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9 ABSTRACT: An epoxy group was successfully attached to the surface of silicon nanoparticle (SiNPs) via a silanization reaction
10 between silanol-enriched SiNPs and functional silanes. The epoxy-functionalized SiNPs showed a much improved cell
11 performance compared with the pristine SiNPs because of the increased stability with electrolyte and the formation of a
12 covalent bond between the epoxy group and the polyacrylic acid binder. Furthermore, the anode laminate made from epoxy-
13 SiNPs showed much enhanced adhesion strength. Post-test analysis shed light on how the epoxy-functional group affects the
14 physical and electrochemical properties of the SiNP anode.
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1. INTRODUCTION

17 The lithium-ion battery (LIB) has become the most
18 extensively used battery chemistry for consumer electronics
19 and transportation.1 Over the past three decades, tremendous
20 efforts have been exerted to improve the energy density of LIBs
21 to meet the requirement of emerging new devices such as long-
22 lasting tablets, drones, and electric vehicles. However, the
23 energy density of conventional LIBs, where graphite is used as
24 an anode material, is compromised because of its low
25 theoretical capacity (372 mA h/g).2 Silicon, with its extremely
26 high theoretical specific capacity upon full lithiation (∼4200
27 mA h/g), low discharge potential plateau (∼0.1 V vs Li+/Li),
28 natural abundance, and low toxicity, has been considered as
29 one of the most promising anode materials for the next
30 generation LIBs.3 Nevertheless, the biggest hurdle for the Si
31 anode is the large volume expansion/contraction (∼300%)
32 during the lithiation/delithiation process, resulting in rapid
33 capacity fade over extended cycles. Several performance decay
34 mechanisms have been proposed, including pulverization of
35 large particles during the rapid Li+ insertion/extraction, loss of
36 electrical contact caused by the rearrangement of electrode
37 structure, and/or instability of the electrode/electrolyte
38 interface.4 To mitigate these issues, nanostructured material
39 similar to silicon nanoparticles (SiNPs) has been inves-

40tigated.4,5 Different from the microsized particles, the SiNPs
41have much higher surface area, which efficiently releases the
42stress caused by the drastic volume change during the
43lithiation/delithiation process and thus prevents the particle
44pulverization. It is also believed that SiNPs possess higher
45average binding energy per atom to the surface.6 However, the
46large volume change still occurs even for the SiNPs, and the
47repeated expansion/contraction leads to the frequent exposure
48of the lithiated silicon to the electrolyte and the ultimate
49disintegration of the active particles because of the weak
50interaction of SiNPs with other components of the anode.
51To solve this issue, the majority of the research has been
52focused on tailoring the structure of the polymer binders to
53increase the binding strength with the SiNPs. Hu and co-
54workers recently reported the effect of the molecular weight of
55the polyacrylic acid (PAA) binder on the cycling performance
56of the Si−graphite composite anode.7 Other properties
57including the degree of cross-linking,8,9 macromolecule
58architecture,10 lithiation degree,11 and electronic/ionic con-
59ductivity12−15 of the polymer binder have also been extensively
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60 explored. Surface functionality of Si particles, on the other
61 hand, is equally crucial when it comes to maintaining the
62 integrity of the electrode during cycling, especially for the
63 nanoscaled Si particles. However, the research on this topic is
64 scarce and mainly focused on how the surface SiOx layers

16−19

65 or the electrolyte additives20,21 would affect the electro-
66 chemical properties of the SiNPs. For example, Li and co-
67 workers reported how the silanol, carboxyl, and siloxane groups
68 on the surface of the SiNPs affect the solid-electrolyte-
69 interphase (SEI) formation and the SEI chemical composi-
70 tion.22 The first research on the binder and SiNP interaction
71 was carried out by Bie et al., in which the surface of the SiNPs
72 was modified by a thin layer of polydopamine via hydrogen
73 bonding between hydroxyl groups of the polymer and the
74 surface silanol groups. Although the amino groups further react
75 with the carboxyl groups of the PAA binder, forming a more
76 integrated electrode, the reaction is simultaneous, and the
77 shelf-life of the electrode slurry is not sufficient to complete the
78 electrode coating.23

79 The best-performing polymer binder for the Si anode usually
80 contains carboxyl groups in the structure such as algae,
81 carboxymethyl cellulose, PAA, and partially lithiated PAA.24−29

