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ABSTRACT: The practical applications of lithium (Li) metal
batteries (LMBs) are limited by challenges such as dendrite
formation and unstable solid electrolyte interphase (SEI),
especially at higher C-rates. This study introduces melamine-
coated Li metal anodes (LMAs), forming a Li;N-rich SEI layer that
improves ionic conductivity and mechanical stability. The
optimized melamine-coated LMA demonstrated uniform coverage
resulting in denser Li deposition, nearly doubled cycle life (~148
cycles at 0.5 C, 1 C = 4.1 mA cm™?), compared to bare Li. These
findings emphasize that coating materials-induced beneficial SEI
components could lead to improvement of LMB performance.
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Lithium (Li) metal batteries (LMBs) are regarded as a
promising high-energy-density energy storage system, due
to the exceptional theoretical capacity (3860 mAh g™') and
low electrochemical potential (—3.040 V vs standard hydrogen
electrode) of Li metal anodes (LMAs)."” However, the
practical use of LMAs is hindered by intrinsic challenges,
including high Li reactivity, dendrite formation, unstable solid
electrolyte interphase (SEI), continuous loss of Li and
electrolyte, accumulation of electrochemical inactive or
“dead” Li during cycling, and subsequent short cycle life and
safety risks.”* To address these challenges, various protection
strategies have been developed, including the application of
inorganic/ceramic layers, polymeric layers, and organic/
inorganic composite layers.”® Most efforts have focused on
stabilizing the SEI by maximizing beneficial inorganic
components to enhance ionic conductivity, such as LiF
(~10™° S em™),” Li,O (~107 S em™),® Li;N (~1073 S
em™),” and Li;PO, (~1077 S cm™)."” Among these, Li;N is
outstanding due to its exceptional properties, which offer high
ionic conductivity for efficient Li" migration and excellent

37 mechanical strength.'' Although Li;N-rich Li protection has
38 been previously utilized, its electrochemical performance
39 remains limited by the low areal capacity of the cathode and
40 the short battery lifespan.'*"?

41 In this work, melamine was selected as the material for
# forming a Li;N-rich SEI layer due to its nitrogen (N)-rich
43 molecular structure, which facilitates the transformation into
44 LisN on the Li metal during lithiation.'* Melamine has
45 previously been used as a component in three-dimensional
46 substrates for Li-metal anodes because its abundant N-based

© XXXX American Chemical Society
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polar groups can strongly interact with Li* and promote 47
improved Li deposition.ls’16 However, these studies have not 43
reported that melamine can contribute to Li;N formation in 49
the SEI layer, nor have they linked this effect to enhanced so
electrochemical performance. The melamine coating was s1
applied to Li metal sheets (~50 ym) via dip coating. Three 52
different melamine solution concentrations (0.5, 1, and 2 wt s3
%) in dimethyl sulfoxide were tested to identify the optimized s4
coating, with further details provided in the Experimental ss
Method section of the Supporting Information. In this study, se
melamine-coated Li is referred as Mx@Li, where “x” represents s7
the weight percentage of melamine in the coating solution, i.e., ss
x = 0.5, 1, and 2, respectively. 59
The morphologies of the Mx@Li metals are shown in Figure ¢o f1
la. As the melamine content increased, the coating exhibited 61 f1
chunkier flakelike structures, indicating that a concentration of 62
2 wt % resulted in a less-uniform coverage on the LMA (Figure 63
1a-3), while M0.S@Li (Figure la-1) and M1@Li (Figure 1a-2) 64
are displaying well-spread melamine on the surface of the 6s
LMAs. Furthermore, the Tafel curves shown in Figure S1 ¢6
indicate that MO.S@Li and M1@Li have higher exchange ¢7
current densities (~0.15 mA cm™2) than M2@Li (~0.08 mA 6s
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a-1) M0.5@Li

