crit-
ical obstacles that hinder the development of high capacity 
lithium metal anodes.[9,10] In this work, we developed an in 
situ electrochemical scanning electronic microscopy (EC-
SEM) method to systematically study the lithium plating/
stripping processes in liquid electrolytes. The results demon-
strate that the lithium dendrite growth speed and mechanism 
is greatly affected by the additives in the electrolytes. A co-
addition of both lithium nitrate and lithium polysulfide in the 
ether-based electrolyte minimizes the dendrite growth and 
results in a smooth lithium surface. The direct EC-SEM obser-
vation of “dead” lithium formation even during the lithium 
deposition process provides strong evidence that lithium den-
drites are etched by lithium polysulfides in the electrolyte. As 
revealed by the density functional theory (DFT) calculation, 
the dendrite etching mechanism is attributed to the lower 
energy of a lithium atom in lithium polysulfide clusters than 
that in lithium metal.

Recently, in situ microscopic tools, including transmission 
electron microscopy (TEM), scanning electron microscopy 
(SEM), and optical microscopy, are used to investigate the 
electrochemical processes in specifically modified cells.[11–14] 
For the in situ TEM investigation at a high spacial resolu-
tion,[15–18] however, the cell has to be reduced to a dimen-
sion so small that it differs too much from a real battery. For 
example, a nanobattery based on a liquid cell is composed 
of a small amount of active materials (e.g., only a few nano
wires) and electrolyte, and thus could be operated for no more 
than ten cycles.[19] Some researchers performed in situ TEM 
studies on lithium metal-based batteries using an ionic liquid 
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beam scanning, because of the charging effect of the SiNx 
membrane and electrolyte. Figure S2 (Supporting Informa-
tion) shows a time lapse series of SEM images revealing the 
lithium plating process using the LiTFSI/DOL/DME electro-
lyte with no additive. The contrast of the deposited lithium 

is dark, which is reasonable due to its low atomic number 
as well as the charging effect of the SiNx membrane.[33] Dark 
spots near the edge of the Li/Cu electrode (blue arrow in 
Figure S2a, Supporting Information) were also lithium depos-
ited in the gap between the electrode and the SiNx membrane. 
The lithium dendrites became observable after plating of a few 
seconds, and then grew rapidly and became mossy, reaching 
a length of ≈60 µm after 300 s of plating (Figure S2c, Sup-
porting Information). This indicates that lithium dendrites 
can form and grow easily in the LiTFSI/DOL/DME electrolyte 
during the plating process (video of the plating process, see 
Movie S1, Supporting Information).

Figure 2 shows the first cycle of lithium plating/stripping 
processes using the LiTFSI/DOL/DME electrolyte with the 
additive of LiNO3 (1 wt%). The images are mapped with false 
color, in order to enhance the contrast of Li dendrites. The 
corresponding original images and video of the plating/strip-
ping processes can be found in Figure S3 and Movie S2 (Sup-
porting Information), respectively. The lithium dendrites were 
observed to grow to a length of ≈18 µm after 350 s of plating 
(Figure 2a–c and Figure S3a–c, Supporting Information), and 
then dissolved under a reversed current along with the appear-
ance of charge accumulation (shown as the growing bright 
contrast) in the electrolyte (Figure 2d–f and Figure S3d–f, 
Supporting Information). It was observed that still some 
of the lithium dendrites remained even after 600 s of strip-
ping (Figure 2f), and some even stayed unchanged between 
Figure  2e,f, as indicated by the white arrows in Figure  2d–f. 
It is very likely that those remnant lithium were electrically 
insulated from the electrode due to the lithium dendrite dis-
solution. We used the name of “dead” lithium because it is 
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Figure 1.  Schemes and photos of an in situ SEM-EC liquid cell: a) bottom 
and b) top views.