82 It is our idea to design and synthesize SiNPs with a layer of
83 reactive epoxy groups attached to the particle surface. The self-
84 assembled monolayers act as a protective frontier from the
85 electrolyte solution mitigating the active lithium trapping
86 during the lithiation process. The chemical reaction between
87 the carboxyl groups from the PAA binder and the epoxy groups
88 from the SiNPs forms covalent bonding between the SiNPs
89 and the binder. Furthermore, the epoxy group helps provide
90 strong adhesion of the SiNPs and binder to the surface of the
91 copper current collector affording an integrated Si electrode
92 with superior electrochemical performance.
93 In this article, a two-step approach was employed to
94 introduce the epoxy group to the surface of commercial SiNPs.
95 The SiNPs were first treated by hydrogen peroxide (H2O2) to
96 enrich the surface silanol (Si−OH) group followed by a surface
97 hydrolysis/condensation reaction with the epoxy-containing
98 silane precursor. For comparison, methylsilane surface-
99 modified SiNPs were also synthesized by the same procedure,
100 and the impact on the cycling performance was directly
101 compared in coin cell tests. Post-test analysis included Fourier-
102 transform infrared (FT-IR) spectroscopy, X-ray photoelectron
103 spectroscopy (XPS), thermogravimetric analysis (TGA), and
104 scanning electron microscopy/energy-dispersion X-ray spec-
105 troscopy (SEM/EDX). The results shed light on the source of
106 the improved electrochemical performance of the epoxy-
107 functionalized SiNP anode materials.

2. EXPERIMENTAL SECTION
108 2.1. Electrode and Electrolyte Materials. SiNPs with an
109 average particle size of 80 nm were purchased from Hydro Quebec.
110 Absolute ethanol (200 proof), hydrogen peroxide (30 wt % aqueous
111 solution), and triethylamine (99.0%) were purchased from Acros and
112 were used as received. Tetrahydrofuran (HPLC grade) was purchased
113 from Acros and was dried over 4 Å molecular sieves prior to use.
114 Glycidylpropyltriethoxysilane and methyltriethoxysilane were pur-
115 chased from Gelest, Inc. and were used as received. Conductive
116 carbon (C45, 50−60 nm) was purchased from Timcal. Gen 2
117 electrolyte (1.2 M LiPF6 in a liquid mixture of ethylene carbonate and
118 ethyl methyl carbonate in 3:7 by weight) was provided by Tomiyama
119 Pure Chemical Industries. Fluoroethylene carbonate (Solvay) was
120 dried and vacuum distilled before use.

1212.2. Synthesis of Surface-Functionalized SiNPs. 2.2.1. Syn-
122thesis of Si−OH-Enriched SiNPs. To a 100 mL round-flask equipped
123with a magnetic stirring bar and N2 inlet, pristine SiNPs (0.998 g)
124were mixed with absolute ethanol (20 mL). The mixture was
125ultrasonicated for 15 min until a homogeneous dispersion was
126formed. Then, H2O2 (30 wt % aqueous solution, 40 mL) was added
127to the flask, and the mixture was stirred at 75 °C for 48 h under N2.
128The Si−OH SiNPs were isolated by centrifugation (14 000 rpm, 30
129min) with a yield of 86.7%.
1302.2.2. Synthesis of Epoxy-SiNPs. Si−OH-enriched SiNPs (0.500 g)
131were dispersed in dry tetrahydrofuran (10 mL) in a 100 mL flask
132equipped with a magnetic stirring bar and N2 inlet. After 15 min
133ultrasonication, glycidylpropyltriethoxysilane (1.000 g) and triethyl-
134amine (0.500 g) were added dropwise to the dispersion. The reaction
135mixture was stirred and refluxed at 75 °C for 48 h under N2. After
136centrifugation (14 000 rpm, 30 min), the particles were further
137dispersed in dry tetrahydrofuran for a second centrifugation. The final
138products were obtained after vacuum drying at 50 °C overnight
139(0.437 g, 87.4% yield). By the same method, methyl-functionalized
140SiNPs (CH3-SiNPs) were prepared by reacting Si−OH SiNPs with
141methyltriethoxysilane precursor.
1422.3. Characterization of Functionalized SiNPS. FT-IR spectra
143were acquired on a Thermo Scientific Nicolet iS5 spectrometer using
144attenuated total reflection model. TGA was conducted in an argon
145atmosphere with a heating rate of 20 °C/min from room temperature
146to 800 °C using the NETZSCH STA 449 F3 Jupiter for simultaneous
147thermogravimetry-differential scanning calorimetry (STA/TG-DSC).
148The morphologies of SiNPs were analyzed by an FEI Tecnai F20ST
149scanning/transmission electron microscopy (TEM). The TEM
150specimens were prepared from 1 mg/g SiNP suspension in acetone
151solvent by casting the Si particles on the carbon-coated copper TEM
152grid.
1532.4. Si Electrode Fabrication and Electrochemical Testing.
154Surface-functionalized SiNPs (70%), Timcal C45 carbon black (10%),
155and PAA binder (Mn = 175 kDa) (20%) were thoroughly mixed in
156deionized water and stirred at room temperature. The resulting
157uniform slurry was then cast onto Cu foil with a 50 μm gap doctor
158blade. The dried and calendared electrode was punched into 1.6 cm2

