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22 Abstract

23

;g Si nanoparticles (SiNPs) are recognized as a promising anode material for next generation
26

27 high energy lithium-ion batteries. However, due to the more stringent requirements resulting
28

29 from severe volume change, the solid-electrolyte interphase (SEI) on SiNPs plays a critical
30

31 role in determining their cycling performance. Engineering the interface for higher stability
32

33 has become an effective yet challenging approach to accommodate the deterioration of the
34

;2 silicon anode from the repeated lithiation/delithiation process. Herein, we report a novel

;; approach of engineering a covalently bonded organic monolayer of ethylene carbonates onto
39

40 the surface of the SiNPs that can help form a sturdy SEI. This molecule-level surface

41

42 modification provides an effective approach to enable high energy density lithium-ion

43

44 batteries with Si anodes.

45

46

47

48 1. Introduction

49

g? While lithium-ion batteries (LIBs) have become widely utilized, new energy storage

52 . . . . .

53 technology with lower cost, higher energy density, and longer lasting cycle life and calendar
54

55 life is desired to ultimately enable global electrification and the construction of a self-

56

57 sustainable society.!* Silicon (Si) has been regarded as one promising candidate for next-
58 1

59
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generation anodes owing to its high specific capacity (3579 mAhg! for Li;;Siy),
approximately 10 times as high as that of the graphite anodes (372 mAhg!), as well as its

natural abundance and low toxicity.>-

However, the application of Si in anodes is hindered by its intrinsic huge volume change
(~300%) during lithiation, leading to Si particle pulverization and continuous fracture and
reformation of the solid-electrolyte-interphase (SEI), a passivation layer formed by the
electrochemical reduction of electrolyte on all low-potential Li-ion battery anodes.® ' One
plausible strategy to crack the Si particle pulverization issue is to reduce the particle size
down to nanoscale. It has been demonstrated that a particle size of <150 nm is a critical
threshold, below which the expansion could be mitigated, and above which fracture and
pulverization take place.!'-'* However, the high surface area (50 m?g') of the nanoparticles
causes a rapid capacity decay of LIB full cell when nano Si is used as an anode, due to the
tremendous surface reactions resulting in large consumption of lithium inventory.!>-!7 It has
been well-established that the SEI is an indispensable component in the battery, which
influences cycle life, calendar life and safety of the cell.!®-?! Therefore, tuning the SEI would

also be an effective way to manage the performance of cells containing Si anodes.

Given the crucial role of the SEI in a LIB, tremendous effort has been expended to understand

and develop functional electrolytes and additive for Si anodes.?* 2* Fluoroethylene carbonate
(FEC)?*26 is so far the most studied and effective additive, along with vinylene carbonate

(VC)?,vinyl ethylene carbonate (VEC)?® 2%,  difluoroethylene carbonate (DFEC)? silanes3!,

ethers®?, carboxylic anhydrides??, and organoboron compounds?®*. Although FEC helps extend

the capacity retention of Si anodes, their long-term stability is still far from practical

applications.

2
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The chemical composition and hierarchical structure of the SEI layers are not explicitly
understood due to their complexity and the limitation of current analytical techniques.
Recently, Huang et al. employed cryogenic transmission electron microscopy (cryo-TEM) to
analyze the SEI at liquid nitrogen temperature under which the chemical and morphological
information of the SEI are well preserved.® It is evident that without FEC additive, the SEI
formed on the Si anode generally follows the mosaic model as proposed by Peled ef al. for
graphite anode®¢, while with FEC additive, the SEI exhibits a layered structure as proposed by
Aubach et al.37-3% Additionally, FEC promotes the formation of an amorphous SEI comprised
of an organic poly(vinylene carbonate) (poly(VC)) deposition on top of the inner inorganic
LiF layer. This structure could accommodate large strain and the volume change of Si during

long-term cycling.

To this end, engineering an artificial SEI containing an organic layer on the surface of Si
anode seems an effective approach to tune and strengthen the SEI stability and thus enhance
the cell performance. In this paper, we introduce a new method of attaching an organic layer
of covalently bonded ethylene carbonate (EC) group onto the surface of silicon nanoparticles
(SiNPs) via a Pt-catalyzed hydrosilylation reaction. Surface EC groups regulate the SEI
formation and generate an SEI with desired chemical composition and hierarchical
morphology. The new engineered SEI is resilient as evidenced from the improvement of the
electrochemical cell performance and post-cycling analysis. Our research indicates that

surface functionalization is a feasible approach to improve the cycle life of Si anode.

