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9 ABSTRACT: One key limitation of lithium metal electrodes is their
10 propensity for dendrite formation that limits their use in commercial
11 batteries. Here, a simple surface modification method was demonstrated to
12 improve the electrochemical stability of the lithium metal electrode through
13 direct coating of onionlike carbon (OC) and fluoropolymer onto the lithium
14 metal electrode. Selective and rapid microwave heating of the OC resulted in
15 the in situ formation of a LiF-rich composite with the simultaneous
16 infiltration of lithium into the OC. The electrochemical stability of the
17 modified electrode was compared with a neat lithium metal electrode with
18 symmetric stripping/plating cells. The microwave processed surface coating
19 acted as a robust and stable passivation layer to prevent electrolyte
20 decomposition, while also suppressing fast dendrite growth. The potential
21 stability during the stripping and plating was enhanced at all rates examined
22 (0.5−2 mA/cm2). With the stripping/plating capacity of 1 mA h/cm2, the
23 microwave processed lithium metal electrode can be cycled over 1000 h at a current density of 0.5 mA/cm2. These results
24 demonstrated that microwave treatment is a promising method for selective modification of the lithium metal electrode to
25 improve its performance in energy storage applications.
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1. INTRODUCTION

27 Advances in lithium ion batteries (LIBs) have enabled the
28 expansion in mobile electronics and their performance over the
29 past decades, but the anodes of these LIBs have been based on
30 carbon materials that are rapidly approaching their theoretical
31 capacities1−5 in commercialized cells. The conventional
32 graphite anode is based on an intercalation mechanism,
33 which limits the Li ion storage capacity and results in a
34 relatively low gravimetric energy density.6 The ever-growing
35 need for higher energy densities to facilitate high-power-
36 consumption mobile devices and electric vehicles has driven
37 research into exploring chemistries for new electrode materials.
38 For LIBs, Li metal represents the ideal anode material with a
39 capacity of 3860 mA h/g and the lowest negative electro-
40 chemical potential possible.7,8 Although the use of alloying
41 (e.g., Si, Sn, Ge)9−11 or conversion reactions (e.g., metal oxide,
42 metal sulfide)12−14 can significantly increase the specific
43 capacity as well, their electrochemical potentials are higher
44 than lithium or graphite, leading to the undesired trade-off
45 between cell voltage and capacity. In addition, beyond-LIB
46 systems (Li-oxygen and Li-sulfur) with potentially even higher
47 energy densities15−18 rely on Li metal anodes.

48However, there are great challenges to make Li metal anodes
49commercially viable. The repeated removal and redeposition of
50Li metal lead to continual roughening of the surface. The
51uneven Li deposition culminates in the formation of
52dendrites.19 The growth of dendrites also generates a new
53exposed Li surface to consume additional electrolyte through
54the formation of a solid electrolyte interface (SEI) layer on the
55newly exposed Li.20−25 Additionally, the early stages of
56dendrite formation and growth generate porous and rough
57structures at the Li anode. This morphology increases the ion
58diffusion path length and effective resistance of the anode,
59which increases the required overpotential to drive the Li
60stripping/plating associated with charging/discharging.26−30

61Significant efforts have been dedicated to developing routes
62to suppress dendrite growth, including the design of special
63electrolytes31,32 and the surface modification of the Li
64anode.28,33 The rationale associated with electrolyte mod-
65ification relies on the formation of a robust and highly ionic
66conductive SEI layer that can effectively mitigate the
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67 nucleation and growth of dendrites. A variety of additives, such
68 as KNO3,

