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ABSTRACT: Non-uniform Li deposition causes dendrites and low Coulombic efficiency (CE), seriously hindering the 
practical applications of Li metal. Herein, we developed an artificial solid-state interphase (SEI) with planar polycyclic 
aromatic hydrocarbons (PAH) on the surface of Li metal anodes by a facile in-situ formation technology. The resultant 
dihydroxyviolanthron (DHV) layers serve as the protective layer to stabilize the SEI. In addition, the oxygen-containing 
functional groups in the soft and conformal SEI film can regulate the diffusion and transport of Li ions to homogenize the 
deposition of Li metal. The artificial SEI significantly improves the CEs and shows superior cyclability of over 1000 h at 4 
mAh cm−2. The LiFePO4/Li cell (2.8 mAh cm−2) enables a long cyclability for 300 cycles and high CEs of 99.8%. This 
work offers a new strategy to inhibit Li dendrite growth and enlightens the design on stable SEI for metal anodes. 
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With the rapid development of portable electronics and 
electric vehicles, mileage anxiety is stimulating extensive 
studies in high-energy batteries.1-3 Lithium (Li) metal 
anodes receive increasing attention because of the 
highest capacity (3,860 mAh g−1) and the lowest 
reduction potential (−3.04 V vs. standard hydrogen 
electrode).4, 5 However, Li metal shows high reactivity 
and readily forms a solid electrolyte interphase (SEI) 
when exposed to a liquid electrolyte.6, 7 As the 
plating/stripping of Li metal causes the volume changes,8 
the local properties of the internal electrode surface and 
electrolyte unavoidably lead to some non-uniformity of 
current or voltage distributions, which may also be 
compounded by uncontrollable chaotic reasons.2, 9, 10 A 
dynamic change of volume will amplify the difference in 
local voltage and current density.11 When a local voltage 
fluctuates over the required nucleation overpotential, the 
deposition of Li metal is initiated.12-14 Because of fields 
concentration and no SEI coating, the new embryo tends 
to self-strengthen the advantage of growth, forming the 
dendritic Li metal.15, 16 As a result, the formation of 
dendrites leads to poor cyclability, low Coulombic 
efficiency (CE), and even safety issues.16-19  

For decades, studies on Li metal anodes have gained 
important progress on electrolyte formulation, electrode 
design, growth mechanism, and so on.2, 20-22 It has been 
recognized that a stable SEI film should be able to 
suppress its continuous generation and prevent 
undesirable side reactions.23, 24 To achieve this goal, the 
SEI, once formed, must regulate the uniform diffusion of 
Li ions and homogenize the current/voltage 
distributions.22, 25, 26 For example, electrolyte 
additives,27-32 2D physical barrier11, 33, 34 (boron nitride 

nanoflakes,14 vermiculite shuttle,13 etc.), and artificial 
protective “skin” 11, 35 have been proposed to create 
Li-absorbing sites or homogenize the nucleation and 
growth of Li metal. In addition to these successful 
strategies, some wisdom that has been gained in 
conventional metal plating is also applicable to the 
deposition of Li metal.6, 36 A crucial step to avoid the 
dendrite growth is to suppress the advantages of tip/edge 
growth.37, 38 The formation of SEI should be self-limiting.25 
When additives are absorbed to Li metal, any physical 
effects or chemical conversion should immediately lead 
to a passivation layer, which shuts down the 
self-amplifying electrocrystallization.39-41 Recently, in-situ 
formation of artificial SEI via electrolyte additives has 
achieved rapid progress. For example, cathodically 
decomposing fluorinated solvents and 
electropolymerizing acrylonitrile demonstrated superior 
advantages in forming artificial SEI.42 

Here, we proposed an in-situ strategy to form polycyclic 
aromatic hydrocarbons (PAH) as the artificial SEI layer. 
PAHs consist of multiple aromatic rings of sp2-hybrid 
carbon and have planar molecular structures like 2D 
graphene, which could cover the surface of Li metal, 
forming an artificial SEI layer (Figure 1a). We elected 
dihydroxyviolanthron (DHV) as molecular units to 
construct the SEI because DHV has oxygen-containing 
functional groups on its edge, which may attach to Li 
metal, yielding DHV-protected Li metal (denoted as 
DHV-Li). However, DHV is slightly soluble in the 
conventional electrolyte of 1,2-dimethoxyethane (DME) 
and 1,3-dioxolane (DOL). Violanthrone 79 (VO79) was 
used instead because two more alkyl groups of VO79 
could increase the solubility.36, 43, 44 After adding to the 
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electrolyte, VO79 will react with Li metal to generate DHV 
on the surface. The π-π interaction between the resultant 
DHV molecules helps to hold SEI and stabilize it as 
illustrated in Figure 1a. Conversely, without additives, the 
dynamic change of plating/stripping induces the 
formation of inhomogeneous SEI film, leading to dendritic 
Li growth (Figure 1b). In addition, the edges of stacking 

