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Replacement of graphite with alloying and conversion materials, having high specific capacity, has emerged as 

versatile route to increasing the energy density of Li-ion batteries. A key challenge is the large volume change 

in these materials, which leads to an unstable solid electrolyte interphase (SEI). The use sacrificial electrolyte 

additives, such as fluoroethylene-carbonate (FEC), has been established as an effective strategy for considerably 

improving cycling stability, but a mechanistic understanding of the underlying processes has been lacking so far. 

Here, we present an in-depth chemical and morphological study of the FEC-based interphase on graphite and 

SnO 2 –graphite model electrodes. We found that the FEC decomposition products aggregate first into spherical 

particles, whose growth depends on the cell medium and follows the laws of crystal-growth theory, before forming 

a continuous carbonate-rich film. The discrimination of the chemical composition of the FEC-derived particles 

from the rest of the electrode was obtained by X-ray photoemission electron microscopy (XPEEM) due to the high 

lateral resolution of this technique. The obtained understanding of SEI formation in fluorine-rich electrolytes 

should help to guide future designs of sacrificial fluorine-based additives. 
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. Introduction 

Lithium-ion batteries (LIBs) have been used as power sources for

ortable electronics for about 30 years. However, new applications, such

s electric mobility, and the need for more energy from smaller volumes

or portable devices necessitate the development of LIBs with higher

nergy density and cycle life than offered by the current generation

f commercial batteries. Intensive work has been devoted to alloying

nd conversion anode materials such as Si, SiO x , Sn, and SnO 2 [1–8] ,

hose high theoretical capacity, on the order of thousands of mAh g − 1 ,

romises to increase the overall energy density of LIBs [9] . 

The main challenge with this type of materials is their large volume

hange upon cycling [10–13] . During cycling, the particles expand and

ontract, causing cracks in the electrodes, active-material particles, and

he solid electrolyte interphase (SEI) [14] . As a consequence, the elec-

rolyte is continuously reduced at the electrode surface, leading to a

hickening of the passivating film, as well as disintegration of the elec-

rically conductive network by the deposition of insulating decomposi-

ion products in between the electroactive material and the conductive

arbon [15] . This, in turn, results in an increase of the overall cell over-

otential, low coulombic efficiency (CE), and rapid capacity fading. 
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The most popular strategy for improving the cycling stability of

nodes with high specific capacity is the use of electrolyte additives

 16 , 17 ] that are reduced at potentials more positive than the common

lectrolyte solvents, acting as sacrificial electrolyte components. The

ecomposition products, resulting from the electrochemical reduc-

ion, are incorporated in the SEI, leading ideally to a more stable

lectrode/electrolyte interface [18] . One of the most-investigated

lectrolyte additives is fluoroethylene carbonate (FEC), because it has

een shown to lead to a significant performance enhancement of Si- and

n-based anodes [19–22] . FEC electrochemical reduction occurs be-

ween 1.0 and 1.4 V vs Li + /Li, while the standard carbonate electrolyte

ixture EC:DMC (ethylene carbonate: dimethyl carbonate) decomposes

t around 0.8 V vs Li + /Li [ 23 , 24 ]. Many reaction pathways have been

eported in the literature [25–29] but there is currently no agreement

n the exact type of chemical compounds constituting the decompo-

ition products. In general, the reduction of FEC is thought to lead to

he formation of both organic (saturated and unsaturated Li-containing

olymers) and inorganic (Li 2 CO 3 and LiF) species, as well as gaseous by-

roducts (CO 2 and H 2 ). A higher concentration of fluorine was detected

n the SEI of electrodes cycled with FEC [ 26 , 30 , 31 ], which was mainly

ssigned to a high amount of LiF nanocrystals dispersed within the SEI

 32 , 33 ]. LiF is known to be an insulator with very low Li + diffusivity,

nd there has been a consensus that its formation should be avoided

 34 , 35 ]. However, it was also shown recently that LiF, when interfaced

ith Li 2 CO 3 at the nanoscale, can indeed enhance Li + conductivity due
tober 2021 
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o crystallographic defects, and reduce electron leakage within the SEI

36] . In addition, computational studies found that LiF can act as a

glue’ for the organic SEI components, due to the strong interaction be-

ween fluorine in LiF and lithium in the organic lithium-alkyl-carbonate

pecies [37] . Furthermore, despite the fact that the chemical composi-

ion of the SEI has been the subject of study for decades, its morphology

as received much less attention, as often conformal-layer formation

s assumed. However, the use of electrolyte additives can drastically

hange the SEI composition and, as a consequence, the cell performance.