2. Experimental Section

2.1 Materials

3
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3-(Allyloxy)-1,2-propanediol, diethyl carbonate, potassium carbonate and pristine SiNPs with
average particle size of 50 nm were purchased from Alfa Aesar; allyl methyl carbonate (Allyl-
MC) and platinum divinyltetramethyldisiloxane [Pt(dvs)] (2% in xylene solution solution)

were purchased from Sigma-Aldrich. All chemicals were used as received.

2.2 Synthesis of allyl functional precursor Allyl-EC

((Allyloxy)methyl)-1,3-dioxolan-2-one was synthesized as shown in Figure 1. 1 3-
(Allyloxy)propane-1,2-propanediol (5 g, 3.8 mmol) and diethyl carbonate (15.2 g, 12.9
mmol) and potassium carbonate (0.6 g, 4.3 mmol) were mixed in a two-necked round-
bottomed flask. The mixture was heated up to 120°C with stirring overnight. Once cooled
down to room temperature, the reaction mixture was filtered and then vacuum distilled (10
mmHg) to afford a colorless liquid product (78% yield). 'H NMR (500 MHz, Chloroform-d) &
5.90 - 5.84 (CH,=CH, 2H), 5.30 - 5.20 (CH,=CH, 1H), 4.82 (CH,, cyclic EC, 2H), 4.52 —

4.39 (CH, cyclic EC, 1H), 4.17 — 4.02 (CH-CH»-0,2H), 3.74 — 3.61(0-CH,-CH, 2H).

2.3 Synthesis of Functionalized SiNPs

The 50 nm pristine SiNPs (0.540 g) were dispersed in DI water (5ml) in a PTFE centrifuge
tube to form an evenly distributed suspension. 5 mL of hydrogen fluoride acid (HF) (48 wt %)
was then added to the suspension and the mixture was stirred for 15 min before being diluted
with DI water (20 mL). The SiNPs were then isolated by gravity filtration and the obtained H
terminated SiNPs (H-SiNPs) were dried in a vacuum oven overnight. HF is an extremely
dangerous chemical, and any experiment involving use of HF requires special training prior to
the experiment. PPE includes an anti-flame lab coat, safety goggles with full coverage at eye
area and two layers of gloves (inner layer: nitrile glove; outer layer: butyl rubber glove). The
experiment is performed in a designated area in the fume hood clearly labelled for HF use.

Also, calcium gluconate gel should be accessible in any lab where HF can potentially be used.
4
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After the HF etching experiment, all the residue experiment solution is quenched by excessive
amount of Ca(OH), to get rid of any remaining HF. The introduction of carbonate groups was
carried out in an Argon-purged glove box. H-SiNPs were mixed with allyl agents, Allyl-EC or
Allyl-MC at a molar ratio of 1:2, followed by the addition of 100 ppm Karstedt catalyst
solution. The mixture was stirred at 45 °C overnight before the SiNPs were isolated by

centrifugation (13,000 rpm, 20 min, 3 times).

2.4 Characterization of SiNPs

Fourier-transform infrared (FTIR) spectra were acquired on a Thermo Scientific Nicolet iS5
spectrometer using attenuated total reflection model placed in an Argon-filled glove box.
Thermogravimetric analysis (TGA) was conducted with a heating rate of 20°C/min from 30°C
to 800°C with Argon purge using the NETZSCH STA 449 F3 Jupiter for simultaneous
thermogravimetry-differential scanning calorimetry (STA/TG-DSC). X-ray photoelectron
spectroscopy of the SiNPs and electrodes were performed in a PHI 5000 XPS VersaProbe I1
system from Physical Electronics. The system is attached to the Ar-atmosphere glovebox and
the samples were inserted into the XPS analysis chamber through the glovebox without
exposure to air. The spectra were obtained using an Al Ka radiation (hv = 1486.6 eV) beam
(100 pum, 25 W), with Ar* and electron beam sample neutralization, in Fixed Analyzer
Transmission mode. The base pressure is typically ~2 x 108 torr or lower in the analysis
chamber. To compensate for the effects of surface charging, all core-level spectra were
referenced to the C;; hydrocarbon peak at 284.8 eV. Shirley background subtraction and
fitting to multiple Gaussian-Lorentz peaks were performed on all spectra using the Multipack
software from Physical Electronics. The morphology of SiNPs were analyzed with an JEOL

JEM-2100F transmission electron microscopy (TEM).

