THE JOURNAL OF

PHYsICAL CHEMISTRY

mlk00 | ACSJCA | JCA11.2.5208/W Library-x64 | research.3f (R4.2.i1:4953 | 2.1) 2018/04/01 14:00:00 | PROD-WS-116 | rq_4819209 |

12/17/2019 22:12:59 | 6 | JCA-DEFAULT

Letters

pubs.acs.org/JPCL

 Probing the Evolution of Surface Chemistry at the Silicon—
. Electrolyte Interphase via In Situ Surface-Enhanced Raman

s Spectroscopy

+ Yeyoung Ha,"” Bertrand J. Tremolet de Villers,” Zhifei Li,"” Yun Xu,” Paul Stradins, Andriy Zakutayev,

s Anthony Burrell, and Sang-Don Han*

6 Materials and Chemical Science and Technology Directorate, National Renewable Energy Laboratory, 15013 Denver West Parkway,

7 Golden, Colorado 80401, United States

s @ Supporting Information

9 ABSTRACT: We present a novel spectroscopic technique for in situ Raman microscopy
10 studies of battery electrodes. By creating nanostructures on a copper mesh current
11 collector, we were able to utilize surface-enhanced Raman spectroscopy (SERS) to
12 monitor the evolution of the silicon anode—electrolyte interphase (SiEI). The spectra
13 show reversible Si peak intensity changes upon lithiation and delithiation. Moreover, an
14 alkyl carboxylate species, lithium propionate, was detected as a significant SiEI
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15 component. Our experimental setup showed reproducible and stable performance over

16 multiple cycles in terms of both electrochemistry and spectroscopy.

17 Silicon (Si) is one of the promising anode materials to
18 replace graphite for advanced lithium-ion batteries (LiBs)
19 owing to its high theoretical capacity (4200 mAh/gg vs 372
20 mAh/ ggraphite) , relatively low operating voltage (~0.4 V vs Li/
21 Li* hereafter), and high natural abundance (the second most
22 abundant element in the earth’s crust)."”” Due to the repetitive
23 large volume expansion (up to 400%) and contraction during
24 lithiation and delithiation, however, the surface of Si and the
25 silicon—electrolyte interphase (SiEI) layer fracture upon
26 cycling, which causes continuous exposure of a fresh Si surface
27 and subsequent decomposition of electrolytes. Such intrinsic
28 behavior of Si results in the evolution of the SiEl and
29 formation of a thicker and progressively less ion conductive
30 SiEI layer throughout the charge/discharge cycles, causing cell
31 resistance increase and significant capacity fade. To utilize the
32 great potential of Si anodes for the development of next-
33 generation LiBs, it is essential to understand, first, the nature
34 and (electro)chemical evolutions in surface chemistry within
35 the SiEl during cycling using in situ observation techniques.
36 Then, on the basis of obtained fundamental understanding of
37 the SiEl, strategies to stabilize the SiEI (e.g., electrode surface
38 modifications, functional electrolyte additives, etc.) can be
39 explored to improve the electrochemical performance of Si
40 anodes.

41 Raman spectroscopy is a powerful tool for studying both
42 electrodes and electrode—electrolyte interphases as it provides
43 structural as well as chemical information. In addition, it is a
44 nondestructive analysis technique and is able to characterize
45 various types of samples, including an amorphous thin film.>*
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Moreover, Raman spectroscopy is advantageous to study a Si 46
(or Si—graphite composite) anode in a specific electrolyte as it 47
can successfully monitor the signals from electrode compo- 48
nents (ie., Si, graphite, binder, and conductive carbon) and 49
electrolyte components (i.e., lithium salt and solvents) based so
on a well-established reference library for them. In order to s1
truly understand the chemistry and nature of the SiEl s2
however, it is critical to perform in situ measurements as the s3
SiEI is prone to change once the cell is disassembled and the s4
electrode surface is exposed to ambient atmosphere. Further, ss
postprocessing of the electrodes for the ex situ measurements s6
may introduce artifacts.” There are several reported studies s7
utilizing in situ Raman spectroscopy for analyzing Si composite ss
electrodes and Si nanowires.””” 59