34 LiODFB,35 LiBOB,36 AlCl3,
37 and Li poly-

69 sulfides,38−40 have been shown to improve the ionic
70 conductivity of the SEI,41,42 while selection of nontraditional
71 electrolytes, such as ceramic ion conductors,43,44 polymer
72 electrolytes,45−47 and superconcentrated electrolytes,48−51 can
73 improve the mechanical strength and electrochemical stability
74 of the electrolyte layer to mitigate dendrite growth and various
75 side reactions. Alternatively, methods to confine Li within
76 conductive 3D matrixes on the anode were reported to
77 suppress dendrite growth. Such matrix materials include
78 graphene derived matrix,52−54 graphene−CNT hybrid materi-
79 al,55 porous carbon films,56,57 Cu/Ni foam,58,59 and Li7B6
80 frameworks.60,61 In the examination of cases where a stabilized
81 lithium anode was demonstrated, LiF was often reported as an
82 active ion-conducting material in the robust artificial SEI, due
83 to its excellent chemical stability and low solubility in
84 carbonate-based electrolytes.33,62 However, the direct deposi-
85 tion of the LiF on the Li anode is a tedious process and
86 requires special capabilities.63,64 Here, a simple and efficient
87 method was developed to fabricate a LiF decorated Li metal
88 electrode through localized microwave heating of onionlike
89 carbon (OC) and PVDF decorated Li foil. Microwaves were
90 efficiently absorbed by the OC to lead to lithium infiltration
91 into the OC and thermal decomposition of PVDF. The
92 degradation of the PVDF leads to in situ formation of a LiF-
93 rich composite at the surface of the Li electrode (LiF-OC-Li).
94 The LiF-OC-Li electrode exhibited improved stability in
95 stripping plating tests as compared to neat Li electrodes.
96 This microwave processed artificial passivation layer is a
97 promising methodology to facilitate safe lithium metal
98 electrode implementation in rechargeable batteries.

2. EXPERIMENTAL SECTION
99 Materials. Lithium hexafluorophosphate (LiPF6, battery grade,
100 Oakwood), lithium foil (15.6 mm in diameter and 0.25 mm in
101 thickness, MTI Corporation), ethylene carbonate (EC, 99.9% Sigma-
102 Aldrich), diethyl carbonate (DEC, 99% Sigma-Aldrich), and N-
103 methyl-2-pyrrolidone (NMP, 99.5% EMD) were utilized as received.
104 Other materials were purchased from VWR and used as received.
105 Preparation of the OC. The OC was synthesized by hydro-
106 thermal processing of phenolic resin (resol), tetraethyl orthosilicate
107 (TEOS), Pluronic F127, and trimethylbenzene (TMB), following a

108prior published report.65 Briefly, 1.0 g of Pluronic F127 was dissolved
109with 6.25 g of resol in 20 wt % ethanol solution66 and 1.0 g of TMB
110under magnetic stirring at 25 °C for 1 h to obtain a clear solution.
111Simultaneously, 2.34 g of TEOS was hydrolyzed using 150 mL of 1.0
112M HCl at 40 °C for 30 min. The dissolved F127/resol solution was
113then added dropwise to the TEOS solution under continuous stirring
114for 12 h at 400 rpm at 40 °C. Subsequently, the solution was
115transferred to the Teflon chamber of a hydrothermal autoclave reactor
116(50 mL). The sealed autoclave was heated at 90 °C for another 24 h.
117The solid raw products from the autoclave were filtered and washed
118repeatedly using deionized (DI) water until the pH of 7 is reached.
119The sample was then left to dry in air until no obvious water was
120visible. The dried materials were carbonization at 800 °C for 1 h
121under N2 protection in a ceramic tube furnace. The silica in the
122carbonized powder was subsequently etched with 6 M KOH solution
123(ethanol:H2O = 50:50 v/v) for 24 h at 90 °C. The resultant
124mesoporous carbon was washed by deionized water over 20 times
125using Soxhlet extraction to completely remove the residual KOH and
126was dried in an oven at 80 °C.
127Preparation of the LiF-OC-Li Electrode. A 22 mg portion of
128OC was dispersed in 1.5 mL of PVDF solution (1.6 mg/mL in 1.5 mL
129NMP) in an Ar-filled glovebox. After 20 min of sonication, a 55 μL
130OC suspension was drop-cast onto the smooth side of a Cu chip
131(diameter 1/2 in.) that was then dried at 80 °C overnight in an Ar
132glovebox. (The smooth side of the Cu chip was employed for the OC
133film coating to allow for the Cu to be removed in the next step.) The
134OC-PVDF coated side of the Cu chip was placed onto a Li foil chip
135(1/2 in. diameter) and compressed at 250 psi with OC-PVDF
136embedding in the Li under this pressure. The Cu foil was then simply
137peeled off (like removing a sticker from its backing) to obtain the
138freestanding OC-PVDF film embedded Li foil chip. Due to the
139stronger adhesion between the lithium metal and OC-PVDF
140composite, almost all of the OC-PVDF was transferred to the surface
141of the lithium foil. The OC-PVDF-Li electrode was punched in a 7/16
142in. diameter disk and transferred into a 20 mL vial. An additional Li
143chip was placed on top of the OC-PVDF-Li electrode without any
144pressure applied. The vial was sealed and moved into the microwave
145chamber (BP-210 microwave, Microwave Research and Applications
146Inc., 2.45 GHz). The composite stack was exposed to 1000 W
147microwaves for 10 s to transform the OC-PVDF to LiF-OC. After the
148microwave reaction, the sealed vial was returned to the Ar glovebox.
149The top Li chip was removed, and the LiF-OC-Li electrode was
150collected.
151Characterization. SEM and TEM images were collected using
152JEOL JSM-7401F and JEOL 1203 microscopes, respectively. High-
153resolution TEM (HRTEM) images were obtained using an FEI
154Tecnai G2 instrument. Nitrogen adsorption/desorption isotherms

