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Abstract 

Lithium-ion batteries (LIB) have been the backbone of the success of numerous electronics in our 

everyday lives. Nonetheless, the development of large-scale Energy Storage Systems (ESS) and Electric 

Vehicles (EV) now require battery systems with capacities that far surpass the current lithium-ion 

batteries. Lithium metal batteries (LMB) have been actively researched thanks to the lithium metal that 

is used as their anode. The lithium metal anode is considered as the ‘holy grail’ of anode materials due 

to its low density (0.54 g/cm3), low redox potential (-3.04 V vs SHE), and its high specific capacity 

(3860 mAh/g). 

 However, the severe performance degradation due to the intrinsic characteristics of lithium metal 

prevents it from being utilized as a battery material despite its excellent properties. A great deal of the 

research aiming for a practical lithium metal anode targets the electrolyte yet does not consider how 

this would affect the cathode. Herein, an electrode of which its surface is modified using thermal 

treatment with silica (SiO2) and silicon nitride (Si3N4) as to negate performance damaging phenomenon 

and having no change to the electrolyte is proposed. The lithium metal anode modification is confined 

to the surface of the electrode thus having minimum influence on the cathode. Electrode surface 

characterization is carried out by SEM observation and XPS analysis revealing the SEI layer structure. 

Electrochemical performance evaluated using symmetrical cells reveal that modified electrodes show a 

significantly lower overpotential for over 1000 cycles at a current density of 1 mA/cm2. Kinetic 

properties were also evaluated through Tafel plots and the activation energies of each electrode. Full 

cell (NCM622 cathode) electrochemical evaluation reveals a capacity retention of over 75% at 700 

cycles, and an extremely high coulombic efficiency over 99.9% for the modified electrodes. Operando 

optical microscope observation of lithium plating on the surface of each electrode is also conducted to 

further confirm the modification’s effect on the property of the electrode. Overall, the modified 

electrodes show significantly enhanced performance and surface properties. This work proposes a 

simple method to produce surface modified lithium metal anodes based on thermal treatment for 

practical lithium metal batteries. 
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Research Background 

  1.1 Lithium-ion Batteries 

Ever since the lithium-ion battery has been commercialized, they have shown an immense 

amount of influence in our everyday lives. However, electric vehicles, large-scale energy storage 

systems, and other future applications demands the performance of which the current lithium-ion battery 

simply cannot supply. The intrinsic capacity limitation of the commercialized lithium-ion battery 

prevents it from being used in future applications.  

  

 

Figure 1. The growth of the market for lithium-ion batteries in the U.S. up until 2027. 
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 1.2 Lithium Metal Anodes 

Various research is on-going for the demand of high-capacity batteries, one of them being the 

lithium metal anode. Using lithium metal as the anode seems to be almost common sense, when 

considering its properties. Its high specific capacity (3,860 mAh/cm2) and low reduction potential (-

3.04 vs SHE) makes it one of the most desirable anode materials 1,2. Lithium metal batteries have been 

actively researched due to these properties. 

 

Figure 2. The high energy density of lithium metal anodes and the prominent drawbacks of using a 

lithium metal anode. 

 

However, despite these positive traits, lithium metal anodes are not even near practical use because 

of its distinct weaknesses 3,4. When lithium ions go through nucleation on the lithium metal surface, 

following lithium ions tend to concentrate on the newly formed lithium metal seed causing dramatic, 

needle-like dendrite growth which acts as a safety hazard when it punctures through the separator and 

reaches the cathode leading to possible explosion of the battery 2. This potential explosion issue is not 

the only major problem lithium metal anodes have. Due to its lack of a host for lithium deposition, 

lithium is plated directly on the surface of the electrode causing relatively infinite volume change. 

During the cycling of the electrode, its volume change causes the solid electrolyte interface to crack 

and when this happens repeatedly, the SEI layer thickens and become inefficient in terms of ionic 

conductivity 5. During this process electrolyte consumption is accelerated, which shortens the battery’s 

life significantly. Also, during the repeated forming and breaking of the SEI layer, lithium metal is 

detached from the electrode surface and becomes unusable (‘dead lithium’) causing capacity 

degradation 2. 