Figure 1. (a) Top-view SEM images of Mx@Li metals. (b) Top and cross-sectional SEM images of Mx@Li metals after the first deposition at a 0.8

mA cm™? for a capacity of 4 mAh cm™2.
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Figure 2. (a) Top and cross-sectional SEM images of Mx@Li metals after the fifth stripping. Cycling performance of (b) Li Il Li symmetric cells for
a capacity of 4 mAh cm™ at 0.8 mA cm™> with Mx@Li metals and (c) Lill NMC811 cells at 0.2 C charging and 0.5 C discharging,

cm™?), consistent with the melamine coating morphology.
These results indicate that MO.5@Li and M1@Li induce faster
charge-transfer kinetics and facilitated Li* migration compared
to M2@Li. Melamine is expected to react with Li metal to
form Li;N, promoting a uniform distribution of Li and
resulting in dense Li deposition. The morphologies of
deposited Li on Mx@Li metals were analyzed using scanning
electron microscopy (SEM) after depositing 4 mAh cm™ of Li
at a current density of 0.8 mA cm™ (corresponding to 0.2 C)
in LillLi symmetric cells with a localized high-concentration
electrolyte consisting of LiFSI salt, 1,2-dimethoxyethane
solvent and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether diluent at a molar ratio of 1.0:1.2:3.0. The deposition

profiles are presented in Figure S2a, with a green arrow
indicating the point at which the cells were disassembled for
SEM imaging. As shown in Figure 1b-1, M0.5S@Li exhibited a
less dense surface with smaller Li particles and more
pronounced porosity, compared to M1@Li (Figure 1b-2). In
contrast, the cross-sectional view revealed that M1@Li
displayed a denser morphology, indicating superior Li
deposition behavior. M2@Li, however, showed similar particle
sizes but more porous morphologies in both top and cross-
sectional views with a thicker deposition (Figure 1b-3). This
may result from the less uniform melamine coverage on M2@
Li.
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Figure 3. (a) C-rate charging capability and (b) cycling performance at 0.5 C of Li | NMC811 cells with bare Li and M1@Li. XPS (c) N 1s, (d) F
1s, (e) O 1s, and (f) Ni 3p spectra of cycled LMAs in Lill NMC811 cells at 0.5 C (bare Li: after 90 cycles, M1@Li: after 148 cycles).

94 To evaluate the influence of Mx@Li metals on electro-
95 chemical performance during repeated Li deposition and
96 stripping, LillLi symmetric tests were conducted, with Li
97 deposited/stripped at a current density of 0.8 mA cm™ and a
98 capacity of 4 mAh cm™” using the three Mx@Li metals. After
99 the first cycle, M2@Li exhibited higher overpotentials
100 compared to the other two samples. To gain a deeper
101 understanding, the top and cross-sectional views of Mx@Li
102 metals after the fifth stripping cycle (marked by a purple arrow
103 in Figure S2a) were analyzed using SEM (Figure 2a). While
104 the top-view images of Mx@Li metals showed no significant
105 differences, M0.S@Li (Figure 2a-1) and M1@Li (Figure 2a-2)
106 displayed thinner accumulated SEI layers while preserving a
107 thicker fresh Li layer. In comparison, M2@Li exhibited a
108 thicker accumulated SEI layer (Figure 2a-3), indicative of
109 increased side reactions that contributed to its higher
110 overpotential. Moreover, M2@Li and MO.5@Li failed after
111 980 and 1230 b, respectively (Figure S2b and S2c). In contrast,
112 M1@Li maintained lower overpotentials than others, sustain-
113 ing up to 1400 h of cycling (Figure 2b and Figure S2d). These
114 results correlate with the morphological features of Li after
115 deposition and stripping, as discussed in Figure 1b and Figure
116 2a.

117 Lill LiNiggMng;Coo;0, (NMC811) cells with the Mx@Li
118 metals were evaluated under a voltage range of 2.8—4.4 V, with
119 charge/discharge rates of 02 C and 0.5 C, respectively,
120 following two formation cycles at 0.1 C (where 1 C = 4.1 mAh
121 em™?). During the initial formation cycles, all Mx@Li-based

cells delivered a similar first discharge capacity of 210.5 mAh
¢! (Figure S3). However, at the first cycle of 0.2 C/0.5 C,
MO.5@Li exhibited a slightly higher discharge capacity (199.2
mAh g™') compared to M1@Li (197.6 mAh g™') and M2@Li
(196.1 mAh g¢') (Figure 2b). All cells were tested until
reaching 80% capacity retention, wherein M1@Li demon-
strated superior battery life by extending up to the 393rd cycle,
outperforming MO.S@Li (~218th cycle) and M2@Li
(~182nd cycle). Based on these results, M1@Li was identified
as the optimized Mx@Li for comparison with bare Li.