DHV molecules leave space for Li diffusion. Therefore, 
the cells using VO79 as the electrolyte additive can be 
cycled for more than 1000 h at 4 mAh cm−2. A Li|LiFePO4 
full cell exhibits excellent cycling stability with a high 
capacity of up to 2.8 mAh cm−2. This work opens up an 
opportunity to form an artificial SEI of PAHs at molecular 
scales.

  

Figure 1. Schematic diagram of the Li deposition process and SEI formation. (a) Illustration of the formation process of PAHs 
and the hybrid SEI. (b) Dendritic growth of Li metal on Cu foil without using PAHs additive. (c) Reaction mechanism of VO79 
and Li.

RESULTS AND DISCUSSION 

Figure S1 indicates that DHV is slightly dissolved in the baseline electrolyte of DOL and DME because the large aromatic 
structure of DHV molecules hinders their solvation. The low solubility renders DHV less possible to be stacked at a 
molecular level on the surface of Li metal. By introducing two alkyl groups, the resultant molecule (VO79) acquires high 
solubility in the mixture of DOL and DME (Figure 2a), opening up an opportunity to form artificial SEI in the electrolyte. To 
minimize the reaction between Li metal and DOL/DME, we dissolved VO79 in cyclohexane first and kept Li foil in the 
solution at 50 ºC for 12 h to accelerate the interfacial reaction. Figure 2b shows that the blue color of VO79 in 
cyclohexane turned light gradually, implying the reaction between VO79 and Li.  

Fourier transform infrared spectroscopic (FTIR) was used to analyze the surface chemical reaction. Figure 2c shows that 
VO79 has sp3 C-H bonds vibrations, which disappear on the heat-treated sample, indicative of the loss of the alkyl 
group.45  In addition, the vibration of =C-O-C (1285 and 1029 cm−1) and C=O (1645cm−1) diminishes as compared to 
VO79.45 Therefore, it is deduced that oxygen-containing functional groups may react with metal Li during heating. 
Furthermore, we used gas chromatography (GC) to analyze the evolved gas during the reaction between VO79 and Li in 
a sealed reactor at room temperature.46 Figure S2 shows that H2 was produced whereas the control experiment in DOL 
and DME did not generate detectable H2. Based on the above analysis, we proposed a possible mechanism as shown in 
Figure1c. When VO79 is added to the baseline electrolyte of DOL and DME, DHV is produced because reactive Li metal 
attacks the oxygen functional groups in VO79 and breaks the bonds of C-O-C. The resultant DHV is less soluble in DOL 
and DME and will precipitate on the surface of Li metal, serving as the artificial SEI. Figure S3 presents the fluorescence 
emission spectroscopy of DHV (10 μM and 1 mM) in dichloromethane. The red-shift of fluorescence emission peaks at 
465 and 488 nm were observed at 1 mM as compared to at 10 μM. Previous studies confirmed that the π–π stacking 
interaction leads to the red-shift of fluorescence emission.47–49 It can be inferred that low solubility and strong π–π 
interaction drive DHV to stack even at a much dilute solution (Figure S3). Therefore, it is deduced that during the 
reaction between Li metal and VO79, the tendency of π–π stacking might drive the assembly of in-situ generated DHV.  

To understand the chemical composition of in-situ formed SEI, we measured the X-ray photoelectron spectroscopy (XPS) 
profiles of two cycled Li metal electrodes (as shown in Figure 2d-g and Figure S4). These two Li electrodes were plated 
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and stripped for 10 cycles at 4 mA cm−2 with a capacity limit of 1 mAh cm−2 in symmetric cells. The electrolytes were 1 M 
lithium bis(trifluoromethanesulphonyl)imide (LiTFSI) in DOL/DME with and without VO79, respectively. The spectra of Li 
1s, C 1s, N 1s, and F 1s were fitted according to previous reports.27, 45, 50 Without VO79, the surface of Li metal anodes 
exhibits several strong peaks, which could be attributed to inorganic Li3N, LiF, LiTFSI, C-C, and ROCO2Li (Figure S4). 
The addition of VO79 in electrolytes leads to the presence of -C=O and -C=C (Figure 2e). In addition, VO79 seems to 
cause the formation of more Li2CO3.  