11 

 

 

There could be several approaches to solving these problems. One of the most common ways is to 

strengthen the SEI layer so that it can withstand the dendrite growth and volume change 6–8. Another 

approach would be to prevent the forming of lithium dendrites on a more fundamental level. If we can 

distribute the lithium ionic flux uniformly on the surface of the lithium metal anode, it would minimize 

dendrite formation and volume change of the electrode 9,10. Whichever solution is plausible through 

modifying the interphase layer between the electrode surface and electrolyte. Including inorganic 

components to form a lithium fluoride, lithium oxide rich SEI layer has proven to be more mechanically 

robust 5,11. Uniform lithium plating requires a surface that has a high conductivity for lithium ions. 

Among substances that show such properties, lithium nitride has proven to be a good component for a 

SEI layer due to its high lithium ionic conductivity (1-2 * 10-3 Ω-1 cm-1) 12,13 A common way to produce 

a layer with lithium nitride is by adding lithium nitrate (LiNO3) additives to the electrolyte 14,15. However, 

the usage of lithium nitrate as an additive in certain electrolytes is hindered due to its low solubility 16. 

To overcome this obstacle, researchers are forced to perform additional steps in order to dissolve an 

adequate amount of lithium nitrate in carbonate electrolytes or to use an electrolyte based on ether 

despite its poor oxidation capability preventing it from being used in high voltage batteries (limited 

potential window of up to 3~4V). Both of the above solutions involve modifying the electrolyte for the 

benefit of the lithium metal anode.  
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Figure 3. The cyclability reduction of cells at elevated temperatures when FEC additive exists in the 

electrolyte system. 

 

However, there are cases where the electrolyte causes the cathode to have performance issues. Hosop 

Shin et al. reports poor cycle retention and a sharp rise in interfacial resistance at the cathode due to the 

dehydrofluorination of FEC additives at elevated temperatures 17. Jordi Cabana et al. also illustrates the 

degradation of cathode material involving the dissolution of transition metal due to HF originating from 

electrolyte components 18. As shown in the above cases, considering the possible consequences of 

altering the electrolyte, the authors would like to propose a lithium metal anode of which its 

modification is confined to the surface of the anode. 

  



13 

 

 

Figure 4. Lithium metal anodes modified in the form of lithium metal alloy with silicon (LixSiy). 

 

The question remains specifically how to modify the electrode. Lithium metal alloys with functional 

groups would be a reasonable choice considering that lithium metal alloys have proven to help the 

uniform distribution of lithium-ion flux 19–22 and it would provide a much simpler engineering process 

(powder form dispersed in liquid and applied to the surface under thermal treatment). Among the many 

lithium metal alloys, silicon with functional groups would be a reasonable choice cost-wise (SiO2, 

Si3N4). If we are going to use thermal annealing with lithium metal alloys for the surface modification, 

we also need a fundamental structure (scaffold) to keep the lithium metal together while the reaction is 

in process. For this we implemented a carbon fiber that has been shown to act as a good lithium metal 

host once it undergoes thermal treatment 23. 
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Figure 5. Lithium metal anodes modified with lithium metal alloy w/ functional groups. The 

modification is confined to the surface of the electrode. 

 

Herein, we propose a lithium metal anode/carbon composite with a lithium metal alloy surface with 

functional groups (SiO2, Si3N4) that shows the functionalities of a modified SEI layer. Fig 5a~c shows 

the schematic of the resulting electrode and the expected functionalities. This way of modifying the 

surface of the anode minimizes the amount of the influence towards the cathode and does not require 

any major changes to the electrolyte. For this reason, one of the most common electrolytes, carbonate 

electrolyte is used for this paper. For comparison, a lithium metal anode with no modification 

whatsoever, and another lithium metal anode using silicon were fabricated. 

