
In situ construction of an ultra-robust and 

lithiophilic Li-enriched Li-N nanoshield for high-

performance Ge-based anode materials 

Bing-Qing Xiong1,†, Xinwei Zhou3,4,†, Gui-Liang Xu2,*, Xiang Liu2, Youcheng Hu1, Yuzi Liu3, 

Likun Zhu3, Chen-Guang Shi5, Yu-Hao Hong5, Si-Cheng Wan1, Cheng-Jun Sun6, Shengli 

Chen1, Ling Huang5, Shi-Gang Sun5, Khalil Amine2,7,8,* & Fu-Sheng Ke1,* 

1Sauvage Center for Molecular Sciences, College of Chemistry and Molecular Sciences, Wuhan 

University, Wuhan 430072, China 

2Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont, IL 

60439, USA

3Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL 60439, USA 

4Department of Mechanical and Energy Engineering, Indiana University-Purdue University 

Indianapolis, Indianapolis, IN 46202, USA

5State Key Laboratory of Physical Chemistry of Solid Surfaces, Department of Chemistry, 

College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China 

6X-ray sciences division, Argonne National Laboratory, Lemont, IL 60439, USA 

7Materials Science and Engineering, Stanford University, Stanford, CA 94305, USA 

8 IRMC, Imam AbduIrahman Bin Faisal University (IAU), Dammam, 34212, Saudi Arabia 

*Corresponding Author

*xug@anl.gov (G. -L. Xu), *amine@anl.gov (K. Amine), and *kefs@whu.edu.cn (F. -S. Ke)

_______________________________________________

This is the author's manuscript of the article published in final edited form as:

Xiong, B.-Q., Zhou, X., Xu, G.-L., Liu, X., Hu, Y., Liu, Y., Zhu, L., Shi, C.-G., Hong, Y.-H., Wan, S.-C., Sun, C.-J., Chen, 
S., Huang, L., Sun, S.-G., Amine, K., & Ke, F.-S. (2020). In Situ Construction of an Ultrarobust and Lithiophilic Li-
Enriched Li–N Nanoshield for High-Performance Ge-Based Anode Materials. ACS Energy Letters, 5(11), 3490–3497. 
https://doi.org/10.1021/acsenergylett.0c02121

https://doi.org/10.1021/acsenergylett.0c02121


2 

ABSTRACT: Alloy-based materials are promising anodes for rechargeable batteries thanks to 

their higher theoretical capacities than graphite. Unfortunately, the huge volume changes during 

cycling cause serious structural degradation and undesired parasitic reactions with electrolytes, 

resulting in fragile solid-electrolyte interphase formation and serious capacity decay. This work 

proposes to mitigate the volume changes and suppress the interfacial reactivity of Ge anodes 

without sacrificing the interfacial Li+ transport, through in situ construction of an ultra-robust 

and lithiophilic Li-enriched Li-N nanoshield, which demonstrated improved chemical, 

electrochemical, mechanical, and environmental stability. Therefore, it can serve as a versatile 

interlayer to facilitate Li+ transport and effectively block the attack of electrolyte solvents, thus 

boosting the long-term cycle stability and fast charging capability of Ge anodes. This work 

offers an alternative methodology to tune the interfaces of other electrode materials as well by 

screening for more N-containing compounds that can react with Li+ during battery operation. 
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anodes for high-energy lithium-ion batteries thanks to their higher theoretical capacities than 

graphite anodes.1,2 However, the alloying/de-alloying processes of these anodes are 

accompanied by large volume changes (up to 400%), which not only cause the pulverization 

and insulation of active materials during cycling, but also cause undesired electrolyte 

decomposition on the newly exposed particle surfaces. Both processes result in the generation 

of thick solid-electrolyte interphase (SEI) and depletion of electrolytes, eventually causing fast 

capacity degradation.3,4 To overcome these problems, most efforts have been focusing on 

utilization of nanometer-sized materials with various morphologies.5,6 However, their 

commercial application has long been hindered by their low tap density and low initial 

