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ABSTRACT
In this work we report the solid reaction products from the chemical reaction of aprotic 

battery electrolyte and three purported components of the Si-based anode SEI: SiO2 nanoparticles 
(NPs), lithium silicate (LixSiOy) powders, and Si NPs. We use FTIR and classical molecular 
dynamics/density functional perturbation theory to assess the solid products remaining with these 
model materials after exposure electrolyte. The absence of electrochemical bias provides a view 
of the chemical speciation resulting from early-stage chemical reactivity during the first stages of 
battery assembly as well as under open circuit storage conditions. We believe these species 
represent the initial stages of SEI growth and predict they likely drive subsequent chemical and 
electrochemical reactions by controlling molecular interactons at the Si active material interface. 
We find that nominally equivalent materials react differently even before any electrochemistry is 
performed (e.g., acidic SiO2 dissolves whereas alkaline SiO2 is relatively robust), and derive new 
understanding of the chemical species that could and could not form stable SEI components in Si-
based anodes. These results can be used to inform how to passivate Si anode surfaces and 
potentially generate an artificially engineered SEI that would be stable and enable next-generation 
battery anodes.
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Introduction
Silicon (Si) is an attractive potential replacement for the graphite active anode material in 

lithium (Li)-ion batteries since Si offers an order of magnitude greater gravimetric capacity and 
does not suffer from resource limitations compared with graphite.1, 2 However, Si-based anodes 
typically suffer from short cycle and calendar lifetimes that have limited their commercial 
viability. The degradation processes causing instabilities in Si-based anodes are only recently 
being uncovered and arise in part from the volumetric expansion/contraction during 
lithiation/delithiation.1, 2 Another important factor is that electrolyte mixtures that have been 
optimized for graphite anodes, generally a combination of linear or cyclic carbonates (e.g., 
ethylene carbonate, propylene carbonate, dimethyl carbonate) and a Li salt (e.g., lithium 
hexafluorophosphate), undergo both chemical and electrochemical reactions at the Si surface 
owing to the unique chemistry of Si cf. graphite. These reactions occur immediately following 
introduction of electrolyte and during charging and discharging cycles to form a solid-electrolyte 
interphase (SEI), which is composed of a mixture of both organic (reduced electrolyte) and 
inorganic (lithium salts, oxides, etc.) components. The SEI plays a key role both in managing the 
Li-ion inventory and passivating the Si surface, and understanding the combined chemical and 
electrochemical reactions leading to its formation are critical to developing strategies for 
improving Si-based anode performance. 

Many techniques have been been developed to probe the nature of the electrochemically-
generated SEI, with recent progress characterizing the ratio and spatial location of organic and 
inorganic species via neutron reflectivity (NR),3 X-ray photoelectron spectroscopy (XPS),4-6 
scanning spreading resistance microscopy (SSRM) and time-of-flight secondary ion mass 
spectrometry (ToF-SIMS),7, 8, surface- and tip-enhanced Raman spectroscopy (SERS and TERS),9, 

10 and classical molecular dynamics/quantum chemical calculations.11 These studies are coming to 
a consensus that the initial SEI formation under electrochemical bias involves primarily organic 
species from electrolyte reduction, which under further cycling becomes thinned at the expense of 
inorganic phases such as lithium silicates (LixSiOy), lithium oxide (Li2O), lithium peroxide (Li2O2), 
lithium hydroxide (LiOH), and lithium carbonate (Li2CO3).