 The fabricated electrodes were characterized and electrochemically evaluated thoroughly, test results 

implying that the existence of functional groups along with lithium metal alloy can show a significant 

enhancement in performance. We also observed through operando optical microscopy, that the addition 

of functional groups to lithium metal alloy can lead to a thinner and more even lithium deposition of 

the lithium metal anode surface. 
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The Surface Functionalization of Lithium Metal Anodes 

 

2.1 Experimental 

 

Sample preparation 

The modified electrodes were made in the following order. Annealed carbon cloth was used as the 

carbon host for lithium metal. Thermal treatment of the carbon cloth was carried out at 500 oC for 3h. 

It was then transferred into a glovebox to be infused with molten lithium. After the infusion process 

was completed, the lithium-carbon composite is laid on a stainless still pot to cool down to room 

temperature. A thin layer of either Si, SiO2, or Si3N4 particles dispersed in dimethyl carbonate was 

applied onto the surface of lithium-carbon composites. The electrode was then transferred to a hot plate 

and heated at 300 oC for 3h to diffuse the alloying samples. The prepared surface-modified electrodes 

were cut by a punching tool for electrochemical characterization.  
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Figure 6. Scattering electron microscope (SEM) images of the electrode’s surfaces after modification. 

 

We were able to see that before the thermal treatment, whichever particles that are treated to the 

surface can be observed even with the naked eye. After heating, the particles of the initial silicon or 

silicon-functional group disappear, and the color of the anode surface changes significantly. Figure 6. 

shows the SEM image of the surface of the fabricated electrodes. Scratching the surface reveals 

unreacted lithium metal below the colored layer indicating that the reaction of lithium metal and silicon-

functional group particles occurs on the surface and does not proceed within the inner parts of the 

electrode.  
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Electrochemical measurements. 

In order to compare the cycle lifetime and overpotentials of the modified electrodes, symmetric 2032 

coin cells were employed. 1.3M LiPF6 in ethyl carbonate/diethyl carbonate (3:7 vol%) with 10% 

fluoroethylene carbonate additive was used as an electrolyte. A polyethylene separator (Celgard 2325, 

25μm) was used to prevent the electronic current between cathode and anode. Full cells were fabricated 

for further electrochemical performance evaluation. For full cell configuration, the modified lithium 

metal electrodes were used as the anode and LiNi0.6 Co0.2Mn0.2O2 (NCM622) was used as the cathode. 

The electrode composition of NCM622 cathode was the active materials of NCM622, super P, and 

PVDF binder with a 94 : 3 : 3 weight ratio, respectively. The same electrolyte and separator used in the 

symmetric cells were also used for the full cell tests. 

Characterization 

 Surface characterization was measured by SEM and XPS. SEM observation was conducted using a 

S-4800 field emission scanning electron microscope (Hitachi) at an acceleration voltage of 10.0kV to 

characterize the morphology of the modified electrode and the post-mortem analysis. For the XPS 

analysis, a K-Alpha X-ray Photoelectron Spectrometer (XPS) System (made by ThermoFisher 

Scientific) was used. A survey and depth profiles were taken to analyze the chemical composition with 

the different in-depth analysis. Depth profiles were measured with an etching for 0, 10, 300, and 600s. 

Operando side-view optical microscopy observation 

For the operando side-view optical microscopy observation, a BX53MTRF-S model from Olympus 

was employed. Symmetric cells were fabricated using an ECC-Opto-SBS electrochemical test cell (EC-

CELL) in an argon-filled glove box, composed of two lithium metal electrodes, and a glass-fiber filter 

separator (GFF, EC-CELL, 600μm). 1M LiPF6 in EC/DEC (3:7 vol%) with 10% FEC additive was used 

as the electrolyte. The side-view of the fabricated symmetrical cell was observed through a Sapphire 

window, during galvanostatic performance evaluation by a BioLogic SP-200 battery tester. Lithium 

plating (Li+ + e- → Li) was conducted at a current density of 1mA/cm2 for 10 hours. The cycling of the 

cell was done at a current density and plating/stripping capacity condition of 1mA/cm2 and 2mAh/cm2, 

respectively. 
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2.2 Results and Discussion 

 

Surface characterization through XPS analysis 

 

For surface and SEI layer characterization, XPS survey and depth profile was conducted to reveal the 

chemical composition of the electrode’s surface and near-surface layer. A pristine electrode and an 

electrode that has been cycled once so that it can form the solid electrolyte interphase are analyzed. 