2.5 Electrochemical Measurement and Post-Analysis
5
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To prepare the silicon anode laminations, SiNPs (70%), poly acrylic acid (PAA) binder (20%)
and Timcal C45 (10%) were thoroughly mixed in DI water with a weight ratio of 7:2:1. The
resulting slurry was then cast into a 50 um laminate using a doctor blade on a Cu current
collector, which was dried under vacuum at 80°C overnight. The cured electrode was punched
into disks of 1.54 cm? with a loading of 1-1.2 mg/cm? and further dried at 130 °C in vacuum
for 16 hours. The dried electrodes were then assembled into 2032-coin cells against either Li
metal (half-cells) or lithium nickel manganese cobalt oxide (LiNiypsMng,Co0,0,, from the
Argonne Cell Analysis, Modeling, and Prototyping (CAMP) facilities, the loading of the
NMC622 cathode is 9.35 mg/cm?. The n/p ratio is approximately 1.2. ) using Celgard 2325 as
the separator, and Gen 2 (1.2 M LiPF¢ in EC:EMC 1:2 by weight) electrolyte with 10 wt%
FEC as the electrolyte. Electrochemical impedance spectra of the coin cells after 1st cycle at
C/20 were recorded verse an open-circuit voltage in the frequency range between 1 MHz to
0.1 Hz on a Solartron analytical 1400 Cell Test System. The cycled coin cells were
disassembled in the argon-filled glovebox, and the composite electrodes were rinsed
thoroughly with anhydrous dimethyl carbonate (DMC) and were dried in a vacuum oven. The
morphologies and the elemental mapping of the cycled electrodes were examined with JEOL
JCM-6000Plus scanning electron microscopy (SEM) equipped with MP-05030EDK energy-

dispersive X-ray spectroscopy (EDX), TEM and XPS

3. Results and Discussion

Attaching an artificial SEI onto the surface of SiNPs is not straightforward; fortunately, the
native layer of SiOy on the surface of SiNPs can be etched with HF aqueous solution,
converting -SiOy to -SiH, which can be used as a reaction platform for the next step of the
reaction. The -SiH,-terminated particles (H-SiNPs) then undergo a Pt-catalyzed
hydrosilylation reaction with a reagent with a desired functional group, forming a covalently

bonded organic layer. ['°20 Figure 1 shows the synthesis procedure. Two reagents with the
6
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cyclic carbonate group 4-((allyloxy)methyl)-1,3-dioxolan-2-one (Allyl-EC) and linear
carbonate group allyl methyl carbonate (Allyl-MC)) were selected for the hydrosilylation
reaction and SiNPs with cyclic carbonate groups (EC-SiNPs) and linear methyl carbonate

groups (MC-SiNPs) were synthesized.
OF()
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Figure 1. Synthesis of SiNPs particles functionalized with surface carbonate groups.

Figure 2a shows the FT-IR spectra of the surface functionalized SiNPs. After HF treatment,
the characteristic peak at 2100 cm™! for Si-H group increased and the OSi-H peak at 2300 cm!
nearly disappeared, indicating the successful conversion of surface SiOx and OSi-H groups to
the SiH, functionality. After the hydrosilylation reaction, the characteristic IR peaks from the
attached surface group appeared, including the stretching mode of carbonyl (vC=0) at 1725
cm!, vC-H at 2900-2800 ¢cm! and the bending mode of 8C-H at 1500 cm™! and 8Si-CH, at
1260 cm'! (the expanded IR spectra on the right). The vC-O stretching vibration peak at 1000
cm! is overlapped with the vSi-O-Si which was formed by the reaction of surface Si-H with
trace amount of moisture in the reaction solvent.>® From HRTEM imaging, the crystalline
structure of the bulk Si particles are well preserved, while a striking difference is seen on the
surface: a thin and dense SiOy layer was observed for the pristine particle, whereas the
functionalized particle has a loose and amorphous organic layer with a thickness ~2.8 nm, as

shown in Figure 2b.

7
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Figure 2. Characterization of the surface group on the synthesized EC-SiNPs. (a) ATR-FTIR
whole spectra (center) and expanded wavenumber range from 2800-3000 cm™! (left) and 800-
2000 cm! (right) and (b) TEM micrographs of the SiNPs before (left) and after (right) surface

fucntionalization.
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Figure 3a shows the voltage profiles of the SiNPs/Li half cells cycled between 1.5 — 0.01 V.
The first lithiation process for both EC-functionalized SiNPs and pristine Si anode resemble
each other with an abrupt voltage drop from open circuit voltage to around 0.1 V followed by
a flat plateau that represents the transition from crystalline phase to amorphous phase.