159circular disks with a loading of 1.0 mg/cm2. Coin cells (2032) were
160assembled with the SiNP anode and cycled using a Maccor cycler with
161a C/3 rate and a cutoff voltage of 1.5−0.01 V after three C/20
162formation cycles. Electrochemical impedance spectroscopy (EIS) was
163performed with a Solartron Analytical 1400 Cell Test System in the
164frequency range of 1 MHz to 0.1 Hz.
1652.5. Adhesion Strength of the Si Electrodes. An adhesion test
166of the Si/PAA electrode was performed on an Instron 3343 universal
167test machine. The preparation of the laminate is the same as described
168in Section 2.4. The electrodes were cut into squares with fixed
169dimension (50 mm × 20 mm). The current collector side of the
170electrode was fixed by a clamp, whereas the active coating side of the
171electrode was taped with a Scotch magic tape (3 M). The electrode
172was gradually peeled by pulling the tape at an angle of 180° with a
173constant rate of 10 mm/s. The applied force was measured, recorded,
174and plotted.10,30,31

1752.6. Post-Test Analysis. The cycled coin cells were disassembled
176in the argon-filled glovebox, and the electrodes were thoroughly
177rinsed with anhydrous dimethyl carbonate and dried in a vacuum
178oven. The morphologies and the elemental mapping of the cycled
179electrodes were examined with SEM (Hitachi S-4700-II) and EDX
180(the Bruker XFlash 6 | 60), respectively. Surface analysis of the SiNPs
181was performed by XPS (PHI 5000 VersaProbe II System from
182Physical Electronics) with a base pressure of ∼2 × 10−9 Torr. The
183spectra were obtained with an Al Kα radiation (hν = 1486.6 eV) beam
184(100 μm, 25 W) and the electron beam sample neutralization in fixed
185analyzer transmission mode. Peak fitting was performed using Shirley
186background correction and the Gaussian−Lorentzian curve synthesis
187available in CasaXPS software.
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3. RESULTS AND DISCUSSION

188 3.1. Synthesis and Characterization of Functionalized
s1 189 SiNPs. Scheme 1 outlines the synthesis route for the surface-

190 functionalized SiNPs. Commercial SiNPs were first treated by
191 hydrogen peroxide solution to convert Si−H and Si−O−Si
192 groups to silanol (−Si−OH) group following a literature
193 procedure. The Si−OH SiNPs are subject to surface
194 hydrolysis/condensation reaction with glycidylpropyltriethox-
195 ysilane. The pristine SiNPs showed a broad peak at 1100 cm−1

196 (expands from 1000 to 1250 cm−1) in the FT-IR spectrum
f1 197 (Figure 1a), which is a typical stretching vibration peak for the

198 Si−O−Si bond and indicates the existence of a native SiOx

199 layer on the pristine SiNPs.19 After the hydrogen peroxide
200 treatment, the increase in Si−OH peak intensity (∼3300 and
201 ∼1644 cm−1) indicates that more silanol groups were
202 generated on the surface of the pristine SiNPs32 and confirm
203 the successful enrichment of surface silanol group. During the
204 synthesis of epoxy-terminated SiNPs, a hydrolysis and
205 condensation reaction formed a new Si−O−Si bond on the
206 surface of the particle. The FT-IR spectrum of epoxy-SiNPs is