Whereas the inorganic phases can be chemically identified using these spectroscopic 
methods, the nature of the organic species is more difficult to discern. Several works have made 
use of Fourier transform infrared spectroscopy (FTIR) to evaluate the organic SEI as well as 
electrolyte chemistry due to the many IR-active vibrational modes of both salts as well as carbonate 
solvent comprising the electrolyte and its decomposition products (i.e., the SEI). The carbonyl 
(C=O) stretching frequency in particular is sensitive to its chemical structure including 
coordination by Li+ cations and therefore yields information regarding the makeup of organic 
carbonyl-containing species making up the SEI. For example, Yang et al. characterized SEI 
evolution via FTIR on planar Si and a carbon/nano-Si composite electrodes, respectively, as a 
function of bias.12 Ex-situ studies of solid material left on the Si-based anode surface have provided 
extremely valuable pictures of the insoluble species following electrochemical cycling.13 Model 
studies on the reactivity of suspected carbonate-based SEI components with electrolyte have 
shown the inherent (in)stability of individual species making up the SEI and their decomposition 
to a range of products including CO2, LiF, phosphates, and fluorophosphates.14 Operando 
measurements have shed light on the early-stage SEI growth as a function of potential, with 
diethylcarbonate (DEC) reduction to ethoxides occurring at ~1.5 V and ethylene carbonate (EC) 
reduction to poly-EC and lithium ethylene decarbonate (LiEDC) initiating at ~0.5 V vs Li/Li+.15
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In addition to understanding the species that result from electrochemical reactivity, 
chemical reactivity is critical knowledge that impacts both the early-stage SEI formation as well 
as the calendar life stability.  The native chemistry at the silicon|electrolyte interface will strongly 
impact the reactivity with electrolyte that occurs immediately following addition of electrolyte 
during the battery assembly process. Likewise, chemical species that are unstable in the electrolyte 
and react spontaneously at ambient temperature will never provide a stable SEI and will result in 
SEI dissolution and calendar life instability.

In this report, we focus on the chemical reactivity processes to better understand the 
chemical species that result in beneficial passivation of the Si active material surface and those 
that should be avoided to ensure long-term stability. We select three different model Si anode 
materials for our investigation: Si nanoparticles (NPs), SiO2 NPs, and LixSiOy powders. These 
model systems represent native chemistries at the silicon active material surface as well as known 
SEI components following electrochemical cycling. We use FTIR spectroscopy and classical 
molecular dynamics (MD)/density functional perturbation theory (DFPT) to assess the solid 
products remaining with the model materials after electrolyte exposure. We find that nominally 
equivalent materials react differently even before any electrochemistry is performed (e.g., acidic 
SiO2 dissolves whereas alkaline SiO2 is relatively robust), and that certain molecular species at the 
Si surface (silyl ethers) are stable whereas others (silyl esters and silicon hydrides) are not. Thus, 
we derive a new understanding of the chemical species that could and could not form electrolyte-
stable SEI components in Si-based anodes – providing useful insights into future SEI engineering 
strategies.

Results and Discussion
The results from this study emphasize the importance of fundamental studies to better clarify SEI 
formation reactions and how these ultimately impact the SEI growth and dissolution both under 
electrochemical polarization and storage at open circuit. Model Si anode materials are exposed to 
either 1.2 M LiPF6 in EC or the so-called Gen2 comprised of 1.2 M LiPF6 in 3:7 (w/w) EC/EMC 
(EMC = ethyl methyl carbonate) electrolytes at ambient temperature under argon atmosphere for 
1–3 days and subsequently washed with a toluene/acetonitrile mixture to remove excess 
electrolyte. The solid material collected following the washing step is then deposited on a reflective 
substrate and interrogated via diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS, hereafter referred to simply as FTIR). In this way, we can glean information on both the 
chemical reactivity of the powdered samples with electrolyte as well as the insoluble products from 
these reactions.

Scheme 1 shows the primary conclusions from this work: (1) different forms of SiO2 
exhibit substantially different chemical reactivity with electrolyte; (2) different phases of lithium 
silicates LixSiOy, a potential SEI component, react distinctly with electrolyte; (3) silicon hydride 
*SiHx species on the surface of Si NPs (where *Si denotes a surface Si atom) are highly reactive 
with electrolyte and form a range of electrolyte decomposition reactions; and (4) silyl esters *Si–
OC(O)R' are unstable against electrolyte whereas silyl ethers *Si–OR are much more stable (R, R' 
= hydrocarbon). In the subsequent sections we present the experiments and data that lead to these 
conclusions.
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Scheme 1.  Summary of surface functionalities idenfied via FTIR spectroscopy from reaction 
between Si NPs, SiO2 NPs, or LixSiOy powders and LiPF6 carbonate eletrolytes in this work. In 
the Si NP cartoon, Si = orange, H = white, and O = red.