Coulombic efficiency associated with nanomaterials. An alternative strategy is interface 

engineering, which can tune the compositional and mechanical character of the SEI. The SEI 

plays vital roles in many electrochemical systems, such as alloy and metal anodes. It is generally 

made up of multicomponent organic (e.g., ROCO2Li, (CH2OCO2Li)2, and polycarbonates) and 

inorganic (LiF, Li2CO3, Li2O, and LiOH) phases. An ideal SEI with good chemical and 

mechanical stability, high ionic but low electronic conductivity is necessary to enable the 

durable operation of battery materials especially for alloy-based anode materials.7,8 

Significant progress has been made in constructing robust SEI via functional additives,9 salt-

concentrated electrolytes,10 Li salt and solvent optimizations.11 Most of them could result in the 

formation of a LiF-enriched SEI, which has recently gained popularity especially for Li metal 

batteries. This is because LiF exhibits robust chemical stability against Li metal/liquid 

electrolytes and good electrochemical stability. For example, salt-concentrated electrolyte is a 

promising strategy to obtain a LiF-enriched SEI owing to the significantly reduced free solvent 

molecules activities.11-13 On the other hand, our group has recently found that tuning surface 

structures of Ge and Si by selective catalytic decomposition of electrolyte additives is another 

promising way to form the LiF-enriched SEI for alloy-based anodes and maximize their cycle 

life.14 However, the ionic conductivity of LiF itself is very low (<10-9 S cm-1) and becomes 
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even worse when the formed LiF has a homogeneous and dense structure,7,15,16 which would 

dramatically jeopardize the fast charging capability of the batteries.17 Moreover, He et al. have 

recently reported that the mechanical strength of a LiF-enriched SEI is not robust enough to 

prevent the breakdown process during cycling, especial for alloy-based anodes with large 

volume changes.18 Therefore, there is an urgent need to explore a novel interface that can 

mitigate the aforementioned issues. 

In addition to the fluorinated SEI, the Li3N-dominated interfacial layer has recently attracted 

more and more attention due to its much higher Li+ conductivity (~10-3 S cm-1 at room 

temperature) than LiF19 and thermodynamic stability against Li metal20 as well as negligible 

partial electronic conductivity.21 Goodenough and co-workers have shown that introducing a 

thin Li3N layer on the surface of a garnet electrolyte can minimize overpotential and enable 

durable Li plating/stripping.19 However, Li3N suffers from poor chemical/environmental 

stability owing to its sensitivity with ambient moisture and reactivity with commonly used 

aprotic polar solvents (e.g., NMP).22 In addition, the electrochemical stability of Li3N is poor, 

as it tends to decompose at voltages higher than 0.44 V vs. Li/Li+.23 Therefore, new strategies 

to build chemically, electrochemically, mechanically, and environmentally stable interlayers 

are desired.24,25 Melamine (denoted as MA), widely known for its ultrahigh nitrogen 

content, can be used as a N source after high-temperature treatment to enhance the 

activity of N species and electron conductivity. Consequently, MA is deliberately chosen 

for building an electrode interface that may provide an N-rich layer and offer high Li+ 

conductivity. 

In this study, we report in situ construction of an ultra-robust and lithiophilic Li-enriched Li-

N interlayer on Ge anodes via a facile and scalable wet-chemical reaction between melamine 

and Li+. Such a uniform Li-enriched interlayer effectively protects the Ge anode against 

electrolyte solvent, and forms a thin SEI. In addition, Li-enriched structure can be considered 

as an affluent Li+ reservoir to promote efficient Li+ conduction. Moreover, thanks to the 
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improved wettability of the Li-N interlayer, the migration and diffusion kinetics of Li+ can be 

further improved. Hence, the introduction of such Li-N interlayer with good Li+ conductivity, 

thinner characteristics, and flexibility significantly enhanced the stability of the Ge anode 

during prolonged cycling. 