 

Figure 2. Optical images of (a) VO79 in cyclohexane, and (b) VO79 and Li in cyclohexane after heating at 50°C for 12 h. (c) 
FTIR spectra of VO79 and DHV-Li. (d, e, f, g) XPS analyzation of SEI films on the surface of the Bare Li and DHV-Li after ten 
cycles. (h) Li 1s, (i) C 1s, (j) N 1s, (k) F 1s XPS depth profiles of DHV-Li (The in-depth spectra from top to down were collected 
after Ar sputtering. To show peaks clearly, the XPS intensity of each element signal was autoscaled while each column has the 
same intensity scale).

The depth-profiling XPS analyses reveal the SEI 
structure in the thickness direction. Figure 2h-k shows 
the XPS signals of DHV-Li after Ar-ion etch at varied 
times. At the surface, the XPS signals show the highest 
fraction of Li2CO3. By comparing the signals of Li 1s, N 
1s, and F 1s, one can conclude that with the increase of 
profiling depth, LiF and Li3N stand out as the prominent 
components whereas the peaks of C-C, LiTFSI, and C-F 
decrease, implying that the decomposition of LiTFSI 
diminishes with the buildup of the SEI.50 Thus, the 
reaction products of LiTFSI and Li metal comprise a high 
proportion of subsurface SEI. A close inspection of C 1s 
signals in Figure 2i reveals that the peaks of -C=O, and 
-C=C (which typically originate from DHV) account for a 
large portion in the subsurface profile, indicating that the 
conversion from VO79 to DHV occurs immediately when 
Li metal is exposed to the electrolyte. The XPS signals of 
N 1s and F 1s in Figure 2h-k show that the surface profile 
has the major components of LiTFSI and C-F and minor 
peaks of LiF and Li3N, implying that the decomposition of 
LiTFSI is weakening probably because the superficial 
DHV and subsurface LiF and Li3N electrically isolates 
LiTFSI from Li metal and prevents the reaction between 

them. Such a multilayer SEI (as shown in Figure 1a) 
facilitates the diffusion of Li ions, protects Li metal, and 
prevents the decomposition of the electrolyte. In addition, 
the molecule gaps between parallel stacking PAH 
homogenize the distribution of current density and 
decrease the possibility of field concentration-induced 
dendrite growth. 

To verify the electrochemical properties of in-situ formed 
DHV-Li metal anodes, we assembled Li|Cu cells with and 
without adding VO79, respectively. Before tests, all cells 
were pre-cycled 3 times to allow the formation of 
relatively stable SEI. Figure 3a shows that the CEs of the 
Li|Cu cell using VO79 increase from 93.44 to ~99.6% in 
300 cycles whereas the CEs of the cell without VO79 
barely maintain around 96.9% and decrease after 50 
cycles. Such a high CE for 300 cycles indicates that the 
in-situ DHV could stabilize the SEI of Li metal anodes. 
The potential profiles (Figure S5) show that a DHV-Li 
anode has a lower overpotential for nucleation than a 
bare Li metal anode. Figure 3b presents the cycling and 
rate properties of symmetric cells. The in-situ DHV-Li 
metal shows similar overpotentials as a bare Li metal at 
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a low current density below 1 mA cm−2. With the increase 
of current density, the bare Li metal electrode exhibits 
high oscillation of voltage signals whereas the DHV-Li 
metal maintains a stable voltage profile even at 5 mA 
cm−2, indicating that the DHV layer can serve as a stable 
SEI with high Li-ion conductivity. Figure 3c presents the 
electrochemical impedance spectroscopy (EIS) of the 
10th and 100th cycles. The semicircle diameter in the 
Nyquist plots is proportional to the charge transfer 
resistance (Rct). Upon cycling, the DHV- Li electrode 
shows a slight increase in the Rct. In sharp contrast, the 
Rct of the bare Li metal is almost doubled, indicative of a 
significant buildup of the SEI layer. Figure 3d presents 
the voltage profiles of a high-loading symmetric cell at a 
current density of 4 mA cm−2 with a capacity limit of 4 
mAh cm−2. DHV-Li exhibits no remarkable change in 