Figure 1. Schematic illustrating the preparation process of the LiF-OC-Li electrode. OC/PVDF/NMP slurry was cast on copper foil and dried. The
OC-PVDF film was compressed on Li to achieve a free-standing OC-PVDF-Li electrode. Microwaves transform the OC-PVDF-Li electrode to the
LiF-OC-Li electrode.
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155 were obtained at 77 K using a TriStar II (Micromeritics) instrument.
156 The Brunauer−Emmett−Teller (BET) method was applied to
157 determine the specific surface area in the relative vapor pressure
158 range 0.04−0.27. The adsorption isotherm was utilized to determine
159 the pore size distribution by applying the Barrett−Joyner−Halenda
160 (BJH) model. SAXS measurements using 13.5 keV X-rays were
161 performed on the 11-BM CMS beamline at the National Synchrotron
162 Light Source II (NSLS-II) at Brookhaven National Laboratory in
163 Upton, NY. The sample-to-detector distance was 1.98 m with a
164 Dectris Pilatus 2 M detector (pixel size = 172 μm × 172 μm).
165 Cell Fabrication and Electrochemical Test. Symmetric
166 stripping plating cells and asymmetric cells for Coulombic efficiency
167 measurements were assembled in an Ar-filled glovebox using 2032
168 coin cells cases. The oxygen and water contents were controlled below
169 0.5 ppm. Celgard membrane (MTI) was used as the separator. The
170 electrolyte was 1 M lithium hexafluorophosphate solution in EC and
171 DEC (1:1 v/v). Symmetric cells were assembled by using the LiF-
172 OC-Li (lithium foil thickness: 0.25 mm) or neat Li (lithium foil
173 thickness: 0.25 mm) electrode as both working and counter/reference
174 electrodes. A 25 μL portion of electrolyte was added to the cells via an
175 Eppendorf pipet inside the glovebox. For the Coulombic efficiency
176 test, a thin Li metal chip with a thickness of 50 μm was utilized as the
177 working electrode with a LiF-OC-Li or neat Li electrodes as a
178 counter/reference electrode. Electrochemical impedance spectroscopy
179 (EIS) was collected by using an electrochemical workstation
180 (CHI608E) over a frequency range from 100 kHz to 0.1 Hz, with
181 the open circuit voltage as the perturbation voltage. Galvanostatic
182 charge and discharge tests were carried out using a battery analyzer
183 BST-8A (MTI).

3. RESULTS AND DISCUSSION
184 The procedure associated with the preparation of the LiF-OC-

f1 185 Li electrode is illustrated schematically in Figure 1. The
186 procedure was described in detail in the Experimental Section.
187 Briefly, PVDF was dissolved in NMP, and the OC was
188 dispersed in this solution, which was drop-cast on polished
189 copper foil. After drying, the OC-PVDF coated copper foil was
190 mechanically compressed on a Li metal electrode. The copper
191 foil was then peeled to produce a freestanding OC-PVDF-Li
192 metal electrode, which was microwave processed under Ar to
193 produce the LiF-OC-Li electrode.
194 The OC was synthesized following a previously reported

f2 195 hydrothermal method.59 A synthetic scheme (Figure 2a)
196 illustrates the process as described in the Experimental Section.
197 The aggregated OC particles were observed by using high-
198 resolution TEM (HRTEM) (Figure 2b). These OCs exhibit a
199 hierarchical structure with ca. 200 nm spherical particles
200 consisting of nanostructured carbon walls separated approx-
201 imately 15 nm (inset in Figure 2b), which is consistent with
202 expectations for the onionlike multilayered vesicle structure.59