The two electrolytes used in this study are 1.2 M LiPF6 in ethylene carbonate (EC) as well 
as Gen2 electrolyte. The FTIR spectra of related electrolytes have been characterized in part 
previously, but we were unable to find complete characterization essential to the present study, 
particularly for EMC-based electrolytes. Thus, FTIR data and peak assignments for both 
electrolytes are presented in Figure 1 and Table 1. The electrolytes exhibit clear evidence of 
substantial coordination of carbonate solvent to the Li+ cation via conventional solvent-separated 
ion pair (SSIP) [Li+(EC)6–x(EMC)x]PF6

– as well as contact ion pair (CIP) [Li+(EC)5–x(EMC)xPF6
–] 

structures (see Fig. S1).16-18 
For the carbonate modes, FTIR data do not distinguish between SSIP and CIP coordination, 

only between carbonates coordinated to Li+ and uncoordinated carbonates not bound to Li+ (i.e., 
coordinated carbonates form the first solvent shell around Li+ and uncoordinated carbonates are 
the “free” solvent; see Fig. S1). For the 1.2 M LiPF6 electrolyte (blue spectrum, Fig. 1), our data 
are consistent with previously assigned uncoordinated (uc) and coordinated (c) EC carbonyl 
stretching (C=O) modes at 1797 and 1763 cm–1, respectively. Similar differences between c and 
uc EC populations are apparent in the C–H modes from 1371–1481 cm–1, the C–O modes from 
1069–1306 cm–1, and the C–H and C=O EC ring modes from 716–775 cm–1. From the intensity of 
c and uc peaks at this 1.2 M LiPF6 concentration, it appears that substantially more EC is the c 
versus uc state. The Gen2 FTIR spectrum is significantly more complex, with modes from both 
EC and EMC apparent in these same spectral regions (red spectrum, Fig. 1). Whereas the C=O EC 
modes shift to slightly higher energies relative to those in 1.2 M LiPF6 in EC electrolyte, the other 
EC modes are unchanged, suggesting the strongest solvent effects occur on the C=O frequency as 
would be expected from Li-ion coordination via this functional group.

Making quantitative assessment from these EC carbonyl uc/c ratios from the C=O region 
is complicated by overlapping EC ring overtone modes,19-21 and similar complications exist in 
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most other parts of the spectra. However, Henderson and coworkers have proposed that the integral 
area of the C=O EC ring bending modes (observed here at 728 and 716 cm–1 for c and uc, 
respectively) can be used to quantify the ratio, provided the integrated peak areas are further scaled 
by a factor determined by DFPT calculations to determine the population (because c and uc states 
have different IR absorption oscillator strengths).22 Applying this scaling factor to our data, we 
find that the EC uc/c ratio changes from 0.64 in 1.2 M LiPF6/EC to 0.47 in Gen2 electrolyte. Thus, 
the presence of EMC in the Gen2 electrolyte drives far more EC into the coordinated state despite 
EC’s far lower concentration (30 wt%; cf. 70 wt% for EMC) in the Gen2 electrolyte.

Two major conclusions can be drawn from these data. First, EC appears to outcompete 
EMC for Li-ion coordination, with the EC uc/c ratio of 0.47 and that for EMC 0.72 in Gen2 
electrolyte. Otherwise, if the Li-ion binding affinities for EMC and EC were similar, we would 
expect similar uc/c ratios of ~0.64 (the uc/c ratio in 1.2 M LiPF6 in EC) for each carbonate in both 
electrolytes. This result concurs with the established preference for Li-ion coordination by cyclic 
EC versus linear dimethyl carbonate (DMC) from gas-phase chemistry and QC and ab initio MD 
simulations.22 A second major conclusion can be drawn by close inspection of the P–F modes at 
840 and 871 cm–1, where the former represents the P–F stretch associated with PF6

– in the SSIP 
and the latter higher energy stretching frequency with that of the CIP. Based on the spectra in 
Figure 1, we find that it is possible to resolve the relative SSIP/CIP ratios in these two electrolytes. 
For the 1.2 M LiPF6 electrolyte, an intense peak at 840 cm–1 from the P–F stretching mode for the 
SSIP dwarfs that of the CIP at 871 cm–1 (blue spectrum, Fig. 1). In contrast, the presence of EMC 
in the Gen2 electrolyte results in a much greater amount of the P–F stretching mode for the CIP 
(red spectrum, Fig. 1). This result clearly shows that Gen2 contains more CIPs than 1.2 M LiPF6 
in pure EC electrolyte, which is dominated by the nearly exclusive SSIP structure around the Li-
ions consistent with our recent report showing an 88/12 SSIP/CIP ratio in 1.2 M LiPF6 in EC.11 
Since more CIPs reduce the total Li-ion coordination number, this result also means that the above 
calculation of the EMC uc/c ratio of 0.72 is an overestimation of the ability of EMC to coordinate 
Li-ions, and the actual EMC uc/c ratio is likely greater (i.e., less c EMC in Gen2 electrolyte).