Structure design and characterization of Li-enriched Li-N interlayer. The construction of a 

Li-enriched Li-N interlayer on Ge anodes was shown in Scheme 1. Firstly, MA was 

homogeneously coated on the surface of Ge by immersing bare Ge into an MA solution. Then, 

MA molecules self-assembled on the surface of Ge due to a strong interaction between Ge and 

MA via the formation of strong Ge-N bond and denoted as MA@Ge. Secondly, the Li-enriched 

Li-N interlayer was formed in situ during discharge/charge via the reaction of Li+ with the -

NH2 of MA. Note that the potential is a critical factor to trigger such a reaction as the direct 

immersion of MA@Ge with Li-containing electrolytes did not form any Li-N bonds (Figure 

S1). The resultant Li-enriched Li-N interlayer can therefore serve as a versatile protective 

nanoshield to promote the battery performance of Ge anodes. Compared to the powder X-ray 

diffraction (PXRD) pattern of standard MA, there are no obvious peaks of crystalline MA in 

the MA@Ge, indicating that the MA layer is very thin or exists in an amorphous phase (Figure 

S2a, b). In addition, both bare Ge and MA@Ge have a hierarchical micro/nanostructure (Figure 

S2c-f), including micrometer-sized particles (10-20 µm) which composed of nanometer-sized 

particles. Transmission electron microscopy (TEM) characterization further shows that the 

MA@Ge has a core shell-like nanostructure (Figure 1a and Figure S3), with each core having 

an amorphous MA shell about 5 nm thick (Figure 1b). A typical high-resolution TEM (HRTEM) 

image shows that the d-spacing is measured to be 0.340 nm (Figure S3c), which matches well 

with the d-spacing of the Ge (111) plane. X-ray photoelectron spectroscopy (XPS) result in 

Figure 1c shows the coexistence of the peaks of -NH2 and pyridinic N (from MA, see Figure 

S1a). Moreover, the deconvolution area of -NH2 has an obvious decrease in MA@Ge compared 

to pure MA, and Ge-N can be obviously observed, demonstrating that Ge is able to interact with 
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MA. The strong interaction between Ge and MA was further evidenced by density functional 

theory (DFT) calculations. As shown in Figure 1d, MA can easily absorb on the surface of Ge 

(111) with a high binding energy of -1.22 eV, triggering the self-assembly and homogeneous

coating of MA molecules on the surface of Ge. 

Electrochemical characterization. The advantages of the Li-enriched Li-N interlayer were 

verified by electrochemical tests within 0.01-2 V. The MA@Ge electrode demonstrates a better 

rate performance compared with bare Ge (Figure 2a-c). The corresponding average discharge 

capacities of MA@Ge (1325, 1307, 1251, 1187, 1060 mAh g-1) at various current densities are 

all much higher than those of bare Ge (1272, 1102, 990, 781, and 689 mAh g-1). In addition, a 

relatively flat voltage plateau in the Galvanostatic discharge-charge (GDC) curves is well 

maintained even at 2 A g-1 (Figure 2b). Figure 2d-f shows the cycling performances and GDC 

curves of the MA@Ge and bare Ge electrodes at 500 mA g-1. After 300 cycles of 

discharge/charge, the reversible capacity of the MA@Ge electrode is 1176 mAh g-1, in contrast 

to just 65 mAh g-1 for Ge without MA coating. The corresponding areal capacities of the 

MA@Ge and bare Ge electrodes are displayed in Figure S4a. The MA@Ge electrode exhibits 

1.05 mAh cm-2 after 300 cycles at 0.5 mA cm-2, which is much higher than the bare Ge 

counterpart. Simultaneously, the improvement of rate performance in areal capacities is also 

observed in the case of the MA@Ge electrode in comparison with the bare Ge counterpart 

(Figure S4b).  

When the current density was increased to 1 A g-1, the reversible capacity of the MA@Ge 

electrode is 1024 mAh g-1 after 300 cycles (Figures S5a), accounting for 80% capacity retention. 