207also shown in Figure 1a. The band at 1250−1500 cm−1

208originated from the ring expansion or breathing of the epoxy
209ring,33−35 and typical C−H vibration bands of the alkyl group
210appear at 2923 and 2880 cm−1. The TGA data further
211confirmed the successful attachment of the epoxy group. As
212shown in Figure 1b, negligible weight loss (0.3%) was observed
213for the pristine SiNPs. However, this value increased to 3.2%
214for the epoxy-SiNPs. The TEM images of the synthesized
215SiNPs are provided in Figure S1 in the Supporting
216Information. Methyl-terminated SiNPs (CH3-SiNPs) were
217also synthesized by reacting Si−OH SiNPs with methyl
218triethoxysilane, and the FT-IR and TGA data are provided in
219Figure S2 in the Supporting Information.
2203.2. Electrochemical Performance. To determine the
221electrochemical performance, Si electrodes were coated with
222pristine SiNPs, CH3-SiNPs, and epoxy-SiNPs as active anode
223materials. After three C/20 formation cycles, the Si/Li cells
224were operated for 100 cycles at a C/3 rate. Cell capacity and
225Coulombic efficiency for three formation cycles at C/20 rate
226 f2are shown in Figure 2a, and the cycling performance for one

Scheme 1. Synthesis of Surface-Functionalized SiNPs with Methyl and Epoxy Terminal Groups

Figure 1. (a) FT-IR spectra and (b) TGA thermograms of pristine SiNPs, silanol-enriched SiNPs, and epoxy-SiNPs.

Figure 2. Initial capacity and Coulombic efficiency of Si/Li cells: (a) three C/20 formation cycles and (b) one-hundred C/3 cycles.
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227 100 cycles at the C/3 rate is shown in Figure 2b. The pristine
228 SiNP electrode shows an initial delithiation capacity of 1989
229 mA h/g and an average capacity of 1890 mA h/g for 100
230 cycles. Both values for the epoxy-SiNP electrode are much
231 higher (initial capacity of 2294 mA h/g and average capacity of
232 2169 mA h/g) than those for the pristine anode. Surprisingly,
233 the CH3-SiNP electrode exhibited rapid fade-in capacity with
234 increasing cycle number (initial capacity of 1976 mA h/g and
235 average capacity of 1212 mA h/g) (Figure 2b). These data
236 clearly indicate that the functional group on the surface of the
237 SiNPs dictates the electrochemical performance of the Si
238 electrode.
239 The cell performance agrees well with our initial approach of
240 introducing epoxy group on the surface of SiNPs to promote
241 the integration of active particles with the binder, current
242 collector, and other cell components. To further verify this
243 positive impact, the chemical reaction between the epoxy-
244 SiNPs and PAA binder was examined by mixing the epoxy-
245 SiNPs and CH3-SiNPs with PAA binder using the same
246 composition used in the anode slurry and stirring at room
247 temperature overnight. The reacted SiNPs were isolated by

248high-speed centrifugation and subjected to TGA analysis as
249well as FT-IR analysis. For the CH3-SiNP particles, the TGA
250profiles are almost identical before and after the reaction with
251 f3PAA binder (Figure 3a); nevertheless, an additional weight loss
252was observed for the PAA-treated epoxy-SiNPs, as shown in
253Figure 3b. This indicates that PAA segments were attached to
254the surface of the epoxy-SiNP particles via the ring-opening
255addition reaction of the epoxy group with the hydroxyl group
256from the PAA binder. IR peaks corresponding to the stretching
257vibration of carbonyl (1725 cm−1) and carboxylate (1450 and
2581420 cm−1) were shown up in the FT-IR spectrum (Figure 3c)
259for the binder-treated epoxy-SiNPs, not for the CH3-SiNPs,
260which is a strong evidence for the chemical reaction between
261epoxy group and the hydroxyl group from the PAA binder.
262The surface functional group on the SiNPs does change the
263 f4interfacial property of the Si electrode. Figure 4 shows the
264Nyquist plots for the Si electrode after three formation cycles
265at C/20 and 100 cycles at C/3. The plot for the epoxy-SiNP
266electrode shows two semicircles in the high- and medium-
267frequency regions representing the interfacial impedance (Rint)
268and charge-transfer impedance (Rct) (Figure 4a).36−39

Figure 3. TGA profiles of (a) CH3-SiNPs and CH3-SiNPs treated with PAA binder, (b) epoxy-SiNPs and epoxy-SiNPs treated with PAA binder,
and (c) FT-IR spectra of epoxy-SiNPs and CH3-SiNPs treated with PAA binder.