Pristine electrodes were analyzed only on the surface to reveal the chemical composition of the surface 

of the electrode. In-depth analysis was conducted for the cycled electrode to investigate the structure of 

the SEI layer formed.  
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Figure 7. X-ray photoelectron spectroscopy (XPS) spectrum of each electrode right after their 

modifications. 

 

Figure 7. shows the XPS spectrums of each modified electrode right after their fabrication. The 

silicon modified electrode’s Li1s peaks show the prominent Li/Si alloy peak at 55.2 eV. It also shows a 

peak at 54.5 eV which is the LiOH component of the surface of the electrode, possibly formed due to 

exposure to air outside of the glove box. From the Li/Si-N electrodes we can observe a peak around 

54.7ev which shows the existence of lithium nitride 24. Li/Si-O modified electrodes show peaks from 

both Li2O (53.6eV) and Li/Si (54.7eV) 24. The N1s peaks of both Li/Si and Li/Si-O modified electrodes 

does show a certain spectrum, but the overall lack of intensity compared to the other peaks (less than 

3% of the intensities from Li1s, C1s, O1s peaks) shows that they are not a major component of the 

lithium metal electrode surface most likely resulting from side reactions or exposure to atmosphere. 

However, the N1s spectrum of the Li/Si-N anode shows much stronger and prominent peaks compared 

to its counterparts. The peak at 395.5eV shows the formation of Li3N at the surface of the electrode 24. 

The additional peak located at 397.5eV originates from silicon nitride (Si3N4), which is from the 

remaining particles from the surface modification.  
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Figure 8. XPS depth profiling of the surfaces of each electrode after SEI layer formation. 

 

Figure 8. shows the depth profiling results of the modified electrodes after allowing the SEI layer to 

form (1 cycle at 0.1mA/cm2 & 1mAh/cm2). The first most notable fact is the drastic decrease in intensity 

upon deeper profiles from the C1s peaks. The ROCO2Li, Li2CO3, C-O and C-H peaks that are located 

at 289.5, 286.5, and 284.6 eV respectively are mostly contributed from the organic components of the 

SEI layer that originate from the decomposition of the carbonate electrolyte 25. The overall drop in 

intensity as XPS is measured deeper within the SEI layer means that most of the outer side of the SEI 

formed consists of organic components. Within the inner parts of the SEI layer lies the inorganic 

structure, which is also where the functional groups we used for surface modification exists. This can 

be seen from the N1s depth analysis results of the Li/Si-N modified electrode as well which shows a 

considerable amount of increase in intensity (54.3% increase) when measured deeper into the SEI layer. 

In particular, the Li3N peak at 395.5 eV increases showing that the lithium nitride inorganic layer is lied 

well beneath the surface of the electrode. The XPS results of the Si-O modified electrode shows that 

O1s peaks originating from organic species (ROCO2Li) can be found in the outer surface of the SEI 

layer 25. After 600s of etching, a slight shift in the peaks occurs. The shifted peaks originate from the 

inorganic (Li2O2, LiO2, LiOH, Li2CO3) species showing that the inorganic layer and functional groups 

lie beneath the organic sheet. 
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Symmetrical cell performance evaluation. 

 

Electrochemical performance evaluation of symmetrical and full cells was conducted using coin cells.  

Symmetrical cells were put together using the surface modified electrodes (Si, SiO2, Si3N4) respectively. 