voltage hysteresis and superior cyclic stability with a high 
cumulative capacity of 2000 mAh cm−2. In contrast, the 
bare Li electrode presents significant overpotential 
fluctuations during cycling. Because Li metal is prone to 
grow dendrites at low temperatures, we tested the 
DHV-protected Li at 0 °C. Figure 3e shows the voltage 
profiles at 5 mA cm−2 and 1 mAh cm−2. Bare Li is shorted 
after only 100 h whereas the DHV-Li cell could cycle for 
300 h, implying that DHV can suppress the dendritic 
growth. Furthermore, the long-term cycling properties 
were also tested and compared in two symmetric cells 
(Figure 3f, g). At an areal capacity of 1 mAh cm−2, the 
bare Li metal requires 0.05 V to drive a current density of 
0.5 mA cm−2 for about 120 h. After that, the voltage 
increases significantly. The DHV-Li electrode could 
maintain a voltage of 0.02 V for over 2000 h.

  

Figure 3. Electrochemical properties of bare Li and DHV-Li electrodes. (a) CEs of Li plating/ stripping in different electrolytes at 
0.5 mA cm−2 and 1 mAh cm−2, Li was electrodeposited by stripping to a cut-off voltage of 1.0 V vs. Li+/Li. (b) Rate capability 
under varied current densities from 0.5 to 5 mA cm−2. (c) EIS spectra. Time-voltage profiles at (d) 4 mA cm−2 and 4 mAh cm−2. 
(e) 5 mA cm−2 and 1 mAh cm−2 of 0 °C. (f, g) 0.5 mA cm−2 and 1 mAh cm−2.

As compared to previously-reported additives (Table S1), 
in-situ DHV demonstrates advantages of cyclic stability 
and cumulative capacity. We also prepared DHV-coated 
Li metal by spin-coating a DHV slurry, which was 
dispersed by DOL and DME. Because of slight sobulity in 
the electrolyte, the slurry-based DHV electrode led to 
poor cyclability (Figure S6) and CEs (Figure S7). The EIS 
spectra in Figure S8 confirm the dramatic increase in the 
Rct of the DHV electrode as compared to the 
VO79-derived DHV-Li electrode. Therefore, the 
significant improvement of cycling properties of DHV-Li 
indicates that the in-situ reaction of VO79 leads to a 
stable artificial SEI layer, which enables Li metal with 
superior cyclability.  

To study the morphologic change of Li metal, we 
disassembled two symmetric cells, which were cycled 10 
times with a capacity of 5 mAh cm−2 at 0.5 mA cm−2. 
Figure 4a, b shows the top-view and cross-sectional 
SEM images of Li metal within a cell using the baseline 
electrolyte. The coarse grain and porous structure 

indicate that the deposited Li was loosely aggregated 
(Figure 4a), which increases the surface area and lowers 
the cyclability. The DHV-Li metal anode induces a dense 
and uniform deposition (Figure 4c). The cross-sectional 
SEM image further confirms the dense structure, which 
helps to minimize the surface area and stabilize the SEI. 
It should be noted that the thickness of the two samples 
differs significantly owing to the modulation of the in-situ 
DHV layer (Figure 4b, d). The morphology difference 
indicates that the DHV layer improves the stability of SEI 
on the surface of Li metal anodes and enhances its 
cyclability. 

Figure 5 shows the electrochemical properties of a full 
cell consisting of a DHV-Li metal anode and a LiFePO4 
cathode (loading ~20 mg cm−2) with an N/P ratio of ~2. 
The cell delivers a specific capacity of 154.0 mAh g−1 at 
0.1 C. With the increase of C rates (up to 2 C), the 
deliverable capacity decreases to 113.7 mAh g−1 (Figure 
5a). The discharge/charge curves of the 
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Figure 4. Morphology analysis of the lithium anode surface. (a, c) Top-view and (b, d) cross-sectional SEM images of Li 
deposition morphology in different electrolytes: (a, b) bare Li, (d, e) DHV-Li. (Deposition condition: 0.5 mA cm−2, 5 mAh cm−2.)