Figure 4. EIS of pristine SiNPs electrode and epoxy SiNPs electrode (a) after three formation cycles at C/20 and (b) after 100 cycle at C/3.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b17729
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acsami.8b17729


269 However, both Rint and Rct were decreased compared with the

270 values for pristine SiNPs. It is known that Rint is closely related

271 to the nature of the SEI layer. The smaller Rint indicates that
272 the SEI is stable and prevents further chemical and/or

273 electrochemical reactions with the electrolyte. The decrease
274 in Rct also proves that surface modification could facilitate the

275charge transfer at the interface. The same trend is also evident

276for the cycled electrodes (Figure 4b) with a nearly threefold

277increase for the epoxy-SiNPs compared with the pristine SiNPs
278electrode, indicating that a more robust and less resistive SEI

279was formed on the surface of the epoxy Si particles.
280Interestingly, the ohmic resistance of the electrode (Re)

Figure 5. SEM images of the freshly made Si/PAA electrodes with (a) pristine SiNPs, (b) Si−OH SiNPs, and (c) epoxy-SiNPs and cycled Si/PAA
electrodes with (d) pristine SiNPs, (e) Si−OH SiNPs, and (f) epoxy-SiNPs as active materials.

Figure 6. EDX elemental mapping (Si, C, O, F, and P) for Si/PAA electrodes with (a) pristine SiNPs, (b) Si−OH SiNPs, and (c) epoxy-SiNPs
after 100 cycles.

Figure 7. Si2p XPS spectra of the Si electrodes based on pristine SiNP and epoxy-SiNP before and after one formation cycle: (a) fresh Si electrode
before cycling and (b) Si electrode after one formation cycle at the delithiated state.
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281 (intercept with the Z′ axis at the high frequency region)
282 remains the same as that for the pristine electrode.
283 The formation of the covalent bond of epoxy-SiNPs and
284 PAA binder benefits the electrode integrity especially during

f5 285 extended cycling. Figure 5a−c shows SEM images of the
286 freshly made electrode with pristine SiNPs, Si−OH SiNPs, and
287 epoxy-SiNPs as active materials. The electrode morphology is
288 similar, and active material, carbon black, and binder were
289 distributed uniformly. The molar ratio of Si, C, and O was
290 close to the feeding ratio of the slurry as determined by the
291 EDX element mapping (Figure S3 in Supporting Information).
292 However, after 100 cycles, large cracks appeared in the cycled
293 pristine SiNPs (Figure 5d). In contrast, no such cracking was
294 observed in the Si−OH and epoxy-SiNPs anodes (Figure 5e,f),
295 suggesting that the functional groups help preserve the

f6 296 electrode integrity even at the deep cycling stage. Figure 6
297 shows the surface chemical composition of the cycled
298 electrodes: pristine SiNPs, Si−OH SiNPs, and epoxy-SiNPs.
299 For all three electrodes, the detectable surface Si amount
300 decreased, indicating the formation of a thick SEI layer.
301 Fluorine and phosphate were detected from the surface of all
302 three cycled electrodes because of the decomposition of the
303 electrolyte. The surface of the electrode made from epoxy-
304 SiNPs has much less fluorine and phosphate content than that
305 of the other two electrodes, as shown in Figure 6c. This finding
306 suggests that the surface modification of SiNPs mitigated the
307 continuous reduction/decomposition of the electrolyte. It is
308 worth mentioning that the fluorine content on the surface of
309 the electrode made from Si−OH SiNPs is much higher than
310 that on the surfaces of the other two electrodes (Figure 6b).
311 We speculate that the surface silanol group tends to eliminate
312 water via a condensation reaction during repeated cycling,
313 leading to severe hydrolysis of the LiPF6 electrolyte salt at the
314 electrode surface.13

315 The surface of the cycled electrodes was examined by XPS.
f7 316 Figure 7a shows the Si2p spectra of the pristine SiNPs and