Figure 2.  A time lapse series of SEM images of the processes of a–c) lithium plating and d–f) stripping under 0.15 mA cm−2 on the Li/Cu electrode 
using the LiTFSI/DOL/DME electrolyte with the additive of LiNO3 (1 wt%). The artificial colors of purple-green-yellow-red represent the different con-
trasts from bright to dark in grayscale. The bright contrasts of Li/Cu electrode and the charged area are colored in purple, and the dark contrasts of 
lithium dendrites are colored in red and yellow. Scale bar: 20 µm.
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electrochemically inactive during further 
cycling. The dendrite growth and dissolution 
processes are schematically illustrated in 
Figure S4 (Supporting Information).

With the addition of LiNO3 in the LiTFSI/
DOL/DME electrolyte, the formed lithium 
dendrites were less dense and much shorter 
than that in the electrolyte without any 
additive (Figure  S2c, Supporting Informa-
tion). A comparison of the lithium den-
drites growth speed in different electro-
lytes is shown in Figure S5 (Supporting 
Information). It should also be noted that 
the dendrite growth in the LiNO3 added 
electrolyte is not homogeneous, as shown 
in Figures S6 and S7 (Supporting Informa-
tion). Figure S7a–d (Supporting Information) 
shows the nondendrite growth of a lithium 
layer over a region of a few tens of micro
meters, while some Li dendrites also appear 
at the right side of the images after 80 s of 
plating. After 190 s of plating, more Li den-
drites were found in the nearby region of the 
previously scanned area (see the montage of 
two SEM images in Figure S7e, Supporting 
Information). The suppression of dendrite 
formation in some region infers that the addi-
tion of LiNO3 in electrolytes may facilitate the 
formation of an SEI film[32,34] on the surface 
of Li electrode. However, the phenomenon 
of inhomogeneous dendrite growth indi-
cates that such SEI film is not uniform or not 
stable. As a result, LiNO3 alone is not effec-
tive enough to protect the lithium anode surface for long-term 
cycling in a lithium battery.

The role of Li2S8 additive (0.2 m) on lithium dendrite 
growth was also investigated (false colored Figure 3, see also 
Figure  S8, Supporting Information, for original images and 
Movie S3, Supporting Information). At the first plating pro-
cess, it can be observed that the length of the formed lithium 
dendrite reaches to ≈10 µm after 600 s of plating. Compared 
with the dendrites formed in the LiTFSI/DOL/DME electrolyte, 
the dendrite density in this system is much lower and their 
lengths are much shorter. Further investigation on this pro-
cess revealed that the lengths of a few branches were beyond 
≈15 µm after 270 s of plating (Figure 3b). However, it is rather 
abnormal that during the plating from 360 (Figure 3c) to 600 s 
(Figure  3d), the amount of lithium dendrites reduced signifi-
cantly. The dissolution of the lithium dendrites caused some 
of the lithium dendrite segments disconnected to the elec-
trode and remained unchanged, as indicated by the arrows. 
It seems that the lithium dendrites were etched while plating. 
A proposed “etching” scheme is schematically illustrated in 
Figure S9 (Supporting Information).

To further understand the polysulfide “etching” mecha-
nism, we studied the formation energy per lithium atom, 
εf(Li), in lithium polysulfide clusters and in lithium metal 
using density functional theory (DFT). Note that a structure 
with a lower εf(Li) forms more easily under a certain chemical 

environment. For lithium polysulfide clusters n nS Li
S Li

, εf (Li) 
can be defined as 

n
E n nf n n bulkLi

1
[ (S Li ) ]

Li
S S Li LiS Li

ε µ µ( ) = − − � (1)

where E n n(S Li )
S Li

 is the total energy of the cluster, and nS and 
nLi are the numbers of sulfur and lithium atoms in the cluster, 
respectively. μLi bulk is the chemical potential of lithium in 
its bulk. μS is the chemical potential of sulfur, which can be 
considered in balance with the environment/electrolyte. A 
more negative value of μS corresponds to an S-deficient envi-
ronment/electrolyte which tends to take in more sulfur and 
hinders the Li atoms to capture these S atoms, yielding a 
higher formation energy of n nS LiS Li  clusters but easy formation 
of Li bulk/dendrites.