 

Figure 5. Electrochemical performance of Li|LiFePO4 full cells. (a) Charge-discharge curves of DHV-Li at varied rates. (b) 
Capacity retention and CEs of LiFePO4 cells using bare Li and DHV-Li anodes at 25 °C and 0 °C. (c) Long-term cycling 
performance of Li|LiFePO4 cells using bare and DHV-Li anodes at 0.5 C. Top-view SEM images of (d), bare Li and (e), DHV-Li 
anodes in Li|LiFePO4 cells after 100 cycles.
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DHV-Li|LiFePO4 cell exhibit the stable voltage plateau, which slightly decreases with C rates. Using the baseline 

electrolyte (without VO79), Li metal (no DHV protection 
layer) was paired with the same loading LiFePO4 cathode. 
Although the resultant Li|LiFePO4 cell shows similar 
voltage curves (Figure S9), its discharge capacity (Figure 
5b) decreases more rapidly than the DHV-Li|LiFePO4 cell 
with the increase of C rates. At 2 C, the DHV-Li|LiFePO4 
cell delivers about 17.2 mAh g−1 more capacity than the 
Li|LiFePO4 cell. As dendrites are readily formed at low 
temperatures, we cycled the two cells at 0 °C to test the 
effectiveness of DHV protection. Without adding VO79, 
the Li|LiFePO4 cell could be cycled ~55 times and then 
show a dramatic decrease in capacity owing to the 
dendritic penetration. Conversely, the DHV-Li|LiFePO4 
cell maintains stable cycling performance for 70 cycles 
without significant decay, implying that DHV may 
effectively protest Li metal from growing dendrites.  

The long-term cycling properties in Figure 5c and S10 
indicate that the DHV-Li|LiFePO4 cell show an initial areal 
capacity of 2.8 mAh cm−2 (at 0.5 C). After 300 cycles, the 
DHV-Li|LiFePO4 cell still exhibits a capacity of 2.6 mAh 
cm−2, which corresponds to 91% of its initial capacity. In 
contrast, the Li|LiFePO4 cell retains only ~57% of its 
initial capacity in the 162th cycle. Notably, the 
DHV-Li|LiFePO4 cell maintains nearly 100% CEs 
whereas the Li|LiFePO4 cell shows a decrease after 157 
cycles. As LiFePO4 is usually regarded as having 
excellent cyclability, the long-term stability of the 
DHV-Li|LiFePO4 cell mainly results from the protection of 
DHV-derived SEI, which also provides the mechanical 
stability and ion transport channels.  

To further understand the stability of DHV-Li metal, we 
disassembled the two cells after 100 cycles and 
characterized their anodes. The optical image in Figure 
S11 shows that DHV-Li could maintain generally flat 
morphologies after cycles, indicating that the artificial SEI 
could help to improve the cycling performance as 
compared to the bare Li metal. The SEM image in Figure 
5d indicates that the surface of Li anodes of the 
Li|LiFePO4 cell is rough and contains a large amount of 
dendrites and “dead Li”. In stark contrast, the 
DHV-Li|LiFePO4 cell could maintain a relatively smooth 
top surface on its cycled anode, indicative of the 
suppression of dendritic growth (Figure 5e).  

In summary, we report an in-situ formation strategy of 
coating polycyclic aromatic hydrocarbon onto Li metal 
anodes. By adding VO79 into the electrolyte, Li metal 
could reduce VO79 and break the alkyl chains, yielding 
DHV-protected Li metal anodes. The resultant hybrid 
multi-layer of DHV molecules and inorganics could serve 
as the artificial SEI to provide mechanical support and 
suppress Li metal from forming dendrites. This artificial 
SEI significantly improves the CEs and cycling properties 
of Li metal anodes. Symmetric cells using the 
DHV-protected Li metal could be cycled at 4 mA cm−2 and 
4 mAh cm−2 for 1000 h, showing a superior cyclability 
with a high cumulative capacity of 2000 mAh cm−2. Using 
the DHV-protected Li metal as the anode and LiFePO4 as 
the cathode, a full cell with an areal capacity of 2.8 mAh 
cm−2 and a low N/P ratio of 2 could demonstrate an 
excellent cyclability for 300 cycles with a low decay rate 
of 0.03% per cycle and high CEs of 99.8%. The excellent 
electrochemical performance is attributed to the in-situ 

SEI caused by reacting Li with VO79. In general, the 
in-situ strategy suits the current technologies of the Li-ion 
battery industries and opens up an opportunity to 
address the issue of Li dendrites and other metal anodes. 
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