The experimental results are further compared with theoretical calculation results where 
two electrolyte systems—1.2 M LiPF6 in EC and the Gen2 electrolyte—were simulated using 
classical MD. The Gen2 electrolyte exhibits a much higher degree of CIP (more than 30%) 
formation as compared to 1.2 M LiPF6 in EC electrolyte (12%), which is consistent with the FTIR 
results. 
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Figure 1.  ATR-FTIR spectra of 1.2 M LiPF6 in EC (blue) and Gen 2 (red) electrolytes. Peak 
positions in blue are unique to 1.2 M LiPF6 in EC, those in red are unique to Gen 2, and those in 
black marked with dashed gray lines are common to both spectra. Assignments for all peaks are 
given in Table 1.
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Table 1.  Infrared frequency band assignments for 1.2 M LiPF6 in EC and Gen 2 electrolytes.  
Carbonate complexation of the Li+ cation from both conventional tetra-coordination of the Li 
cation via four carbonate solvent molecules [Li+(EC)4–x(EMC)x]PF6

– as well as contribution from 
the contact ion pair [Li+(EC)3–x(EMC)xPF6

–] are evident in the spectra. Some assignments in this 
work were made by comparison to the FTIR spectra of dimethylcarbonate (DMC)23 and methyl 
tert-butyl ether (MBTE).24 s = strong; m = medium; w = weak; v = very; sh = shoulder.

Observed Frequency (cm–1) Assignment Source
1965 (vw) EC combination of 1069 cm–1 + 894 cm–1 25

1863 (vw) Not assigned
1807 (m)  C=O, EMC-EC, uncoordinated (uc) This work 
1797 (s)  C=O, EC, uc and overtone of 893 cm−1 18, 25, 26

1773 (m) s C=O, EMC-EC, coordinated (c) This work
1763 (vs) s C=O, EC, c 18, 26

1744 (s) s C=O, EMC-EC, uc This work
1716 (m) s C=O, EMC-EC, c This work
1555 (vw) EC overtone of 775 cm–1 25

1481 (w) s CH2 scissor, EC, uc 25, 26

1444 (m) a CH3 deformation, EMC (OCH2CH3 & OCH3), uc This work
1406 (w) s CH2 wag, EC, c 26

1391 (m) s CH2 wag, EC, uc 25, 26

1371 (m) s CH3 deformation, EMC (CH2CH3), uc This work
1306 (m)  C(O)–O, EMC, c This work
1265 (m)  C(O)–O, EMC, uc This work
1195 (m) a C(O)–O, ring EC, c 26

1159 (s) a C(O)–O, ring EC, uc 25, 26

1116 (vw) s C–O, ring EC, c This work
1069 (s) s C–O, ring EC and EMC, uc 25, 26

1020 (vw, sh) Not assigned
1008 (m) Not assigned
973 (m) s skeletal stretching, ring EC, uc 25, 26

936 (w) Not assigned
904 (w) EC ring breathing symmetric mode 19

894 (vw) s skeletal breathing, ring EC, uc 25

871 (w) s P–F, PF6
–, c via contact ion pair 17, 27

840 (s) s P–F, PF6
–, uc 17, 27

794 (m) Not assigned
775 (m) a CH2 rocking in-phase, EC, uc 25

741 (vw, sh) Not assigned
728 (w) s C=O bending in-plane, EC, c 19

716 (m) s C=O bending in-plane, EC, uc 19, 25

559 (w) s F–P–F bending, PF6
–, uncoordinated 28
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Silica.
FTIR spectra of samples before and after electrolyte exposure for three different forms of 

silica (SiO2) are shown in Figure 2: fumed SiO2 (0.2–0.3 m, Sigma-Aldrich, S5505), NanoAmor 
(Nanostructured & Amorphous Materials, Inc.) Silicon, and Stöber SiO2. Fumed SiO2 is a 
commercial product prepared by flame pyrolysis of SiCl4 in dry oxygen or air and thus gives a 
highly acidic form of SiO2. NanoAmor Silicon (30–50 nm; Stock# 0141JS) is a commercial 
product prepared by milling silicon and frequently has been used in battery research. We group 
this 30–50 nm NanoAmor Silicon with the SiO2 reactivity since our characterization of this 
material via solid-state 29Si NMR spectroscopy shows that it is comprised primarily (~80%) of 
SiO2 (Figure S3). Stöber SiO2 is prepared through a sol-gel process of controlled hydrolysis of 