The aim of this work is to clarify the chemical and morphological

hanges, occurring during SEI formation in the presence of FEC, in a

uorine-rich medium, as well as to identify the cell-environment fac-

ors that control the morphology of the FEC decomposition products.

e confirmed, that upon FEC decomposition, spherical particles are

ormed, and found that their growth depends on the cell medium, —

hat is, the type of anode material, electrolyte salt, cycling temperature,

olvent dielectric constant, — and follows the laws of crystal-growth

heory. The results of this study provide a deeper understanding of the

egradation of fluorine-rich electrolytes upon reduction of fluorinated

acrificial additives, paving the way to their rational design. 

. Materials and methods 

Electrode preparation: The following materials were used for the

lectrode preparation: SnO 2 nanoparticles ( < 100 nm, Sigma-Aldrich),

-NERGY KS6L graphite (d90 = 6.5 μm, S BET = 18 m 

2 g − 1 , Imerys

raphite & Carbon), C-NERGY SuperC45 conductive carbon (average

article size = 37 nm, S BET = 45 m 

2 g − 1 ) [38] , binder mixture of poly-

crylic acid (PAA, 25 wt.% sol. in H 2 O, average M.W. 240,000 g mol − 1 ,

lfa Aesar) and carboxymethyl cellulose (CMC, Alfa Aesar) in a 1:1

eight ratio. The electrodes were prepared with weight ratios of active

nd inactive components of 50:45:1:4 for SnO 2 :graphite:conductive-

arbon:binder and 95:1:4 for graphite:conductive-carbon:binder. 

In a standard preparation, the binder was initially dissolved in the

olvent (a mixture of water: ethanol 70:30 wt.%), then SC45 conductive

dditive and SnO 2 nanoparticles were stirred into the binder solution.

uccessively, graphite powder was added to the mixture and the slurry

as stirred by turbo-stirrer (IKA Ultra-Turrax T25) until a honey-like

exture was obtained. After 2 h of degassing on a roller-mixer, the slur-

ies were cast onto a copper foil using the doctor-blade method. The as-

asted electrode sheets were pre-treated for cross-linking [39] at 150 °C

or 2 h under vacuum and then dried at 80 °C overnight. Circular elec-

rodes of 13 mm diameter were punched out and re-dried overnight at

20 °C under vacuum in the glove box antechamber to remove any re-

aining traces of water. The average loading of the electrodes per mass

f electroactive material (EAM) was m EAM 

= 8 mg cm 

− 2 . 

Electrochemical characterization: The electrodes were assembled in

n Ar-filled glove-box ( < 0.1 ppm H 2 O and < 0.1 ppm O 2 ) into coin-type

ells with metallic lithium ( ≥ 99.9 %, thickness 0.75 mm, Alfa Aesar)

s the counter and reference electrode. The working electrode and the

ounter electrode were separated by a Celgard 2400 and a glass fiber

eparator, with the Celgard placed on the side of the working electrode

o avoid silicate fiber contamination on the surface of the electrode for

EM analysis. The electrolytes used in this study are summarized in Ta-

le S1 in the supporting information. 

The electrochemical measurements were carried out using Astrol

AT-SMALL (Astrol Electronics AG, Switzerland) and BioLogic VMP3

nstruments. All measurements were performed at 25 °C, except for

he measurements in EC and EC + 2 wt.% FEC, which were per-

ormed at 30 °C, and the high temperature measurements in LP30 and

P30 + 2 wt.% FEC, which were performed at 50 °C. The cycling pro-

edure used was a CCCV protocol. The constant-current (CC) step was

erformed at 20 mA g − 1 EAM 

during lithiation and delithiation. After

ach CC step, the cut-off potential (5 mV for lithiation; 1.0 V for delithi-

tion) was maintained until the current dropped below 5 mA g − 1 EAM 
r  

157 
constant-voltage (CV) step). Cycling voltammetry was performed at a

can rate of 0.01 mV/s; the reductive scan was performed from OCV to

 mV, while the oxidative scan from 5 mV to 1.0 V. In this study, the

otential is referred vs Li + /Li and the capacity is presented per mass of

lectroactive material (EAM), i.e., the sum of graphite and SnO 2 masses

r only the graphite mass for SnO 2 -free electrodes. To ensure repro-

ucibility, for each given set of conditions, the electrochemical data of

t least two nominally identical cells was taken into account. 