Notable differences were observed, however, on the differential capacity profiles in Figure 3b,
where the EC-SiNP anode shows a sharp reduction peak at 1.6 V (vs Li"/Li thereinafter),
contrasting with the pristine anode, which is dominated by FEC reduction (1.3 V).40

This indicates that the SEI formation for the EC-Si anode took a different path where the
surface EC group preferably gets reduced, forming a completely different SEI in terms of
chemical composition and structure. Two adjacent EC groups on the Si surface underwent a
two-electron reduction process generating a SEI layer containing an inorganic lithium
ethylene dicarbonate (LiEDC) outer layer covalently bonded to an organic polyolefin-rich
inner layer. Detailed XPS analysis in the post-test analysis section further confirmed the

unique surface group regulated SEI.

The efficacy of the surface functional groups was demonstrated in the formation cycles (C/20)
and repeated cycling (C/3). Interestingly, we found that at the beginning of C/3 cycling, FCE
(98.0%) of EC-SiNP anode was lower than that of pristine anode (over 99.0wt%) (Figure 3c).
This is because that surface carbonate interacts differently with electrolyte other than pristine
anode surface and therefore it might consume more Li. Then after approximately 20 cycles,
the trend in FCE reverse where the FCE of pristine anode gradually declines to 97% and that
of EC-SiNP anode continues to increase to over 99.0%, which indicates that the SEI formed
on EC-SiNP anode surface is more robust and has less impedance build-up as is revealed by
the EIS data (Figure S4 in supporting information). Accordingly, the cycling retention of EC-
SiNP anode (75%) is higher than pristine anode (60%) at 100 cycles. Additionally, the SEI

and its impact on the cell performance closely relates to the chemical structure of the surface
9
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functional groups. As shown in Figure 3c, a linear carbonate attached SiNPs (MC-Si) was
synthesized in the same way. Although very similar in performance with the EC-Si electrode
during the initial 20 cycles, the capacity of the MC-Si cell gradually decayed afterwards, with
only 56.6% capacity retention after 100 cycles. It is speculated that the linear carbonate group
on the Si surface is incapable of forming the well-designed SEI which is seen in the EC-Si
anode with an inorganic-rich outer layer. This result is in good agreement with the EC/linear
carbonate/LiPF¢-based electrolytes, where only the cyclic EC participates in the SEI

formation, rather than the linear carbonates.*!

Given the unlimited lithium inventory, the improved performance of the Si anode in the half
cells rarely translates to the same performance in the full cells. To evaluate its performance in
the full cell, EC-Si anode is balanced with a state-of-the-art nickel-rich NMC622
(LiNig¢Mng,Cog,0;) cathode. The NMC622/EC-Si cells underwent a formation process with
three C/20 cycles followed by 97 C/3 cycles and another three C/20 cycles for capacity check.
Figure 3d summarizes the cycling data. As expected, while both pristine and EC-SiNPs cells
show nearly identical initial capacities, EC-SiNPs outperforms over the prolonged cycling
course with an improved capacity retention of 74% compared to the 63% of the pristine SiNPs

cell.

10
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Figure 3. Electrochemical performance of surface functionalized EC-SiNPs in comparison
with pristine Si anode. (a) Voltage-capacity profiles, (b) differential capacity (dQ/dV) profiles
for formation cycles, (c) capacity retention and Coulombic efficiency of SiNPs/Li half cells

and (d) cycling performance of Si/NMC622 full cells.

The determinant role of surface EC-group regulated SEI can also be visualized by the
electrode morphology and its chemical composition. SEM images of the pristine and surface
functionalized Si electrodes before and after 100 cycles are shown in Figure 4. Before
cycling, both electrodes resemble each other with uniform surface morphology (Figure 4a,
4c¢). However, after cycling the pristine SiNPs electrode showed large and deep cracks while
EC-SiNPs electrode showed minimal cracking (Figure 4b, 4d). The thickness of the cycled
electrodes at the fully delithiated state were analyzed by the cross-sectional SEM imaging.
The pristine SiNPs electrode increases in thickness more than 100% (from 26 to 55 pm),
caused by the accumulation of electrolyte decomposition products. In contrast, the EC-SiNPs
electrode only increases 50% (from 26 to 39 um) ascribed to the thinner SEI and more

stabilized interface which suppressed the continuous decomposition of electrolyte.
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Figure 4. Morphology of cycled SiNPs anode. (a, b) SEM images of pristine Si anode before
and after cycling, (c, d) SEM of cross-section of pristine SiNPs before and after cycling, (e, )
SEM images of EC-Si anode before and after cycling, and (g, h) SEM images of cross-section

of EC-SiNPs anode before and after cycling.