Figure 2. FTIR spectra showing (a) Fumed SiO2, (b) NanoAmor 30–50 nm Silicon, and (c) Stöber 
SiO2 before (black) and after (red) exposure to Gen2 electrolyte.
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tetraethylorthosilicate that gives a more basic surface29 than fumed SiO2.
As shown in the blank spectra of as-received samples in Figure 2, before reaction with 

electrolye, all three samples exhibit broad absorption in the Si–O–Si stretching region from ca. 
1060–1210 cm–1 prior to reaction with electrolyte. This broad feature is characteristic of oxidized 
silicon and is derived from a complex surface structure resulting from geminal hydroxyl groups 
(Q2), free silanol groups (Q3), H-bonded silanol groups (Q3′), and siloxane groups (Q4) as 
charactized in our prior work.30 

Upon exposure to electrolyte and washing, the three different SiO2 samples react with 
electrolyte to give solid products in unique ways. First, we observe that a transparent, colorless 
solution is formed by soaking fumed SiO2 in Gen2 electrolyte for 24 h, suggesting that this highly 
acidic form of SiO2 completely dissolves. Following addition of non-poloar toluene and 
subsequent washing, a colorless solid precipitates that is comprised largely of intense peaks 
centered at 1265 and 1167 cm–1 with no prominent Si–O–Si stretching mode. Bellamy previously 
has assigned vibrations from CH3Si–O and RSi–O1.5 at 1260 and 1160 cm–1, respectively,31 and it 
is plausible that these species form a large part of the precipitated materials following reaction and 
precipitation. In addition, we observe an intense, broad new feature at ~730 cm–1 (red spectrum, 
Fig. 2a) and weak intensity peaks in the carbonyl (1816, 1788, and 1755 cm–1) and C–H bending 
(1481–1377 cm–1) regions. These data suggest that the solid precipitated from the dissolved fumed 
SiO2/Gen2 reaction does not contain appreciable amounts of carbonate byproducts. Regardless of 
the actual chemical makeup of the precipitated product, this experiment shows that acidic SiO2 is 
chemically unstable to Gen2 electrolyte.

Next, the as-received 30–50 nm NanoAmor particles exhibit the expected broad Si–O–Si 
stretch from ca. 1060–1210 cm–1 as well as distinct Si–H modes characteristic of surface hydrides 
from both clean (i.e., unoxidized) *SiHx at 2106 cm–1 as well as so-called “back-bonded” 
(Oy)*SiHx at ~2260 cm–1 (black spectrum, Fig. 2b),32, 33 which is a surface silicon hydride *Si–H 
where the surface silicon atom *Si also is bound to one or more oxygen groups (see Fig. S4 for a 
detailed view of the Si–H region and chemical structures for the back-bonded (Oy)*SiHx). 
Following reaction with electrolyte, the Si–H region changes substantially, with an increase in 
intensity of clean *SiHx relative to oxidized (Oy)*SiHx (red spectrum, Fig. 2b). The Si–O–Si 
stretching region also decreases in intensity, and an intense, broad new feature appears near 730 
cm–1. As with Fumed SiO2, these data suggest that the SiO2 on the NanoAmor particles dissolves 
in Gen2 electrolyte that ultimately gives rise to an insoluble species following the washing 
procedure with an intense IR signature at ~730 cm–1. The dissolution of silica surfaces is consistent 
with what has been reported previously in the literature using reflectometry.34 

Surprisingly, Stöber SiO2 particles with more basic surface chemistries (cf. fumed SiO2) 
display relatively low reactivity with Gen2 electrolyte. As shown in Fig. 2c, the Si–O–Si stretching 
region in Stöber SiO2 is minimally perturbed following exposure to electrolyte. Similarly, no 
feature at ~730 cm–1 resulting from SiO2 dissolution and precipitation is observed. These data are 
clear that acidic SiO2 is highly reactive toward Gen2 electrolyte, while more basic SiO2 is relatively 
stable toward electrolyte. Given the presence of acid (HF) in PF6-containing electrolytes and the 
fact that the vast majority of Si NPs used in Si-based anodes are heavily oxidized, the presence of 
SiO2 likely is a significant source of SEI instability. 