Figure 4a shows εf(Li) as a function of the chemical poten-
tial of sulfur, μS. It can be seen that the lowest εf(Li) configu-
rations change in different environments/electrolytes reflected 
in the values of μS. When μS is smaller than −0.60 eV, corre-
sponding to a Li-rich environment, lithium in its bulk form is 
the most energetically favorable (εf (Li) =  1.896 eV), as shown 
by the horizontal black line in Figure 4a. When μS gradually 
increases which means the gradual accumulation of sulfur 
atoms in the environment/electrolytes, it can be found that 
Li2S3, Li2S4, Li2S6, and Li2S8 clusters become the most stable 
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Figure 3.  a–d) A time lapse series of SEM images of the lithium plating process under 
0.15 mA cm−2 on the Li/Cu electrode using the LiTFSI/DOL/DME electrolyte with the addition 
of Li2S8 (0.2 m). The artificial colors of purple-green-yellow-red represent the different contrasts 
from bright to dark in grayscale. The dark contrasts of lithium dendrites are colored in red and 
yellow, showing their growth and etching process. Scale bar: 10 µm.
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structures at μS = −0.60, −0.48, −0.16, and 0.00 eV, respectively, 
as shown in Figure 4b. It is in agreement with previous theo-
retical[35] and experimental[36] studies on polysulfide clusters 
that Li2Sn (n  =  3,  4,  6,  8) clusters have superior stability. 
The exact form of polysulfide clusters depends on the electro-
lyte environment μS.

The above results suggest that adding sulfur into the envi-
ronment/electrolytes can decelerate the deposition rate of Li 
atoms on electrode. This is important for suppressing lithium 
dendrite formation, because a sustainable lithium dendrite 
growth requires the deposition rate of Li atoms be faster than 
their diffusion rate on the electrode surface. When a certain 
amount of sulfur is added to the electrolyte, it becomes more 
energetically favorable for Li atoms to stay in lithium poly-
sulfide clusters than in Li metal/electrode. The difference of 
εf(Li) in metal/electrode surface and in clusters provides a larger 
chemical driving force to move Li atoms from dendrite/surface 
to clusters (solid to liquid), than from dendrite/surface to bulk/
substrate (solid to solid), as shown in Figure 4b. Therefore, 

lithium polysulfide clusters could etch lithium dendrites. As the 
lithium plating process is controlled by both thermodynamic 
and kinetic conditions, the coexistence of growth and etching of 
lithium dendrite is observed.

Based on the above understanding, we further investigated 
the synergistic dendrite suppression effect of Li2S8 (0.2 m) and 
LiNO3 (1 wt%) co-additives in the LiTFSI/DOL/DME electro-
lyte. As shown in the false-colored EC-SEM image series of the 
lithium plating process (Figure 5, see also the original gray-
scale images in Figure S10 (Supporting Information) and the 
corresponding video in Movie S4 (Supporting Information)), 
competing dendrite growth and dissolution were observed. 
During the whole plating process, the lengths of the lithium 
dendrites were restrained well below 3 µm, which were much 
shorter than those formed in the electrolyte with only LiNO3 
additive (Figure 2c) or with only Li2S8 additive (Figure 3d). To 
verify the dendrite suppression effect we observed in our in 
situ EC-SEM experiments, we also performed corresponding 
ex situ experiments using a coin cell made of a lithium metal 
anode, a sulfur–graphene cathode, and a LiTFSI/DOL/DME 
electrolyte with both Li2S8 and LiNO3 additives. The coin cell 
was cycled over 50 cycles, and sequentially disassembled for 
ex situ SEM investigation. We found that the Li surface was 
smooth and no lithium dendrite was observed (Figure S11, 
Supporting Information). These results confirm that the 
lithium dendrites can be effectively suppressed with the addi-
tion of both lithium polysulfide and LiNO3 in the LiTFSI/
DOL/DME electrolyte.