Similarly, the reversible capacity is 921.1 mAh g-1 after 200 cycles at 2 A g-1 (Figures S5b), 

corresponding to a capacity retention of 78%. In contrast, the capacity retentions are only 2% 

at 1 A g-1 and 3% at 2 A g-1 for the bare Ge electrodes, respectively. In comparison, this result 

rivalled most of Ge-based anodes with or without surface coating (Table S1).14,24,29-31,35,36 
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Strikingly, our preliminary data (Figures S6 and S7) shows that the strategy of constructing an 

Li-N interlayer is also appropriate for Si anode.  

The Electrochemical impedance spectroscopy (EIS) characterization showed that the 

interfacial charge transfer resistance of MA@Ge is significantly reduced compared to bare 

Ge (Figure S8 and Table S2). Cyclic voltammetry (CV) characterization has further 

confirmed the fast Li+ diffusion coefficient and more efficient Li+ conduction of MA@Ge 

electrode over bare Ge electrode (Figure S9).  

Structure characterization during discharge/charge. Figure 3a shows the In situ PXRD of the 

MA@Ge electrode during discharge-charge processes. The peaks without color unchanged 

are belonging to Be window and the home-made in situ cell. The peak with color change 

reflects a clear phase transition, which is different from most cathode materials that undergo 

less obvious phase transition during charge-discharge.26,27 A broad peak emerged at 20.0-

25.0°, which corresponds to lithiation to 0.35 V vs. Li/Li+, and suggest the formation of 

amorphous LixGe phases. To get a clear signal, the mass of active materials is as high as ~ 

5.0 mg cm-2, leading to still observed Ge peaks at the end of lithiation, but the intensity is 

obviously decreased. During charge, the broad peak disappeared due to the delithiation of 

LixGe to Ge. When charged to 2.0 V in the 2nd charge, several new peaks (17.5°, 20.6°, 25.6°, 

26.1°, etc.) belonging to crystalline LiMA compounds emerged, which is consistent with the 

previously reported Li-MA complex.28  

Figure 3b shows normalized Ge K-edge X-ray near-edge spectroscopy (XANES) spectra for 

the bare Ge and MA@Ge at OCV, discharge to 0.2 and 0.02 V, and charge to 0.15 and 2.0 V 

during the 1st cycle. The peak position of the MA@Ge at OCV is consistent with that of bare 

Ge (Figure S10a), which indicates that the as-prepared MA@Ge comprises the metallic phase 

of Ge. The peak intensity of the white line (~11.12 keV) is proportional to the concentration of 

the unoccupied 4p orbital of Ge.29,30 As the lithiation reaction occurs, it can be observed that 

the white line of Ge shifted to lower energy during the discharge process, which became broader, 
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due to the formation of amorphous Li−Ge phase. Therefore, it can lead to an electron-shielding 

effect on the Ge, which benefits to lower the shift of the first-derivative peak to lower the energy 

exciting the Ge electrons from 1s to 4p. As shown in Figure 3b, with the discharge reaction 

occurring from 0.2 V to 0.01 V, the intensity of the white line decreases and the Ge K-edge 

shifts to a lower energy, due to the reduction of Ge during discharge. Reversibly, when charging 

back to 2 V, all the peaks and edges return to the original status. These results clearly indicate 

that the lithiation/delithiation is highly reversible during the first cycle (see detail in Figure 

S10b).  

As further shown in Figure 3c and Figure S11a, a characteristic peak at ∼2.1 Å 

corresponding to metallic Ge-Ge bonds can be observed in the Ge K-edge extended X-ray 

fine structure (EXAFS) spectra of pristine MA@Ge. With the deepening of discharge depth, 

especially in full the discharge stage (discharge to 0.02 V), the signal of the 1st, 2nd, and 3rd 

Ge-Ge shells decrease, and even disappear, illustrating that Ge-Ge metallic-bond cleavage is 

occurring. During the delithiation process, the 1st Ge-Ge coordination sphere intensity cannot 

be fully recovers, and the higher-order shells completely disappeared (see Figure S11b), 

indicating the amorphization of Ge after delithiation.31 This result is consistent with the in 

situ PXRD and XANES results, which can be confirmed by the TEM image of Figure 3d 

after cycling for 9 cycles. It is well known that utilization of amorphous materials can 

accommodate the stress at the phase boundaries, resulting in homogeneous volume variation 

and prolonged cycle life.32-34 Figure 3d also clearly shows that the in situ constructed Li-N 

interlayer is well maintained without breaking or thickening after cycling, confirming its 

high mechanical integrity. 