Lithium Silicates.
Similar to SiO2, lithium silicates of the molecular formula LixSiOy also are purported 

components of the SEI.5 Our prior theoretical work detailed the ternary phase diagram comprising 
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Li, Si, and O as well as the bulk moduli and electrochemical behavior of LixSiOy,5 and our prior 
experiments on amorphous thin film Li2Si2O5 showed significant chemical and electrochemical 
reactivity in Gen2 electrolyte after just 3 h.35, 36 Here we probe the chemical reactivity of crystalline 
lithium silicate powders of the Li2SiO3 and Li4SiO4 phases with Gen2 electrolyte and find that the 
crystalline Li2SiO3 phase shows significant reactivity – similar to the amorphous material – 
whereas the crystalline Li4SiO4 phase exhibits relatively less chemical reactivity toward electrolyte 
(cf. Li2SiO3 or amorphous Li4SiO4). As can be seen in Figure 3, lithium silicate FTIR spectra 
display many unique features distinct from SiO2. Whereas the SiO2 spectra contain few stretches 
above 1400 cm–1, both lithium silicate samples show stretches 1850–2100 cm–1 and 1300–1400 
cm–1 that are likely a result of carbonate impurities within the particles resulting from their 
synthesis.37 Following exposure to Gen2 electrolyte, the Li2SiO3 sample appears to coordinate 
either EC or EMC from the electrolyte as evidenced by key new features at 1814 and 1781 cm–1 
(comparable to the uc/c carbonyl stretching frequencies at 1807/1773 cm–1 in free Gen2 
electrolyte) and prominent C(O)–O stretching modes at 1300 and 1210 cm–1 (close to EMC and 
ring EC coordination modes at 1306 and 1195 cm–1, respectively, in free Gen2 electrolyte; see 
Figure 1 and Table 1). While this reactivity doesn’t appear to substantially change the Li2SiO3 
bulk, it does suggest that this material interacts strongly with carbonates. In contrast, very minimal 
differences between the Li4SiO4 sample before and after Gen2 electrolyte exposure are observed, 

Figure 3.  DRIFTS spectra showing Li2SiO3 (a) and Li4SiO4 (b) before (black) and after (red) 
exposure to Gen2 electrolyte.
suggesting that with this LixSiOy phase neither the bulk or surface are reactive toward electrolyte.
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The lack of bulk reactivity between lithium silicates and electrolyte observed via FTIR are 
corroborated by NR experiments. Here, three different silicate powders, Li2SiO3, Li2Si2O5 and 
Li4SiO4, were first loaded in a glove box and subjected to a 500 oC anneal for 2 h to remove water 
and any residual surface carbonates from synthesis. Next, the materials were soaked in Gen2 
electrolyte at 60 °C for 3 days, and washed with dimethylcarbonate (DMC, 15 mL aliquots) four 
times and drying under vacuum prior to loading into glass capillaries for NR data collection. Figure 
The black lines are the data collected for the pristine samples while the red dashed line shows the 
data after electrolyte exposure. From this data there is no evidence of changes to the bulk structure 
of the Li-Si-O materials. Furthermore, there is no evidence of the formation of an amorphous 
surface phase, on the crystalline materials, which would have manifested as new peaks and valleys 
in the data. Finally we find no evidence for significant concentrations of organic species in or on 
the sample, which would attenuate the neutron signal due the the absorption of neutrons by H.  

Together this indicates that crystalline Li-Si-O are very stable against the electrolyte. This 
is true at high temperatures where one would expect greater reactivity. Furthermore, we see no 
evidence of other significant lithium or organic phases trapped on the surface. This data does not 
exclude catalytic activity of the materials but does point to stability in the crystalline phase. This 
is in contrast to the data measured for amorphous materials reported previously which 
demonstrated significant electrolyte reactivity.