To enhance the Raman signal-to-noise ratio, some studies 60
employed surface-enhanced Raman spectroscopy (SERS)' s
and shell-isolated nanoparticle-enhanced Raman spectroscopy 62
(SHINERS)."" Both techniques utilize enhancement of the 63
local electromagnetic field, resulting from interactions between 64
localized surface plasmons on the nanomaterial surfaces and 65
the excitation laser source, to increase the intensity of the 66
Raman scattering from the surface adsorbates.” Indeed, 67
through the surface enhancement, the authors observed ss
stronger signals from the Si and possible SiEI component 69
peaks (mostly Li,CO;) during the first half-cycle. However, 70
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these previous works observed only the disappearance of a
crystalline silicon (c-Si) peak during lithiation and not its
reappearance upon delithiation due to the formation of a thick
SiEI layer, which blocks the Raman scattering signal from the
Si and/or the amorphization of c-Si, and a low signal-to-noise
ratio of the amorphous silicon (a-Si) peak. Further, no clear
evidence of the evolution of SiEI upon cycling was reported. A
study by Tardif et al. reported reversible c¢-Si peak intensity
changes up to the second lithiation, but the authors did not
present other peaks associated with the decomposed electro-
lyte species or the SiEl, focusing instead on the mechanical
behavior of the Si.'> To the best of the authors’ knowledge,
there have been no previous literature reports on the in situ
observation of the reversible electrochemical evolution of Si
upon lithiation and delithiation over a long-term operating
condition to elucidate the decomposition of electrolytes and
the formation/dissolution of SiEI components.

In this study, we introduce a new electrode fabrication
method to enable SER scattering and measure SERS spectra in
situ with electrochemical cycling. This experimental setup
enables successful monitoring of the reversible electrochemical
behavior of an a-Si thin film electrode and newly formed alkyl
carboxylates (R-COO~) within the SiEl originating from
electrolyte decomposition over repeated cycles. Instead of
incorporating SERS-active nanoparticles into the electrode, as
previously reported,"”'" a nanostructured (roughened) Cu
mesh current collector is used as the source of plasmon
enhancement. The a-Si thin film is then deposited on the
roughened Cu substrate. Our in situ electrochemical cell
consists of the a-Si/roughened Cu mesh working electrode and
a Li metal foil counter/reference electrode assembled in a coin-
type cell configuration with a separator in between (Figure 1a).
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Figure 1. Enhancement of the surface signal from a roughened Cu
substrate. (a) Schematic diagram of the SERS experimental setup. (b)
SEM images of roughened Cu mesh. (c) Raman spectra of Si
electrodes fabricated with SERS-active (rough) vs -inactive (smooth)
substrates. The spectra were obtained with a Raman microscope,
using 632.8 nm He—Ne laser excitation.

It is noted that a Cu mesh, instead of a Cu foil, was used as a
current collector to enable Raman measurements through the
sapphire window from the top, while allowing electrolyte to
surround the electrode. A previously described electrochemical
roughening procedure'* was performed on the Cu mesh to
create nanostructures that induce surface plasmons. The SEM
image of Cu mesh (Figure 1b) shows nanostructures of 100—
150 nm sizes, which will exhibit the surface plasmon resonance
with a 633 nm laser excitation source.>'® The roughened Cu
mesh was dried under dynamic vacuum overnight and
transferred into an Ar-filled glovebox, where approximately
30 nm of a-Si was deposited on both sides of the mesh using a
physical vapor deposition method.'”'® The Si/Cu electrode
was kept under an inert atmosphere throughout the entire
experimental process to minimize the formation of silicon
oxides (SiO,). Figure lc shows the Raman spectra of pristine
Si electrodes fabricated with roughened vs smooth substrates.
About a 7 times more intense a-Si peak (centered around 470
cm™1)" is observed with the roughened Cu substrate using a
633 nm laser. Notably, in the presence of the electrolyte, the a-
Si peak is visible only from the SERS-active (rough) substrate
as the a-Si signal is masked by a large fluorescence from the
bulk electrolyte.

To aid our analysis of the in situ Raman measurements, we
first constructed a reference library of Raman spectra for the
components of Gen2 electrolyte—1.2 M lithium hexafluor-
ophosphate (LiPF¢) in ethylene carbonate (EC):ethyl methyl
carbonate (EMC) (3:7 wt %)—used in this study. For the neat
electrolyte measurements, a 532 nm laser was used to obtain
stronger signals. Figure 2 shows baseline-corrected Raman
spectra of the prepared electrolytes and single/binary
solvent(s) combinations: 1.2 M LiPF, in EMC or EC, EMC,
and EC/EMC (3:7 wt %). Detailed peak assignments for the
electrolyte components and their coordination with a Li*
cation are presented in Table S1.

In situ SERS spectra of an a-Si thin film electrode within the
SiEI region were collected during the galvanostatic cycling
(0.01—1.5 V) with a 15 pA applied current (ca. ~0.5 C; see the
Supporting Information for details), as shown in Figure 3. The
electrochemical behavior of the a-Si thin film electrode agrees
well with previous reports,"**>>" where the lithiation starts at
around 0.3 V and continues until the assigned cutoff voltage
(0.01 V). Further, a significant amount of irreversible capacity
loss is observed after the first delithiation, primarily due to the
electrolyte reduction and resulting SiEI formation with a high
surface area a-Si thin film on the Cu mesh. In the second cycle,
the irreversible capacity loss is much less compared to that of
the first cycle due to the formation of SiEl in the first cycle,
which prevents further electrolyte reduction. In addition,
Figure S1 demonstrates that the electrochemical performance
of our in situ cell is comparable to that of coin-type cells with
the same electrode, which indicates that our in situ cell
provides reliable electrochemical data.