The mechanism of Li+ conduction in the in situ formed Li-enriched Li-N interlayer. 

Figures 4a-f display the deconvolution of the N 1s XPS spectra of the MA@Ge electrode at 

different discharge/charge states. With the occurrence of lithiation/delithiation reactions, Li-N 
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product becomes more and more dominant in the interface and the signal of -NH2 gradually 

weakens, indicating that -NH2 of MA is substituted by Li+ to form Li-N. The results illustrate 

that the Li-N bond is formed in situ during the cycling and subsequent cycles (Figure S12). 

Specifically, we employed isolated Li atoms as reference states to probe the interaction between 

Li+ and MA (see details in Figure S13), which confirmed the preferable coordination between 

Li+ and -NH2.  

We further synthesized a LiMA compound by a chemical reaction between MA and LiOH 

(see detail in Figure S14). The N 1s XPS peak in the as-prepared Li-N compound is in good 

accordance with the above XPS results derived from MA@Ge in Figures 4a-f. This result 

verifies that the MA is indeed converted to a Li-enriched Li-N interlayer during 

discharge/charge. The result also indicates the possibility of constructing a Li-N nanoshield via 

chemical reactions on the surface of electrode materials. Compared to Li3N, the Li-enriched Li-

N interlayer has a high chemical stability and electrochemical window (Figures S15 and S16), 

implying that LiMA may be more suitable for interface engineering than Li3N. 

The in situ SEM was employed to track the morphological of a single MA@Ge particle 

during discharge/charge processes.35, 36 Figures 5a and Figure S17 illustrate the morphology 

of a MA@Ge particle under low current (150 pA) at the first cycle. After the full lithiation, 

the volume expands to 294%, significantly lower than the bare Ge particle expansion in our 

previous result (360%).14 Accompanied by the extraction of Li atoms during charge, the 

volume contracts to 141% at the end of first charge. Moreover, we carried out in situ SEM 

measurements at the 3rd cycle (Figure S17a) and the 9th cycle (Figure S17b) and calculated 

their volume change., which are about 147% (3rd cycle) and 152% (9th cycle), respectively. 

Thus, the Li-enriched Li-N interlayer could significantly mitigate the volume changes of Ge 

during repeated lithiation/delithiation. In addition, the particle size evolution at different 

discharge/charge stages in two directions were analyzed (Figure S17c), which demonstrates 

that the size changes in the two directions are almost kept same speed, indicating that the 
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lithiation/delithiation of Li+ in the particles are synchronous in all directions.37,38  

The MA layer can hinder a direct plating of lithium on the tips of Ge to avoid the dendrite 

growth.39 The electrolyte wettability of the MA coating layer was measured to explore the 

interfacial lithiophilic properties. The contact angle between the MA@Ge substrate and 

electrolyte decreased to 17.89°, which was much smaller than that of bare Ge (41.27°), 

indicating that the wettability of the MA@Ge substrate with electrolyte is significantly 

enhanced (Figures 5b). The wettability of the electrolyte can affect the uptake amount of 

electrolyte and thus the distribution of Li+ flux on the whole anode surface during the cycling 

process.40 Such a good electrolyte wettability from the MA layer can remarkably improve 

the diffusion of Li+ across the interface, which can thus build an ultra-lithiophilic interface 

on Ge electrode. Furthermore, the as-synthesized Li-N interlayer via chemical reaction also 

showed a small contact angle of 15.81°, further demonstrating our concept. 