Each cell was tested at a current density and plating/stripping capacity condition of 

1mA/cm2_1mAh/cm2. Current tests were also conducted to evaluate the stability and reversibility of the 

electrodes. Current tests were conducted by running the cells for 10 cycles of changing current densities 

in the order of 1mA/cm2, 3mA/cm2, 5mA/cm2, and back to 1mA/cm2.  
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Figure 9. Cycling tests of symmetrical cells using modified lithium metal anodes vs a bare lithium metal 

anode. 

 

Figure 9. shows the electrochemical performance of modified electrodes compared to bare lithium 

metal anodes at a current density of 1mA/cm2. All 3 modified electrodes showed significantly higher 

performances at a current density of 1mA/cm2. Each cell cycled for at least 1000 hours and was able to 

maintain a stable overpotential during that period. On the other hand, bare lithium showed a much 

higher overpotential throughout the cycling process which started to dramatically increase after the 

175th cycle and was ultimately terminated around 450 hours of cycling. When looking into the specific 

overpotential of each electrode, it can be observed that the Si-N modified electrode maintains the lowest 

overpotential of 11.5mV as we have expected from the N-functionalized surface 26. 
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Figure 10. Overpotential profiles for current tests running in 10 cycles each at changing current densities 

from 1 mA/cm2, 3 mA/cm2, 5 mA/cm2, and back to 1 mA/cm2. 

 

Figure 10. are the overpotentials from the current test results that shows all 3 modified electrodes 

have an overall lower overpotential compared to the bare lithium metal anode throughout the current 

test. The overpotential shown is the average overpotential of 10 cycles of each modified electrode cell 

at changing current densities (1,3,5mA/cm2). It is clear that the modification of the surface of the 

electrodes results in a lower overpotential thus showing improved stability and reversibility.  
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Figure 11. Tafel plots (left) and activation energies (right) of the modified electrodes.  

 

Figure 11. shows the Tafel plot and activation energies of the Si, Si-O, Si-N modified electrode 

respectively converted from LSV evaluation and EIS results. Tafel plots show that the Si-N modified 

electrode shows the highest exchange current values indicating that the surface of the Si-N modified 

electrode has superior charge transfer properties compared to the other two electrodes.  

Activation energies were calculated using ionic conductivity values that were derived resistance 

values obtained from EIS test results. Upon plotting the data, the Si-N modified electrode shows the 

lowest activation energy at approximately 0.417 eV. Bare lithium and Si modified electrodes show little 

difference in activation energy (0.599 eV, 0.598 eV respectively), however Si-O modified electrodes 

have a considerably lower 0.512 eV activation energy. This points out that the functional groups of the 

modified surface do affect the plating of lithium to some degree. 
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Full cell performance evaluation 

 

Figure 12. Full cell electrochemical performance. a) Initial capacity shown through a formation cycle. 

b) Cycle retention and coulombic efficiency (CE) of full cells using modified lithium metal anodes 

and NCM622 cathode. 

 

Figure 12. shows the electrochemical performance of full cells. When compared to bare lithium cells 

the full cells show significantly increased cyclability and coulombic efficiency. The bare lithium full 

cell’s capacity drops nearly 50% only after 50 cycles at a C-rate of 0.1C. On the other hand, both silica 

and silicon-nitride modified electrode full cells are able to maintain over 95% of their original capacity 

for the same number of cycles. Furthermore, at its 98th cycle the bare lithium cell reached just 31.65% 

of its original capacity and was terminated. On the other hand, both electrodes with modified surfaces 

(Si3N4, SiO2) runs well over 700 cycles. At their 700th cycles they were able to maintain 72.47% (Si-N) 

and 74.11% (Si-O) of their original capacities. The coulombic efficiency of each sample shows a very 

high 99.954% (Si-N) and 99.957% (Si-O).  
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Operando optical microscope (OM) observation 

 

For further insight of the functionalities of the modified electrodes, optical microscopy was used. We 

observed the plating of lithium and cycling process (10 cycles) on the surface of each electrode. Inside 

a glove box with controlled Ar atmosphere, symmetric cells were constructed using an ECC-Opto-SBS 

electrochemical test cell (EC-CELL). The constructed cells were then electrochemically tested by 

Biologic SP-200 battery tester and observed from the side view through a Sapphire window.  