Silicon Hydrides, Esters, and Ethers.
Si NPs grown from the gas-phase decomposition of silane (SiH4) using the nonthermal 

plasma method38 exhibit clean, virtually oxide-free surfaces comprised of silicon hydrides *SiHx 
where x = 1, 2, or 3. Our previous works have mapped out the FTIR signatures,39 1H and 29Si NMR 
shifts,33, 40 radical-initiated surface reactivity for these NPs,41 as well as up to 97.9% capacity 
retention in half-cell configuration with water-processed Si NPs surface functionalized with 
oligo(ethylene oxide)-epoxy ligands.42 DRIFTS spectra of as-prepared SiHx-terminated Si NPs 
exhibit a broad peak corresponding to the Si−H stretching region (2000−2300 cm−1), with peaks at 
2138, 2110, and 2087 cm–1 characteristic of the *SiH3, *SiH2, and *SiH surface terminations,39 as 
well as Si–H scissor (910, 863 cm–1) and wag (669, cm–1) modes; additional longitudinal acoustic 
phonon modes TO are evident at 490 cm–1.43 (Fig. 4, black spectrum). As such, these plasma-
grown Si NPs provide a unique platform to study the chemical reactivity of silicon surfaces with 
Li-ion carbonate electrolytes. First, we note that these SiHx-terminated Si NPs (hereafter referred 
to simply as SiHx-Si NPs) are highly oxophilic and react spontaenously with oxygen sources at 
ambient temperature. For example, the slow development of SiO2 occurs over a period of weeks 
occurs when as-grown SiHx-Si NPs are stored in an argon-filled glove box via reaction with trace 
H2O/O2 impurities (Figure S6).

Given this extreme reactivity to trace O-containing species, it comes as no surprise that 
these SiHx-Si NPs are extremely reactive toward Li-ion carbonate electrolytes. Indeed, the FTIR 
spectra of SiHx-Si NPs following exposure to Gen2 electrolyte exhibit a multitude of new peaks 
corresponding to a range of Si–O species resulting from the this reactive surface and oxophilic 
nature of Si. As shown in Figure 4 (red spectrum), the Si−H stretching region features a new 
shoulder at 2244 cm–1 assigned to a “back-bonded” (Oy)*SiHx (the same functionality described 
for the NanoAmor Si NPs, Figs. 2 and S4).

Further insight into the nature of the surface is found in the C=O region, which shows low 
energy peaks at 1730 and 1681 cm–1 not present in the Gen 2 electrolyte. We assign the feature at 
1730 cm–1 to a *Si–OC(O)R' ester13, 44 and that at 1681 cm–1 — which is too low energy for an 
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anhydride, ester, ketone, or aldehyde — to carbonyl coordination to *Si. For example, the C=O in 
2-butanone is known to shift from 1712 cm–1 to 1687 cm–1 as well as give rise to an even lower 
energy carbonyl feature at 1610 cm–1 upon coordination to a surface *Si atom via a hypervalent 
interaction (i.e., a 5-coordinate Si*) in H,Cl-terminated Si NCs.45 To verify the assignment of the 
peak, DFPT calculations were performed to obtain the threoretical FTIR spectra of Si surface 
adsorbed EC molecules (Fig. S7). The model was built with a (111) Si slab and a EC molecule 
added above the slab with the C=O bond perpendicular to the slab surface. The spectra clearly 
shows a C=O peak for an EC coordinated to a *Si surface at a frequency of 1695 cm–1, which 
indicates that the low energy peak at 1681 cm–1 originates from the carbonyl coordination to *Si.

Similar to the carbonyl region, other regions of the FTIR spectrum show several new 
features. The C–H bending region exhibits two new intense peaks at 1457 and 1375 cm–1 likely 
resulting from ring-opening of EC46 and/or reaction with EMC via radical-based processes to give 
either alkoxy- or carboxylate-functionalized Si NCs. Smaller but still evident C(O)–O vibrations 
at 1294, 1257, 1239, and 1147 cm–1 at the high energy side of the very broad Si–O–Si feature 
centered at 1110 cm–1 demonstrate the complex nature of the surface species present following 
reaction of Gen2 with *SiHx-Si NCs (see Fig. S8). As-prepared *SiHx-Si NCs are additionally 
treated with 1.2 M LiPF6 in EC to compare its reactivity relative to Gen2. After this reaction, we 
observe similar C=O modes from *Si–OC(O)R ester and *Si–carbonyl coordination (1749 and 
1681 cm–1, respectively), C–H bends (1457 and 1375 cm–1), C(O)–O and/or R*Si–O stretches 
(1294, 1263 and 1147 cm–1), and the Si–O–Si mode (1092 cm–1; Fig. 4, blue spectrum). In summary, 
it is clear that these hydride-terminated *SiHx-Si NPs react strongly with carbonate electrolytes to 
generate a number of surface species corresponding to electrolyte reduction and oxidation that 
forms the initial SEI prior to polarization-induced SEI growth.