The Li deposition morphology of Bare-Li was analyzed
under the same conditions as shown in Figure 1b. From the
top-view SEM images (Figure S4a), Bare-Li exhibited a more
porous structure compared to the denser morphology observed
for M1@Li (Figure 1b-2). Additionally, cross-sectional SEM
images revealed that deposited Li on Bare-Li in Bare-LillBare-
Li cells was less compact than on M1@Li in M1@LillM1@Li.
Moreover, after the fifth stripping, Bare-Li exhibited a thicker
accumulated SEI layer (~21.1 ymm (Figure S4b) compared to
M1@Li (~10.0 um) (Figure 2a-2). This structural disparity
was reflected in the performance of LillLi symmetric cells,
where bare Li achieved a shorter cycle life (~1300 h, Figure
S4c) compared to M1@Li that showed stable performance up
to 1400 h (Figure 2b). Furthermore, Li | NMC811 cells with
bare Li under the same conditions as those in Figure 2c
delivered a shorter life (80% of capacity retention after the
275th cycle) (Figure S4d) than M1@LillNMC811 cells. Based
on these results, it can be inferred that Mx@Li may
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Scheme 1. Ilustration of the Advantages of Melamine-Coated LMA

Melamine

Deposition

Inorganic-rich SEI
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150 outperform bare Li in LilINMC811 cells under even harsher
151 conditions as well.

152 Since stable Li deposition becomes more challenging at
153 higher current densities,'”'® improved Li deposition can
154 facilitate better high C-rate charging performance.
155 LilINMC811 cells with bare Li and M1@Li were discharged
156 at 0.1 C (1 C = 4.1 mA cm™) and charged at varying rates
157 from 0.1 C to 1.5 C after two formation cycles at 0.1 C within
158 a voltage range of 2.8—4.4 V (vs Li/Li*). M1@LillNMC811
159 cells consistently delivered higher capacities at various charging
160 current densities compared to cells with bare Li (Figure 3a).
161 Notably, the cell with M1@Li achieved increased discharge
162 capacities even at a high charge rate of 1.5 C (187.1 mAh g'),
163 compared to bare Li (168.3 mAh g™'). Unlike the voltage
164 profiles at 0.1 C charging, which do not show distinguishable
165 differences, bare LillNMCS811 cells displayed significantly
166 higher overpotential during charging at 1.5 C compared to
167 M1@LilINMC811 (Figure SS). This suggests that the
168 melamine coating played a role in enhancing performance.
169 Furthermore, the cyclability of Li |l NMC811 cells with bare Li
170 and M1@Li was evaluated at a charge/discharge rate of 0.5 C
171 (Figure 3b). The M1@Lill NMC811 cell retained 80% of its
172 initial capacity (193.4 mAh g™") after 148 cycles, whereas bare-
173 LilINMCB811 reached 80% capacity retention after only 78
174 cycles, starting from an initial capacity of 190.6 mAh g”!. M1@
175 Li demonstrated both a higher initial capacity and an extended
176 battery life at higher current densities (over 2 mA cm™2). Also,
177 M1@Li exhibited a lower SEI resistance (~5.1 Q) than bare Li
178 (~6.6 Q) after the first formation cycle, indicating that the
179 Li;N formed by melamine reduced the interfacial resistance
180 (Figure S6). These results underline that melamine coating on
181 Li metal significantly enhances the interphase on the LMA
182 during cycling, thereby improving overall battery performance.
183 X-ray photoelectron spectroscopy (XPS) was conducted to
184 investigate LMAs of Lill NMC811 cells after 148 cycles with
185 M1@Li and 90 cycles with bare Li. As shown in Figure 3c, the
186 N 1s spectra for both cycled LMAs revealed decomposition
187 products, such as N—S species, resulting from the breakdown
188 of the LiFSI salt in the electrolyte.'” Remarkably, the cycled
189 M1@Li exhibited a stronger Li;N peak (N 1s, 396.8 eV)>’
190 compared to the cycled bare Li, confirming that melamine
191 promotes the formation of a Li;N-enriched SEI layer on Mx@
192 Li as expected. The melamine coating formed a flakelike
193 structure on the surface of LMAs (Figure S7a), suggesting that