Figure 3a,b presents in situ SERS spectra collected during
the first and second cycles. The data are shown in two selected
wavenumber regions, 300—600 cm™ for a-Si and 1400—1700
cm™" for alkyl carboxylates (R-COO~), one representative of
the SiEI components. Each different-colored circle on the
voltage profiles indicates the voltage at which the same-colored
SERS spectrum was acquired. The full acquisition range (350—
2000 cm™!) spectra are shown in Figure S2. Prior to the
lithiation of Si (at around 0.3 V) in the first cycle (Figure 3a), a
strong a-Si peak at 470 cm ™" is observed. This peak disappears
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Figure 2. Baseline-corrected reference Raman spectra of EMC, EMC + LiPFy, EC/EMC, and EC + LiPF, and peak assignments (unassigned peaks
are from the sapphire window). These spectra were obtained using a 532.0 nm Nd:YAG laser excitation source.
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Figure 3. Galvanostatic cycling voltage profiles and corresponding in situ SERS spectra collected at specific voltages: (a) first cycle and (b) second
cycle. The spectra were obtained using a Raman microscope, using 632.8 nm He—Ne laser excitation, and all spectra were baseline-corrected.

166 as a-Si is lithiated (at 0.2 V) and converts to Li Si.*' The
167 decrease in the Raman peak intensities upon lithiation of Si
168 and formation of Li,Si can be attributed to reduced laser
169 penetration depth in the Li,Si species, as reported in a previous
170 study.'” The a-Si peak reappears after delithiation (at 1.1 V).

C

The same reversible behavior is observed in the second cycle 7,
(Figure 3b) and in additional cycles (Figure S3). The a-Si peak 7,
intensity change is fully reversible in the second cycle, while ;73
the peak intensity is not fully recovered in the first cycle. This ;-4
behavior manifests the greater irreversible capacity loss in the 175
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176 first cycle resulting from the electrolyte reduction and/or the
177 SiEI formation on the surface of the Si anode. Indeed, the peak
178 intensity ratios before and after one full cycle (intensity at 1.5
179 V after delithiation/intensity at 1.5 V before lithiation) are 0.58
180 and 1.00 during the first and second cycles, respectively, and
181 the capacity ratios (delithiation capacity/lithiation capacity)
182 are 0.58 and 0.91 during the first and second cycles,
183 respectively (Table S2, average values from two different sets
154 of experiments). Not only do the peak intensity ratio and the
185 capacity ratio show the same trend, but also their values have
186 less than 10% difference, exhibiting direct correlations.

187 Another interesting feature in the in situ SERS spectra is a
188 reversibly evolving new peak at 1565 cm™" during galvanostatic
189 cycling. During the first discharge (Figure 3a), this peak begins
190 to appear at around 0.8 V, which is a known carbonate
191 electrolyte reduction potential.”>** At first glance, it may seem
192 that the 1565 cm™" peak can be attributed to the substrate due
193 to the overlap with a peak at 1600 cm™ from Cu mesh, which
194 appears in the initial stage. However, the following statements
195 exclude such a possibility: (1) the 1600 cm™ peak disappears
196 in the first half-cycle and never reappears during subsequent
197 cycling, while the 1565 cm™ peak shows reversible evolution
198 during lithiation and delithiation during up to 10 cycles; and
199 (2) when only the roughened Cu mesh substrate (without
200 deposited Si) was cycled at different voltages (Figure S4), the
201 1600 cm™' peak disappeared upon applying more negative
202 voltages (open-circuit voltage — 1.0 V — 0.01 V), and no new
203 peak was observed at 1565 cm™" when the voltage was reversed
204 (back to 1.0 V). Thus, it can be concluded that the reversible
205 evolution of the 1565 cm™ peak results from the electro-
206 chemical reactions of electrolyte with a-Si. During the second
207 cycle (Figure 3b), the 1565 cm™' peak intensity change
208 synchronizes with that of the a-Si peak.