Characterization of interface. We further utilized Online Electrochemical Mass Spectrum 

(OEMS) measurement to check the possible gaseous byproducts, formed by the redox 

reaction of electrolyte solvent in the first discharge process.41 Figures 5c-d and S18 display 

the gas product of CO2 and CO, which m/z values are 44 and 28, respectively, of the MA@Ge 

and bare Ge electrodes .42 It is worth noting that the signal of m/z equal to 28 is not from N2 

(Figure S19). The intensity of CO from MA@Ge electrode is significantly lower than that of 

the bare Ge electrode, confirming that the decomposing of solvent molecules in the MA@Ge 

is significantly suppressed. As shown in Table S3, the intensity and area of these peaks 

assigned to bare Ge are much higher than those of MA@Ge. OEMS results indicate that a 

much thinner SEI can be formed on the MA@Ge electrode, which favors transport of Li+. 

This is evidenced by the XPS results, in which the Ge 2p spectrum demonstrates Li-Ge signal 

for the MA@Ge electrode (Figure 20a), while no Ge signal for the pure Ge electrode can be 

observed due to the formation of a thick SEI (Figure 20b). Furthermore, the C 1s spectrum 

of RO-CO2Li and C-O-C are formed by the decomposing of electrolyte solvents (Figure S21). 
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The intensities of RO-CO2Li and C-O-C peaks in the MA@Ge are much lower than that of 

the bare Ge electrode according to the reference peak of 284.8 eV.  

In summary, we performed a novel and facile interface engineering approach for Ge anodes 

by in situ construction of an ultra-robust and lithiophilic Li-enriched Li-N nanoshield. The 

Li-N nanoshield-modified Ge electrode exhibits good cycle stability and an improved rate 

capability thanks to the introduction of the Li-N nanoshield, which: 1) effectively suppresses 

the volume changes during cycling, as evidenced by in situ SEM experiment; 2) significantly 

prevents the attack of the electrolyte solvents, as evidenced by XPS and OEMS results, and 

forms a thinner and robust SEI; and 3) remarkably facilitates interfacial Li+ transport kinetics 

thanks to its high Li+ conductivity and Li-enriched reservoir. Our methodology provides a 

new concept and direction to designing rechargeable batteries with high performance. 
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Scheme 1. Illustration of the synthesis of MA@Ge and the transformation of the Li-ion 

conduction layer. Blue, green, gray, and purple represent N, Ge, C, and Li, respectively. 
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Figure 1. Fabrication and characterization of MA@Ge. (a, b) TEM and (c) N 1s XPS spectra 

of the MA@Ge. (d) The binding energy between MA and the Ge (111) surface by using DFT 

calculations.
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Figure 2. Electrochemical performances of MA@Ge and bare Ge electrodes. (a) Rate 

performances and (b, c) GDC curves of bare Ge and MA@Ge at different current densities, (d) 

Cycling performances and (e, f) GDC curves at a current density of 500 mA g-1. 
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Figure 3. (a) The in situ PXRD patterns of the MA@Ge electrode and the corresponding 

lithiation/delithiation curves of the initial two cycles at 300 mA g−1. (b) Normalized Ge K-edge 

XANES and (c) Fourier transform (FT) magnitudes of the Ge K-edge k3-weighted EXAFS 

spectra for the MA@Ge electrode at OCV, discharge to 0.2 V, 0.02 V, and charge to 0.15 V 

and 2.0 V for MA@Ge; (d) TEM images of MA@Ge after 9th cycle. 
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Figure 4. XPS analysis of N 1s at different discharge stages: (a) 0.55 V, (b) 0.42 V, (c) 0.38 V 

and (d) 0.01 V for MA@Ge electrodes. N 1s at different charge stages (e) 1.0 V and (f) 2.0 V 

for MA@Ge electrodes.
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Figure 5. (a)  The morphologies of a MA@Ge particle at OCV, discharge to 0.01 V, charge to 

2.0 V state. (b) Contact angles of the electrolyte and the bulk Ge, MA@Ge, and LiMA@Ge. 

Plots of CO2 (m/z = 44) evolution of (c) bare Ge and (d) MA@Ge electrodes for the initial 275 

min during the 1st lithiation process. 
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