Post-mortem characterization: The electrode morphology of pristine

nd cycled electrodes was investigated by scanning electron microscopy

SEM) using a Carl Zeiss UltraTM 55 instrument with Everhart–Thornley

ETD) and Through-Lens (TLD) detectors and a primary electron-beam

nergy of 2 keV (4 keV and 10 keV for images in Supporting Informa-

ion). Cycled electrodes were rinsed with DMC to remove residues of the

lectrolyte salt, dried, and transferred from the glove-box to the SEM in

 vacuum-sealed specimen transfer holder to avoid air exposure. 

Elemental imaging and local X-ray absorption spectroscopy (XAS)

easurements were carried out using the X-ray photoemission electron

icroscope (XPEEM) at the SIM beamline at the Swiss Light Source

SLS), Paul Scherrer Institute (PSI), Switzerland. All the experiments

ere performed in ultra-high vacuum (base pressure 5 × 10 − 10 mbar) at

oom temperature by collecting secondary photoelectrons. X-ray PEEM

lemental contrast maps were obtained by pixel-wise division of two

mages recorded at the respective X-ray absorption edges and pre-

dges. For the investigated electrodes the Sn M-, C K-, O K-, and F

-edges/pre-edges were taken at 491.2 eV/488 eV, 285.6 eV/278 eV,

34.6 eV/528 eV and 692.3 eV/688 eV, respectively [ 40 , 41 ]. 

For the lowest field of view used for the contrast images in our ex-

eriments (15 𝜇m), a single pixel corresponds to ca. 35 nm, enabling

s to monitor the surface chemical evolution solely on single particles

f graphite, SnO 2 , and on electrolyte decomposition products. The spa-

ially resolved XAS were obtained by recording a sequence of XPEEM

mages as a function of photon energy, using linearly polarized light.

ith exception of the C K-edge, all the spectra were normalized by the

ncoming flux measured from a gold mesh. For the analysis of the C

-edge, gold microparticles, deposited on the surface of pristine elec-

rodes, were used as a reference in order to correct for the strong drop

n the incident light intensity at the carbon edge due to the presence of

arbon on the X-ray optics [42] . From the contrast images, an area of

nterest can be chosen on a single particle, from where the correspond-

ng local absorption signals can be obtained in the XAS image sequence.

t is also worth to mention that the depth of analysis of the XPEEM mea-

urements is of the order of 3 nm for low energy photoelectrons. 

. Results and discussion 

.1. Morphology and chemistry of FEC decomposition products 

Both the SnO 2 –graphite and the graphite electrodes were cycled

or one cycle ( i.e. , 1st lithiation/reduction followed by 1st delithia-

ion/oxidation) in LP30 electrolyte with and without 2 wt.% FEC. The

ddition of the FEC did not alter the potential profile of SnO 2 –graphite

lectrodes ( Fig. 1 a), but a slight difference in the potential profile of

raphite electrodes ( Fig. 1 d) was observed during the 1st lithiation.

ore specifically, the FEC slightly increased the capacity associated with

he SEI formation, with a contribution between 1.5 V and 0.2 V. At the

nd of the 1st delithiation, a capacity of 490 mAh g − 1 and 350 mAh g − 1 

as obtained for SnO 2 –graphite and graphite electrodes, respectively.

low-rate cyclic voltammetry (Fig. S1 and S2) shows that the electro-

hemical reduction of FEC occurs on both types of electrodes at around

.25 V (red line in the insets of Figs. S1 and S2). In the case where no

lectrolyte additive was used, the standard reduction of the EC/DMC

olvent mixture was observed, as expected, at around 0.8 V for graphite

lectrodes [43] , while it is hidden in the voltage profiles in the case of

nO 2 –graphite electrodes (black line) by the conversion reaction occur-

ing at 0.9 V. After one cycle in pure LP30, SnO -containing nanopar-
2 
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Fig. 1. (a) Potential profiles of SnO 2 –graphite electrodes cy- 