200 To elucidate the origin of the 1565 cm™! peak, we utilized
210 ATR-FTIR (attenuated total reflection-Fourier transform
211 infrared) spectroscopy. In the ATR-FTIR spectrum of the
212 cycled electrode (red line in Figure SS), we observed a peak at
213 1565 c¢cm™. In addition, another peak at 1430 cm™ was
214 detected, which was not clearly detected in SERS spectra due
215 to overlapping bulk electrolyte peaks. The two peaks at 1565
216 and 1430 cm™' can be assigned to the asymmetric and
217 symmetric COO™ stretching modes, respectively.”* These
218 peaks are absent in the ATR-FTIR spectrum of the electrolyte
219 collected from the disassembled cell after cycling (black line in
220 Figure SS), indicating that these carboxylate species are formed
221 on the Si electrode surface. In addition, a previous ATR-FTIR
222 study by Shi et al. also assigned the 1565 cm™ peak to lithium
223 propionate.”” Thus, on the basis of the results from our ex situ
224 measurements and on the literature, we attribute the 1565
25 cm™' peak, observed in both FTIR and Raman, to alkyl
226 carboxylates (R-COO™), most likely from the formation of
227 lithium propionate as a SiEl component through the
228 decomposition of EMC. We note that this is the first report
229 on the observation of reversible evolution of a SiEI component
230 via in situ Raman spectroscopy with a definitive peak
231 assignment. Further, the shape of the peak, which is rather
232 broad, suggests the existence of different carboxylate
233 conformations. Recent tip-enhanced Raman spectroscopy
234 (TERS) study by Nanda et al. showed that different binding
235 configurations of carboxylate groups on a-Si (e.g,, bridging,
236 bidentate, and monodentate) appear as multiple peaks in the
237 wavenumber region between 1450 and 1650 cm™.*°
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Searching for additional new peaks possibly attributed to 238
decomposed species of reduced electrolytes and/or newly 239
formed SiEI components and changes in the energy or 240
intensity of peaks originating from Li" cation (in)coordination 241
with solvent(s), we performed up to 10 additional cycles and 242
lowered the galvanostatic current from 15 to 7.5 uA. However,
long-term cycling did not reveal any additional peaks besides
the reversible a-Si and R-COO™ peaks, as shown in Figure S3.
In situ SERS spectra collected during the first and sixth cycles
with a lower current (7.5 uA) demonstrated almost the same
spectral features as before (Figures S6 and S7). Despite
detailed analysis of the peaks associated with the electrolyte
components (PFs~ anion and EC or EMC solvents in Table
S1), there were no new peaks, peak energy shifts, or peak 251
intensity changes of electrolyte components’ vibrational modes
and/or coordination with Li* cations in the in situ spectra. One
possible explanation for limited peak detection is that the 254
strong signals from a relatively large amount of a bulk 2ss
electrolyte (~0.5 mL) and/or the fluorescence background 256
from unidentified chemical complexes could mask the subtle 257
changes in the interfacial electrolyte signals.””*® Additionally, 2ss
the reason that we are only detecting the carboxylate group 259
may be due to the strong binding of COO™ to the surface of 260
the Si anode compared to the other SiEI components.”’ 261

In situ monitoring of the SiEI—a layer only tens of nm thick 262
with chemical complexity, high reactivity, continuous evolu- 263
tion, and even low spectroscopy sensitivity—is a significantly 264
challenging task, but it is a “holy grail” to provide mechanistic 265
and fundamental understanding of SiEl in advanced battery 266
research.”” Albeit some technical limitations remain to be 267
address in the future, our newly developed in situ SERS 26s
technique has a great potential for other applications. For 269
example, the chemical specificity of the Raman measurement 270
with enhanced signals and the well-defined reference library 271
can be used to characterize the surface chemistry, evolution,
and electrolyte solution structures (e.g, (de)solvation of Li*
cations) at a modified or functionalized Si electrode surface.
The spectroscopic observations can then be correlated to the
electrochemical performance of the electrode. In addition to
those Si anodes, our in situ cell can be utilized to analyze
porous composite cathode materials, in particular, a cathode—
electrolyte interphase, with respect to their natural (electro)-
chemical reactions in the battery system. 280

In summary, we report a novel spectroscopic technique for 251
in situ studies of the electrode—electrolyte interphase. By 282
utilizing a Cu mesh with surface nanostructures as the current 2s3
collector, we successfully employed in situ SERS to monitor 284
the evolution of the Si anode—electrolyte interphase. 2ss
Specifically, in situ measurements showing reversible Si peak 2s6
intensity changes upon lithiation and delithiation are 287
demonstrated. Moreover, alkyl carboxylate species (lithium 288
propionate) were detected as one representative of the SiEI 289
components. Our experimental setup showed reproducible and 290
stable performance over multiple cycles in terms of both 201
electrochemistry and spectroscopy. Therefore, our newly 202
developed method establishes a framework to provide valuable 293
information regarding the evolution of surface chemistry at the 294
SiEI that can greatly benefit the stabilization of SiEI toward 295
development of advanced silicon-based LiBs. Finally, we 296
emphasize that this technique is applicable to other battery 297
systems and the electrode—electrolyte interphase contained 29s
within. 299
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