most Li ions were deposited on the LMA surface, reacting with 194
melamine. Additionally, the XPS N 1s spectra of the fresh 195
M1@Li disclosed melamine peaks (—NH, and C=N)>' 196
without Li;N (Figure S7b), indicating that Li was deposited 197
onto the coating layer and subsequently reacted with it. 198
Besides, the cycled M1@Li showed more inorganic compo- 199
nents (LiNxOy)22 while the cycled bare Li presented organic 200
species (C—N). As Li;N is recognized as a beneficial inorganic 201
component that facilitates rapid Li ion transfer across the 202
interphase and enhances ionic conductivity of the SEI layer, 203
these findings explain the improved cycling performance of 204
MI1@Li compared to bare Li in LillNMC811 cells at 0.5 C 205
(Figure 3c). In the next step, depth-profiling analyses will be 206
performed to gain a more detailed understanding of the 207
melamine-induced SEI chemistry and interphase stability on Li 208
metal. 209

Furthermore, the F 1s spectra (Figure 3d) disclosed a 210
weaker LiF peak and a C—F peak associated with organic 211
components in the cycled bare Li. However, the cycled M1@Li 212
displayed a dominant LiF peak (F s, 684.7 eV),”” suggesting 213
that the melamine-induced Li;N contributed to enhanced Li- 214
ion migration during cycling. Moreover, the O 1s spectra of 215
cycled M1@Li revealed an inorganic-dominant SEI composi- 216
tion, including Li,O (O 1s, 528.5 eV),”* which contributes to 217
improved mechanical stability (Figure 3e). In contrast, the 218
cycled bare Li predominantly displayed organic components. 219
The stabilized interphase on LMAs seems to have positively 220
impacted the NMC811 cathode, as an unstable SEI layer can 221
dissolve into the electrolyte, leading to its degradation. 222
Dissolved species and decomposed electrolytes from the 223
anode may move to the cathode, disrupting Li ion transport 224
and overall battery performance. This inverse cross-talk from 225
the anode to the cathode can lead to severe cathode 226
degradation and further exacerbate cross-talk.”>™>’ Cycled 227
bare Li showed Ni species on the surface (Figure 3f),”" 228
indicating that dissolved Ni ions had moved from the 229
NMC811 cathode due to structural degradation. However, 230
the cycled M1@Li exhibited no discernible Ni species peaks, 231
confirming its improved stability. To further investigate the 232
impact of cross-talk on the NMC811 cathode, X-ray diffraction 233
(XRD) was performed after cycling (Figure S8a). The phase 234
transformation from a layered structure to a rock-salt structure 235
occurs due to cation mixing between Li ions and Ni ions, 236
which share a similar ionic radius. This cation mixing layer 237
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238 hinders Li-ion migration, resulting in poor cycling perform-
239 ance. A lower 1(003)/1(104) peak intensity ratio reflects a
240 greater degree of cation mixing, which is related to structural
241 degradation.””*° NMC811 paired with M1@Li (2.06) retained
242 the layered structure more effectively compared to NMC811
243 paired with bare Li (1.12). Additionally, the SEM image of
244 cycled NMC811 paired with M1@Li showed no visible cracks
245 on the surface (Figure S8b). In contrast, cycled NMC811
246 paired with bare Li exhibited evident cracks (Figure S8c),
247 suggesting that it experienced more severe reverse cross-talk.
248 Remarkably, the cycling performance of M1@Li |l NMC811
249 surpasses the previously reported inorganic material-coated Li
250 metal, even at higher areal capacities and C-rates (Table S1).
251 The beneficial impact of the melamine coating on LMAs is
252 illustrated in Scheme 1.

253 In summary, this study demonstrates the effectiveness of
254 melamine-coated LMAs in improving the performance of
255 LMBs. The optimized melamine-coated LMA (M1@Li)
256 achieved uniform coverage and facilitated the formation of a
257 Li;N-rich SEI layer, contributing to enhanced ionic con-
258 ductivity, mechanical stability, and reduced interphase side
259 reactions. Compared to bare Li, MI@Li exhibited significantly
260 improved cycle life, boosted high C-rate performance, and
261 stabilized interphase, as evidenced by denser Li deposition,
262 reduced overpotentials, and dominant inorganic SEI compo-
263 nents such as Li;N, Li,O, and LiF. The stabilized SEI also
264 contributed to alleviating cathode degradation by preventing
265 side reactions on the cathode via cross-talk. These findings
266 establish the way of using melamine-induced SEI components
267 as a promising strategy to enhance the longevity and
268 functionality of LMBs, particularly under demanding cycling
269 conditions.
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