The SEI composition and chemical distribution were examined by XPS. Before cycling, the
EC-Si anode surface was covered by organic carbonate groups covalently bonded to the
surface, i.e. 284.8 eV for C-C bond, 285.8 eV for carbonate C-O bond and 288.9 eV for
carbonate C=0 bond (Figure 5a, top), and no C-O or C=0 bond were found on the surface of
pristine Si anode as shown in the C;; XPS spectra (Figures 5a, bottom).*> After 100 cycles,
dramatic change was observed for the cycled pristine anode surface and heavy deposition by
decomposed species of electrolyte solvent and FEC additive as evidenced by the large peaks
of C-O and C=0 species (Figure 5b, bottom), which are absent before cycling.*> % In
contrast, the surface species on the cycled EC-SiNPs anode resembles the original state with
only a slight decrease in concentration (Figure Sb, top), indicating the attached EC groups
stabilize the interface and suppress the SEI growth with cycling. F,; XPS data further
confirmed the interfacial stabilization by EC groups. Large amounts of inorganic species from
LiPFs decomposition, including LiF and Li,PO,F, observed in the cycled pristine Si anode
(Figure 5c, bottom) were significantly suppressed in the EC-SiNPs anode (Figure 5c, top).*3
Based on this results, a possible SEI formation mechanism was proposed. Instead of the EC
solvent molecules, the attached ethylene carbonate group on the Si surface preferably
participates in the two-electron reduction reaction of two adjacent EC groups on the Si surface
forming a unique SEI with an inner elastomeric polyethylene covalently bonded to the Si
anode and an outer inorganic analog of LEDC. XPS analysis results provide further proof that

the surface carbonate group is favorable to Si anode. The unique organic-rich SEI can

13
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accommodate the volume change of Si and stabilize the interface with the electrolyte. These

results are consistent with the electrochemical performance.
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Figure 5. XPS spectra of EC-SiNPs and pristine Si electrodes. (a) C;; XPS spectra of EC-
SiNPs (top) and pristine Si electrode (bottom) before cycling; (b) C;; XPS spectra of EC-
SiNPs (top) and prisitne Si electrode (bottom) after 100 cycles; (c) F1; XPS spectra of EC-

SiNPs (top) and pristine Si electrode (bottom) after 100 cycles.

4. Conclusions

In this paper, we report a new Si anode material with a cyclic carbonate group attached to the
surface via a Pt-catalyzed hydrosilylation reaction. The organic carbonate groups help
stabilize the Si anode interface and suppress the parasitic reactions of the Li,Si with
clectrolyte as evidenced by its improved initial capacity and capacity retention in both Li/Si
half cells and Si/NMC622 full cells compared with the non-functionalized one. Post-test
analysis revealed that EC-SiNPs doesn’t suffer from electrode thickness growth and affords a
much thinner and more regulated SEI layer, which stabilizes the interface and helps
accommodate the volume expansion/contraction of the SiNPs during cycling. The concept of

attaching SEI-formation functional groups on the Si particle level via organic chemistry offers

14
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a promising avenue to overcome the challenges associated with the Si anodes.

Supporting Information

oNOYTULT D WN =

2 "H-NMR spectrum of EC-SiNPs and its synthesis scheme; TGA thermogram of the EC-SiNPs
particles; TEM images of the cycled silicon anodes; Nyquist plots of cycled Si/NMC622 full

14 cells; SEM image and EDS elemental mapping for Si, O, F, P and their chemical composition.
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Engineering Si Anode Interface via Particle Surface Modification: Embedded Organic
Carbonates Lead to Enhanced Performance
Sisi Jiang, Zhenzhen Yang, Yuzi Liu, Noah Johnson, Ira Bloom, Lu Zhang, and Zhengcheng
Zhang*

ToC figure ((Please choose one size: 55 mm broad x 50 mm high or 110 mm broad x 20 mm
high. Please do not use any other dimensions))
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