cled in LP30 (black) and LP30 + 2 wt.% FEC (red) elec- 

trolyte. SEM micrographs of SnO 2 –graphite electrodes cycled 

in (b) LP30 and (c) LP30 + 2 wt.% FEC electrolyte. (d) Po- 

tential profiles of graphite electrodes cycled in LP30 (black) 

and LP30 + 2 wt.% FEC (red) electrolyte. SEM micrographs of 

graphite electrodes cycled in (e) LP30 and (f) LP30 + 2 wt.% 

FEC electrolyte. 
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icles of irregular shape, distributed on top of graphite flakes, can be

bserved in the SEM micrographs of SnO 2 –graphite electrodes ( Fig. 1 b).

hey seem to be bound and embedded in a matrix (Fig. S3), most likely

ontaining Li 2 O, as a result of the conversion reaction [44] , in con-

rast to the pristine electrode, where the nanoparticles seem more loose

nd less agglomerated (Fig. S4a). SnO 2 –graphite electrodes, cycled with

P30 + 2 wt.% FEC electrolyte, instead display additional morphologi-

al features, namely, spherical particles of 300–350 nm in size ( Fig. 1 c).

hey are composed of 20 nm irregularly shaped primary particles (Fig.

5) distributed across the electrode. To exclude the association of spheri-

al morphology to SnO 2 changes during cycling ( i.e. , SnO 2 nanoparticle

ncrease in volume due to lithiation), graphite electrodes were tested

nder the same conditions and in the same electrolytes ( Fig. 1 d) as the

nO 2 –graphite electrodes. 

No significant morphology difference appears between pristine (Fig.

4b) and LP30-cycled electrodes ( Fig. 1 e). However, the difference in

EI morphology, when electrodes are cycled without and with FEC, can

e clearly seen in Fig. 1 e and 1 f, showing that the spheres, formed in

he FEC-containing electrolyte upon cycling, appear also on graphite

lectrodes, but their secondary particles are smaller (around 150 nm)

han in the case of SnO 2 –graphite electrodes. 

This size difference is attributed to the higher amount of FEC addi-

ive consumed on SnO 2 –graphite electrodes, due to the higher capacity

more charge consumed) and the volume changes of SnO 2 during cy-

ling, as compared to graphite electrodes. The average particle-size dif-

erence is summarized in Fig. S6. This finding was surprising because the

lectrochemical reduction of FEC is assumed to result in a ‘standard’ 10–

0 nm SEI layer, which on graphite and Si electrodes was shown to be

hinner, smoother, and more homogeneous than the SEI formed in elec-

rolytes without this additive [ 24 , 45 , 46 ]. However, revisiting published

EM micrographs, taken of FEC-derived SEI, one can see sometimes an
158 
unusual’ spherical morphology [ 33 , 43 , 47 ], similar to that found in our

tudy. One reason, why this spherical morphology is rarely seen, is the

ccelerating voltage used for SEM imaging (Fig. S7): when the SEM im-

ges are recorded at 10 keV accelerating voltage, no particles are visible

n graphite electrodes after 1 cycle (Fig. S7b); however, when the ac-

elerating voltage is reduced to 4 keV, spherical particles can be clearly

bserved (Fig. S7c). And only at accelerating voltage of 2 keV ( Fig. 1 f)

he deposits and their spherical morphology become abundantly clear. 

To correlate these morphological differences with chemical informa-

ion of the species present on the electrodes, including the FEC-derived

articles, we carried out spatially resolved compositional analysis on the

ristine and on the cycled SnO 2 –graphite electrodes by XPEEM [48–

0] . XPEEM elemental-contrast images of the pristine SnO 2 –graphite

lectrode, taken at the C K-edge (285.0/278.0 eV) and Sn M-edge

491.2 / 488.0 eV) are shown in Fig. 2 a and 2 b, respectively. The

lement-specific images allow us to distinguish graphite and tin-oxide

egions in the electrode. The sum of electrode-component distribution is

hown in a compositional map ( Fig. 2 c), displaying graphite (in red) spa-

ially separated from SnO 2 (in blue). Local XAS spectra at the C K-edge,

n M-edge, and O K-edge ( Fig. 2 d, e, f) are used for the identification of

he chemical composition and elemental distribution in the electrode.