Figure 4.  Normalized FTIR spectra of *SiHx-Si NCs before (black) and after exposure to 1.2 M 
LiPF6 in EC (blue) and Gen 2 (red) electrolytes.
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Based on these results, we chose to intentionally modify the surface of plasma-synthesized Si NPs 
with ester (*Si–OC(O)R') or ether (*Si–OR) functionalities and subject these functionalized Si 
NPs to either 1.2 M LiPF6 in EC or Gen2 electrolytes using the same ambient temperature soaking 
conditions. In this way, we could explore the chemical (in)stability of silyl ester and ether 
functionalities to electrolyte. As-grown, hydride-terminated *SiHx-Si NPs are functionalized with 
benzoyl carboxylate (forming a silyl ester *Si–OC(O)R' where R' = phenyl, Ph) and tert-butoxide 
(forming a silyl ether *Si–OR where R = tert-butyl, tBuO) via organic peroxide-based chemistry 
(see Experimental section for full details). Figure 5 shows the critical Si−H stretching region of 
these functionalized Si NPs before and after exposure to electrolyte. From these data it is clear that 
electrolyte causes the “back-bonded” (Oy)*SiHx to disappear entirely from the silyl ester 
Ph(O)CO-Si NPs, whereas this species is retained for tBuO-Si NCs. This result shows that silyl 
ether groups *Si–OC(O)R' are unstable chemically against electrolyte, and that silyl ether *Si–OR 
groups are relatively chemically stable. This important conclusion means that chemical or 
electrochemical formation of silyl esters *Si–OC(O)R' is highly undesireable and will never lead 
to a stable SEI. This does not mean that Si NPs functionalized with silyl ether *Si–OR groups are 
a pancea providing a stable SEI, as additional complex reactivity with electrolyte is observed in 
the full spectral data (Fig. S9), presumably via reaction between residual surface hydrides *SiHx 
and electrolyte. Still, these results provide a window into the species that should and should not be 
incorporated into an artificially-engineered SEI.

Figure 5. FTIR spectra showing reaction of 1.2 M LiPF6 in EC (blue) and Gen 2 (red) electrolytes 
with Ph(O)CO–Si (a) and tBuO–Si (b) and NCs. The “back-bonded” (Oy)*SiHx, *SiH3, *SiH2 and 
*SiH stretches are marked by the dashed gray lines at 2250, 2138, 2110 and 2087 cm–1, 
respectively.
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Conclusions
In this report we detail the solid products resulting from chemical reactions between Li-

based carbonate electrolytes and SiO2, LixSiOy, and Si materials. The absence of electrochemical 
bias provides a view of the chemical speciation resulting from early-stage SEI growth during the 
first stages of battery assembly as well as under open circuit storage conditions. First, we provide 
comprehensive characterization of both 1.2 M LiPF6 in EC as well as 1.2 M LiPF6 in 30/70 (w/w) 
EC/EMC (i.e., Gen2) electrolytes. Second, we identify a number of key conclusions based on the 
chemical reactivity studies via FTIR spectroscopy and DFPT calculations. We find that acidic SiO2 
is highly reactive toward electrolyte, whereas alkaline SiO2 is more chemically stable. We 
additionally show that amorphous Li2SiO3 coordinates carbonate via a physisorbed interaction, 
whereas amorphous Li4SiO4 is comparably unreactive. Finally, we find that hydride-terminated Si 
nanoparticles are highly reactive with electrolyte, and that silyl ether surface functionalities are 
relatively robust whereas silyl esters are not. Ultimately, these results can be used to inform how 
to passivate Si anode surfaces and potentially generate an artificially engineered SEI that would 
be stable and enable next-generation battery anodes.
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