317 epoxy-SiNP electrode before cycling. The peaks related to
318 elemental silicon (99.4 eV) and oxidized silicon SiOx (103.5
319 eV) resemble the spectra of their corresponding nanoparticles
320 (Figure S4 in the Supporting Information), indicating that the
321 epoxy-SiNP nanoparticles remain inert after exposure to the
322 aqueous slurry. After one formation cycle, new peaks appeared
323 in both spectra at 102 eV (Figure 7b), a characteristic peak of
324 LixSiOy formed by irreversible reduction of SiOx at the
325 electrode surface.40,41 However, a lower intensity LixSiOy peak
326 was observed for the epoxy-SiNP electrode. In addition, the
327 presence of a new peak at a binding energy of 98 eV (LixSi)

328from the pristine SiNP electrode implies that not all of the
329lithium was extracted from the pristine SiNP electrode. Figure
330S5 in the Supporting Information shows the XPS spectra of
331C1s, O1s, and F1s. Without the surface group, the pristine SiNPs
332tend to react with the lithiated silicon causing impedance
333buildup and the polarization of the electrode. In contrast, the
334epoxy-functionalized SiNPs reduced the parasitic reactions
335with LixSi and enabled the reversible lithium insertion and
336extraction. Actually, the LixSi peak was not observed on the
337XPS spectrum of the epoxy-SiNP electrode at the fully
338delithiation state. Surface modification of SiNPs could mitigate
339the irreversible reduction of SiOx during lithiation and facilitate
340the extraction of lithium during delithiation. Because both
341LixSiOy and LixSi species contribute to the irreversible capacity
342in the first lithiation/delithiation cycle, the XPS results are in
343good agreement with the higher initial capacity and Coulombic
344efficiency of the epoxy-SiNP electrode.
345The binding strength is critical to the electrochemical
346performance of the Si-based electrode because strong bonding
347between the active particles and the particle/current collector
348help maintain the electrical contacts and the integrity of the Si
349anode.42 A peel test was employed to evaluate the adhesive
350strength of the Si/PAA anode. A continuous force was applied
351to the surface of the electrode and when the Si/PAA anode was
352peeled off of the current collector (copper foil in this case), the
353resulting load/width (N/cm) reflects the adhesive strength of
354 f8the whole electrode. Figure 8 summarizes the test results. The
355epoxy-SiNPs showed the strongest adhesion among the tested
356three electrodes, which is attributed to the high reactivity and
357strong interaction of the epoxy group with hydroxyl groups
358from the PAA binder and the Cu current collector. This result
359confirms one of our initial material design ideas, that is,
360introducing an epoxy group onto the surface of nanosilicon
361particles will maintain the electrode integrity and thus exert a
362positive impact on the electrochemical performance.

4. CONCLUSIONS

363Surface-functionalized SiNPs were designed and synthesized
364via a silanization reaction between functional trialkoxysilane
365and Si−OH-enriched SiNPs. The epoxy-functionalized SiNPs
366showed much improved performance compared with the
367pristine and methyl-substituted Si particles because of the
368formation of covalent bonding between the epoxy group and
369the hydroxyl group from the PAA binder. Furthermore, the
370surface functionalization protected the parasitic reactions of
371the LixSi with the electrolyte and enabled the reversible
372insertion and extraction of lithium with a much improved

Figure 8. (a) Adhesion strength of the Si anodes with pristine SiNPs, Si−OH SiNPs, epoxy-SiNPs, and CH3-SiNPs as active materials, and (b)
summarized data of average load per unit width (N/cm).
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373 initial capacity and capacity retention compared with the
374 anode prepared with pristine Si particles. Additionally, the
375 enhanced chemical stability of the functionalized silicon
376 particles enabled a successful aqueous slurry making/electrode
377 coating process with no observed gassing or foaming issues.
378 This research provided insight that the surface functionaliza-
379 tion on the particle level of the silicon anode is a feasible
380 approach to mitigate the parasitic reactions of the pristine Si
381 powder and LixSi with the electrolyte, tailor the formation and
382 chemical composition of the SEI, and manipulate the
383 interaction of active material with other electrode components
384 to enable Si anode materials in the next generation lithium-ion
385 batteries with improved electrochemical performance.
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