The EC-SEM liquid cell developed in this work enables the 
in situ characterization of electrode materials in volatile ether-
based electrolyte which is widely used in lithium/sulfur bat-
teries, and thus well mimics the real operating environment 
of a battery. Despite the low atomic number, lithium could be 
clearly imaged in SEM as dark contrast on the slightly charged 
SiNx membrane background, and thus the growth and dissolu-
tion of lithium dendrites could be tracked. This in situ SEM 
technique offers an intermediate spatial resolution between 
that of the in situ TEM and the in situ optical microscopy. 
Compared to an in situ TEM cell, adequate amount of elec-
trode and electrolyte materials can be contained in the EC-SEM 
liquid cell, allowing a better cycle performance (typically more 
than 15 cycles in this study, better than that of a TEM liquid 
cell which is no more than ten cycles in the literature[19]). 
The resolution of in situ SEM in this work is limited due to 
the electron beam broadening effect of the SiNx membrane 
(see Figure S12, Supporting Information), which is more 
serious when the electron beam energy is set as low as 10 keV 
(we used a low electron beam energy in order to protect the 
SiNx membrane from fracturing). It is also noteworthy that a 
relatively lower energy electron beam results in a smaller pene-
tration length in the sample, and thus, only those lithium den-
drites lying close to the SiNx membrane could be imaged. The 
smaller penetration depth, at least in our case, avoids the com-
plex beam–liquid interaction and provides useful morphology 
information near the surface.

In this work, caution has been taken to exclude any 
possible electron beam effect during the in situ SEM experi-
ments. We normally recorded extra images outside the 
continuously scanned area after the in situ experiments to 
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Figure 4.  a) The formation energy per Li atom, εf(Li), in the cluster n nS Li
S Li

 
(1 ≤ nS ≤ 8, nLi = 1,2) as functions of the chemical potential of sulfur 
(μS), where that of sulfur in S8 bulk is set to zero. The horizontal black 
line is the energies of Li in Li metal. b) A schematic view of changing 
the chemical environment of the electrolyte that leads to different lowest 
εf(Li) structures, which are Li bulk, Li2S3, Li2S4, Li2S6, Li2S8, and LiS8, from 
Li-rich (green) to S-rich (yellow), respectively.
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confirm the observed sample features are the same in the 
areas with/without continuous electron beam scanning. In 
situ optical microscopy experiments were also conducted 
in parallel using the same liquid EC-SEM cells to exclude the 
beam effect. For example, the same lithium dendrite sup-
pression effect of the Li2S8-LiNO3-LiTFSI/DOL/DME electro-
lyte was also observed using the in situ optical microscopy 
(as shown in Movie S5, Supporting Information). Therefore, 
despite that the charging effect was observed in a few in situ 
SEM experiments, the beam effect was mostly minimized 
to a negligible impact on the electrode evolution during the 
EC-SEM cell’s operation.

Despite the earlier reports that polysulfides could play an 
important role in the formation of a stable SEI film on the 
Li electrode, thus preventing lithium dendrites growth in 
Li/S batteries,[14,29,32,37] here, both our in situ experimental 
result and the theoretical calculation strongly suggest that the 
lithium polysulfides actually limit the growth of dendrite by an 
“etching” reaction with them. Our results further demonstrate 
that the co-addition of both LiNO3 and Li2S8 in the electrolyte 
can effectively suppress the lithium dendrite growth due to the 
synergetic effect toward the reaction with Li electrode. First, 
LiNO3 could boost at least a partial formation of a SEI film 
and slow down the dendrite growth (see Figure S5, Supporting 
Information); second, those relatively short dendrites can be 
further chemically etched by lithium polysulfides, leading to a 
smoother surface of the Li anode.

In summary, a liquid EC-SEM cell is developed for in situ 
investigation of the lithium plating/stripping processes in 
ether-based electrolyte. The lithium dendrite growth, dis-
solution, and the “dead” Li formation processes were clearly 
observed in real time and the results show that the lithium 

dendrites can be effectively suppressed by 
Li2S8 and LiNO3 as co-additives in the elec-
trolyte. The in situ liquid phase EC-SEM 
technique thus provides a powerful tool for 
the study of fundamental electrochemical 
processes in lithium batteries. It should also 
have a great application potential in under-
standing the mechanisms of many other 
electrochemical systems.

Supporting Information
Supporting Information is available from the Wiley 
Online Library or from the author.
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