203 The spherical particles were derived from the vesicular
204 structure formed by the self-assembly of the Pluronic surfactant
205 around the trimethylbenzene (TMB) during hydrothermal
206 reaction. This self-assembled structure was confirmed by small-
207 angle X-ray scattering (SAXS) (Figure 2c). The scattering
208 pattern exhibits a strong maximum at q* = 0.0378 Å−1 and a
209 weak shoulder at q ≙ 0.0756 Å−1 (≙2q* as expected for a
210 lamellar structure). The spacing associated with the primary
211 peak (16.6 nm) is consistent with the d-spacing determined
212 from HRTEM. Additional information about the pore
213 structure was elucidated from the nitrogen adsorption/
214 desorption isotherms (Supporting Information, SI, Figure
215 S1a). The adsorption isotherm exhibits rapid adsorption at low
216 P/P0 (<0.10) associated with micropores templated by the
217 etched silica, increased adsorption around P/P0 = 0.6
218 associated with the mesopores, and further increased

219adsorption at P/P0 > 0.95 associated with larger pores formed
220by the TMB.59 The hysteresis loop between adsorption and
221desorption isotherms is consistent with the mesoporous
222structure. From the adsorption isotherm, the pore size
223distribution (SI, Figure S1b) was obtained that revealed a
224large number of small (<2 nm) micropores, a relatively narrow
225mesopore size centered at approximately 10 nm, and the
226presence of much larger pores. Due to the instrumental
227sensitivity, the distribution of large pores could not be
228accurately quantified from N2 adsorption measurements. The
229chemical composition of OC was confirmed by XPS where
230only C and O peaks are observed (SI, Figure S2).
231The OC-PVDF film was transferred to the lithium metal film
232and treated with microwaves as described in the Experimental
233 f3Section. Figure 3a1,a2 illustrates the difference in the optical
234appearance of the modified electrode (LiF-OC-Li) and the
235neat Li electrode, respectively. The optical appearance of OC-
236PVDF covered lithium metal film did not change appreciably
237after the microwave treatment. The black color of the LiF-OC-
238Li therefore was derived from the OC. However, as shown in
239Figure 3a3, the sample was glowing during the microwave
240heating. Lithium metal film used in this experiment is a good
241conductor and does not possess a large surface area; therefore,
242it is regarded as a bulk metal for the microwave used in the
243experiments. During the microwave treatment, the bulk metal
244had a high degree of microwave reflection, accompanied by the
245induction of surface eddy currents, leading to the arch
246discharge.67,68 The bright light emitted from the sealed reactor
247confirmed such a process. Both PVDF and OC can efficiently

Figure 2. (a) Schematic illustrating the steps involved in the
preparation of the OC. Resol, phenolic resin; TEOS, tetraethyl
orthosilicate; F127, Pluronic F127; TMB, trimethylbenzene. Struc-
tural characterization of the OC material by (b) TEM and (c) SAXS.
The inset in part b is HRTEM that illustrates the nanostructure with a
common spacing of around 15 nm. This size is consistent with the d-
spacing obtained from the primary peak in the SAXS of the OC in
part c.
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248 absorb microwaves due to the high dielectric loss tangent of
249 carbon material and polar PVDF molecules.68,69 As OC also
250 possesses a high surface area, which will benefit the absorption
251 of microwave energy, it is believed that OC produced heat to
252 decompose PVDF during the microwave treatment as PVDF
253 alone coating on the Li does not decompose under the same
254 microwave conditions. After the microwave treatment, the
255 cross-section of the LiF-OC-Li electrode was examined. As
256 shown in Figure 3b, this modified layer is approximately 30 μm
257 thick and conformally coated on the surface of lithium metal
258 film. The surface morphology of the LiF-OC-Li electrode was
259 studied by SEM imaging (Figure 3c). The surface particulate
260 morphology is consistent with prior characterization of OC
261 alone,65 suggesting that the morphology of mesoporous OC
262 remained after the microwave treatment. To understand the
263 chemical changes, X-ray photoelectron spectroscopy (XPS)
264 was utilized to characterize the surface before and after the
265 microwave treatment. Prior to microwave exposure, the surface
266 was predominately covered by carbon with no Li signals (SI,
267 Figure S3a). From the high-resolution scan of F 1s binding