 

Figure 13. Lithium plating observed through operando OM observation. a-d. Lithium plating observed 

on the surface of each modified electrode. e. Lithium deposition thickness mapped by time and f. the 

density of the lithium plated throughout the surface of each electrode. 

  

Figure 13 a-d. shows the lithium plating process (1mA/cm2, 10mAh/cm2). Bare lithium (Fig 13a.) 

shows a dramatic amount of volume change when lithium metal is plated upon the surface of the 
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electrode. We were also able to observe an uneven distribution of the lithium-ion flux with lithium metal 

plating initialized on certain few points of the surface. The silicon modified electrode (Figure 13b.) 

shows a much smaller change in volume and a smoother surface compared to the bare lithium electrode. 

Not only does it show a more even surface, but we can also observe that the lithium metal seeds where 

the plating starts are more evenly distributed throughout the surface of the electrode. This shows that 

the lithium ionic flux can be improved to be more uniform when using Li-alloy metals, the main reason 

why we chose Si as the base material for our modification of LMA [10]. However, an even better 

morphology of the surface shows when we observe the lithium-alloy metal electrode with functional 

groups. The SiO2 modified lithium metal anode (Figure 13c.) displays a minimal amount of volume 

change during plating whilst showing a relatively evenly spread lithium plating. Figure 13e. shows the 

thickness of plated lithium on each electrode as time flows. It is clearly indicated that the Si-O modified 

electrode shows the thinnest plating among the 4 electrodes followed closely by the Si-N modified 

electrode. The Si-N modified electrode (Figure 13d.) also shows a thin plating of lithium compared to 

the bare lithium and silicon modified electrodes.  

 

Another point that is notable is the standard deviation of the plated lithium thickness. Although the 

silicon modified electrode shows a much thinner lithium plating, the deviation of the thickness along 

the surface of the electrode does not show much difference from the bare lithium metal anode. This 

shows that the lithium alloy metal helps keeping the volume change of the electrode down to a 

respective level, but it cannot produce an even surface on its own. On the other hand, when functional 

groups are added to the surface, it shows a thin plating and a low deviation of the plating thickness 

meaning that these additional features can contribute to a homogeneous lithium deposition.   

 We were also able to calculate the densities of plated lithium on each electrode from the obtained 

optical data. Figure 13f. shows the density of the lithium plated throughout the surface of the electrode. 

Lithium density can indicate the lithiophilicity and stability of the electrode’s surface. Electrodes with 

modified surfaces show a significantly higher density compared to the electrode with a bare surface. 

Another noticeable point is that the silicon modified surface shows an overall lower density compared 

to silicon-functional group modified surfaces. This points to the fact that the functional groups, 

especially oxides can help to provide more dense and evenly plated surfaces.  
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Conclusion 

  

We were able to propose and manufacture a new lithium metal anode of which its surface is modified 

by using lithium alloy metal and its functional groups, hence without the help of electrolyte modification 

shows significantly enhanced performance compared to a bare lithium metal anode. Characterizing by 

SEM observation and XPS analysis we confirmed that depending on the functional group used the 

interphase layer consists of different components allowing the electrode to have different properties. 

Performance was evaluated by constructing both symmetric and full cells (NCM622) of each electrode. 

Modified electrodes showed much better performance in terms of cyclability, overpotential, and overall 

stability. Operando side-view optical microscopy observation also revealed the plating nature and 

surface properties of each electrode. By targeting the modification of the battery to the surface of the 

anode, no major changes to the electrolyte are necessary. This frees the cathode from any influence that 

may come from changing the electrolyte. The simple engineering process and confinement of the 

modification to the electrode surface can, hopefully, present a direction in which practical lithium metal 

anodes can be manufactured. 
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