268energy (Figure 3d), the fluorine can be attributed to the PVDF
269component with a peak at 687.7 eV.70 After the microwave
270reaction, Li can clearly be observed in the survey scan (SI,
271Figure S3b). The bonding state of the Li was examined in
272detail using the Li 1s spectrum presented in Figure 3e. Besides
273the expected Li−O (54.9 eV, green band) and Li−Li (54.3 eV,
274orange band),48,71 a clear peak at 55.7 eV (red band) was
275observed from the deconvoluted spectrum. This peak at 55.7
276eV is attributed to Li−F, indicating the formation of LiF during
277the microwave treatment (Figure 3e).64 This change of F atom
278bonding states from PVDF to LiF was also witnessed by the
279shift of peak position in the F 1s spectra from 687.7 to 685.5
280eV (Figure 3f), which has been widely reported as the F−Li
281bond.47,64 Based on the characterization results, the suggested
282mechanism is an extremely fast microwave heating process (10
283s) close to the upper layer of the lithium film, where OC
284materials were quickly heated up and decomposed PVDF. The
285heat flux also melted the lithium, and capillarity drove the Li
286into the OC layer, reacting with decomposed PVDF and
287forming a Li composite with a significant amount of LiF.

Figure 3. Structural and chemical characterization of the LiF-OC-Li electrode. (a) Optical micrographs of (a1) LiF-OC-Li electrode after
microwave treatment, (a2) neat Li chip, and (a3) OC-PVDF film covered Li in the vial during microwave exposure. (b) SEM image of the cross-
section of the LiF-OC-Li electrode. The inset shows the thickness of the OC layer (≈30 μm). (c) SEM image of the surface of the LiF-OC-Li
electrode with a higher magnification image shown in the inset. High-resolution XPS spectra of (d) the OC-PVDF film covered Li electrode before
the microwave process (F 1s spectrum) and the LiF-OC-Li electrode after microwave treatment for (e) Li 1s and (f) F 1s spectra.

Figure 4. Stability study of the LiF-OC-Li electrode and neat Li metal electrode with impedance spectroscopy. Nyquist plots for (a) LiF-OC-Li and
(b) neat Li electrodes at three different resting times demonstrate the influence of the modified layer on the stability of the electrode in 1 M LiPF6
in EC and DEC (1:1 v/v).
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288 The electrochemical stability tests of the LiF-OC-Li and
289 neat Li metal electrodes were performed using a symmetric
290 coin cell with 1 M lithium hexafluorophosphate (LiPF6)
291 solution in ethylene carbonate (EC) and diethyl carbonate
292 (DEC) (1:1 v/v) as the electrolyte. The evolution in
293 impedance at the open circuit potential over time provides
294 one key measure of stable passivation layer formation on the

f4 295 electrode/electrolyte interfaces. As shown in Figure 4, the
296 initial impedance of the LiF-OC-Li electrode was only 2.8 Ω,
297 which is 2 orders of magnitude smaller than that for the fresh
298 neat Li cell. This result suggested that the LiF-OC surface
299 modification improved charge transfer on the interface
300 between the bulk electrode and bulky electrolyte. More

301strikingly, the impedance of the LiF-OC-Li only increased
302slightly as the cell rested. A stable charge transfer resistance
303(3.3 Ω) was obtained after 1 h of resting without further
304changes in the following 30 h (Figure 4a). In comparison, the
305charge transfer resistance of the neat Li electrode increased
306monotonically (Figure 4b). The LiF-OC acts to protect the Li
307electrode from side reactions, while a series of side reactions
308occurred on the neat lithium electrode to form increasing
309interlayers on the surface of the lithium metal surface.
310To confirm the importance of the microwave derived LiF,
311two control samples were examined. As the OC is highly
312conductive and porous, this may provide improved electron
313transport and a tortuous diffusion path that could be beneficial

Figure 5. Galvanostatic cycling performance of the LiF-OC-Li and neat Li electrode. Voltage profiles of stripping and plating in a symmetric cell at
current densities of (a) 0.5 mA/cm2, (b) 1 mA/cm2, and (c) 2 mA/cm2. The figures on the right show detailed voltage profiles as indicated.
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314 to the performance. Coating the lithium foil with only OC and
315 treating with the same microwave process as the LiF-OC-Li
316 electrode generates a porous carbon modified surface (OC-Li).
317 Figure S4 illustrates the electrochemical impedance spectra of
318 this electrode for the fresh electrode and after aging in the
319 electrolyte solution for 3 and 30 h. As expected due to the
320 good conductivity of the OC, the initial impedance is smaller
321 for the OC-Li than the neat Li electrode (Figure 4b), but still
322 larger than the LiF-OC-Li (Figure 4a). The lower impedance
323 with the LiF-OC-Li is indicative of the improved charge
324 transport from the LiF between the OC particles on the Li foil.
325 More importantly, the impedance for the OC-Li increases
326 dramatically with the aging in the electrolyte, similar to the
327 neat Li electrode. This suggests that the LiF formed from the
328 microwave-based decomposition of PVDF is critical to the
329 stability of these modified electrodes. To illustrate that the
330 microwave processing was important to achieve the stable
331 electrode, the lithium electrode was coated with OC-PVDF
332 without microwave treatment (OC-PVDF-Li). The OC-
333 PVDF-Li has smaller impedance than the neat Li electrode
334 (Figure 4b), but larger impedance than LiF-OC-Li (Figure 4a)
335 and the OC-Li. The impedance for the OC-PVDF-Li also
336 increases significantly during aging in the electrolyte, similar to
337 the neat Li electrode. These results confirm that the in situ
338 formed LiF containing layer acts as a stable SEI layer to protect
339 the Li electrode.72

340 Lithium plating/stripping measurements were carried out to
341 evaluate the performance of the LiF-OC-Li electrode in
342 comparison to the neat Li electrode. Dendrite growth during
343 Li deposition is known to consume the active Li source while
344 also decomposing the electrolyte continuously to form an
345 unstable SEI layer. These effects lead to increased over-
346 potential and battery impedance.73 Here, examination of the
347 overpotential during plating and stripping of a fixed quantity of
348 Li (1 mA h/cm2) at constant current density in symmetric cells
349 was used to evaluate the stability of the electrode/electrolyte

f5 350 interfaces. As can be observed in Figure 5, the LiF-OC-Li
351 electrode exhibited a smaller overpotential and less variation in
352 the overpotential during long galvanostatic cycling when
353 compared with the neat lithium electrode. At a current density
354 of 0.5 mA/cm2, the overpotential of the LiF-OC-Li electrode
355 was initially stable around 60 mV and increased to
356 approximately 95 mV after 1000 h of stripping/plating. In
357 contrast, the neat Li electrode exhibited a larger overpotential
358 initially (160 mV) and increased beyond an acceptable value
359 (550 mV) associated with a cycle life of approximately 600 h
360 (Figure 5a). Similarly at a higher current density of 1 mA/cm2,
361 larger voltage fluctuations and higher overpotentials were also
362 observed for the neat Li electrode system with respect to the
363 LiF-OC-Li electrode (Figure 5b). Further increasing the
364 current density to 2 mA/cm2 led to some oscillatory features
365 for the LiF-OC-Li electrode (Figure 5c), but the overpotential
366 after 250 h remained similar to the initial potential. The neat Li
367 electrode, however, lost stability after 100 h of stripping/
368 plating.
369 The electrochemical impedance spectra of neat Li and LiF-
370 OC-Li were collected after cycles (Figure S5). Those data
371 demonstrate that the impedance for the electrode with the LiF-
372 OC-Li remains small after 20 cycles. There are several
373 mechanisms at play, responsible for the increased stability in
374 the overpotential made evident by the lack of large voltage
375 fluctuations for the LiF-OC-Li electrodes. The conductive,
376 nanostructured OC hosted LiF-rich composites provide a

377stable interface and fast Li-ion diffusion. Previous work have
378also reported the increased surface conductivity associated with
379the LiF containing layers. There could be secondary effects
380from the increased tortuosity on the surface of the lithium
381electrode modified by OC particles to promote uniform
382deposition of Li. The porous carbon structure may help to
383prevent the formation of a large dendritic crystal, leading to a
384smoother lithium layer deposition during the cycling tests.74

385These differences were also manifested in the changes of
386surface morphology of the electrodes after 250 h of cycling at 1
387 f6mA/cm2 as shown in Figure 6. The morphology of the LiF-

388OC-Li electrode surface after cycling (Figure 6a) is very similar
389to the fresh electrode (Figure 6c), whereas the neat Li
390electrode evolved from a relatively featureless surface
391morphology (Figure 6b) to “mossy” Li (Figure 6d).20 The
392cross-section images of the LiF-OC-Li electrode are shown in
393the SI. As shown in Figure S6, the thickness of the LiF-OC
394layer was not significantly changed as compare with its initial
395state (Figure 3b). However, the cross-section image of the neat
396lithium electrode showed a rough surface morphology, and the
397edge of the top surface layer was unclear in the micrograph,
398indicating the nonuniform structure formed on the surface of
399the neat Li electrode. The comparison of the galvanostatic
400cycling results of symmetric LiF-OC-Li/LiF-OC-Li cells and
401neat Li/Li cells demonstrated the effective promotion of cycle
402life of the lithium metal anode by LiF-OC coating, revealing
403that the fast lithium dendrite growth and formation of “dead
404lithium” were effectively mitigated.
405To further quantitatively evaluate the LiF-OC-Li electrode, a
406Coulombic efficiency test was performed using a thin Li chip
407with a thickness of 50 μm as the working electrode. The LiF-
408OC-Li and neat Li were used as counter electrodes. The
409detailed cell setup and Coulombic efficiency (CE) calculation
410are described in the SI. A fixed amount of Li (0.5 mA h/cm2)
411was stripped and plated at a current density of 4 mA/cm2. The
412thin Li chips were assumed to be consumed when the
413overpotential exceeded 1.2 V, as shown in Figure S7. The
414Coulombic efficiency of the LiF-OC-Li electrode was
415determined to be 96.5%, while the neat Li electrode was
416determined with a Coulombic efficiency of 95.9%. The small

Figure 6. Comparison of the surface morphology of the (a) fresh Li-
OC-Li, (b) fresh Li electrode, (c) LiF-OC-Li, and (d) neat Li after a
250 h stripping/plating test at a current density of 1 mA/cm2.
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417 improvement in CE is demonstrative of the improvement from
418 the LiF-OC protection layer. It should be noted that the thin
419 lithium electrode does not have a LiF-OC protection layer, but
420 the CE calculation will include the efficiency loss of this thin Li
421 electrode; thus, the increased CE with the LiF-OC-Li electrode
422 is a lower bound. The similarity in voltage profiles (SI, Figure
423 S7) in comparison to the profiles from symmetric cells (Figure
424 5) suggests that the performance for the CE measurement is
425 strongly influenced by the thin Li chip.

4. CONCLUSIONS
426 In this work, an efficient and simple method was developed to
427 fabricate modified Li electrodes (LiF-OC-Li) using microwave
428 treatment to generate LiF from PVDF. Due to the selective
429 heating of microwaves, the mesoporous onionlike carbon was
430 rapidly heated to decompose the surrounding PVDF. Addi-
431 tionally, this heat provided sufficient energy to locally melt Li,
432 and capillary forces drove the lithium metal to the interface.
433 The Li reacted with the decomposition products from PVDF
434 to form a LiF-rich passivation layer on the lithium metal
435 electrode. The curved carbon layers facilitated the ion
436 transport and minimized local potential variations, which in
437 turn reduced the potential for fast dendrite growth.
438 Concurrently, the LiF-rich surface layer provided high
439 electrochemical stability and prevented erosion of the lithium
440 anode through SEI formation. This enhanced stability of the
441 modified Li was demonstrated by the impedance evolution,
442 stable stripping/plating cycles in symmetric cells, as well as
443 improved Coulombic efficiency over neat Li foil. With a
444 stripping/plating capacity of 1 mA h/cm2, the LiF-OC-Li
445 electrode can be cycled over 1000 h at a current density of 0.5
446 mA/cm2. As a comparison, the neat Li electrode failed after
447 ∼600 h. Even under higher current densities of 1 and 2 mA/
448 cm2, the LiF-OC-Li electrode can be cycled over 250 h. The
449 neat Li electrode lost stability at ∼150 and ∼100 h,
450 respectively. This methodology provides a novel, scalable
451 concept for the fabrication of a stabilized lithium metal anode
452 for rechargeable batteries.
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