pecifically, the C K-edge spectrum from carbon areas shows the sp 2 -

arbon (C = C) signature peaks at 285.6 eV and 291.9 eV, characteristic

f graphite, associated with the electronic transition from the C1s level

o the unoccupied 𝜋∗ and 𝜎∗ states, respectively [ 51 , 52 ]. The Sn M-edge

pectrum from SnO 2 areas shows the Sn M 5 (490–497 eV) and M 4 (498–

06 eV) transitions from the Sn 3 d core level to the unoccupied p and f

tates in the conduction band [53–56] . The O K-edge spectra acquired

rom both graphite and SnO 2 areas show that, while the oxygen signal

or the graphite area is at a noise level, the main peak at 534.1 eV and

he peak between 536 and 540 eV for SnO are related to the transition
2 
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Fig. 2. XPEEM elemental contrast images ac- 

quired on SnO 2 –graphite pristine electrodes at 

the (a) C K-edge and (b) Sn M-edge. A compo- 

sitional colored map (c), obtained by the over- 

lay of (a) and (b) (color-coded red for C and 

blue for Sn, respectively). Local XAS spectra 

acquired on (d) a graphite particle at the C K- 

edge, (e) a SnO 2 particle at the Sn M-edge, (f) 

on both, graphite particle and SnO 2 particle, at 

the O K-edge, from electrode areas marked by 

the circles in (a) and (b). 

Fig. 3. XPEEM elemental contrast images ac- 

quired on SnO 2 –graphite electrodes after one 

cycle in LP30 + 2 wt.% FEC electrolyte: (a) C 

K-edge, (b) F K-edge, and (c) a compositional 

colored map, obtained by the overlay of images 

(a) and (b) (color-coded red for C and green for 

F, respectively). Local XAS spectra acquired at 

the (d) C K-edge, (e) F K-edge, and (f) O K-edge 

from electrode areas marked by the circles in 

(a) and (b). 
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rom the O 1 s core level to the O 2p -Sn 5s and O 2p -Sn 5p hybridized

tates, respectively [ 53 , 57 ]. 

The XPEEM results for the SnO 2 –graphite electrodes after the 1st cy-

le are shown in Fig. 3 , specifically, XPEEM contrast images at C K-edge

285.6 / 278.0 eV) and F K-edge (692.3 / 688.0 eV), alongside the compo-

itional image showing the distribution of carbon (in red) and fluorine

in green) at the electrode surface. The FEC-derived particles are clearly

isible as bright spots in the F K-edge contrast image, indicating that

uorine is one of the main components of these particles, confirming

hat FEC reduction leads to a spherical morphology of its decomposi-

ion products, as shown in the SEM micrographs ( Fig. 1 ). Local XAS

t C K-edge, F K-edge, and O K-edge were acquired from carbon areas

nd FEC-derived particles to gain additional insight into the chemical

omposition of the electrode surface. The C K-edge spectra from both

arbon and FEC-derived particles are similar and show — in addition to
159 
he 𝜋∗ and 𝜎∗ resonances, which can be seen also in the pristine elec-

rodes ( Fig. 2 ) — the appearance of three new peaks at 287.0, 288.7,

nd 290.4 eV. The peaks at 287.0 and 288.7 eV can be assigned to the
∗ (C –O) transition of species containing single C–O bonds [58] and the
∗ (C = O) transitions of lithium alkyl-carbonates species, respectively,

hile the peak at 290.4 eV is associated to CO 3 
2 − of lithium carbon-

te [59–61] . 

The carbonate layer, formed from the decomposition of electrolyte,

s relatively thin as the 𝜋∗ and 𝜎∗ components of graphite are still clearly

isible, estimated to be less than 3 nm. Nonetheless, the carbonates

over completely the SnO 2 , whose signal does not exceed the noise level.

o discernible differences are observed between the C K-edge spectra

cquired from the carbon areas and the FEC-derived particles. The O K-

dge spectra on carbon and FEC-derived particles are found to be sim-

lar: a main peak at 534.6 eV, which can be assigned to the 𝜋∗ (C = O)
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a 2  
ransition of lithium carbonate, together with a broad peak centered at

40.3 eV, as well as two broad bands above 550.0 eV, also characteris-

ic of Li 2 CO 3 [ 60 , 62 ]. However, the local XAS at F K-edge shows signifi-

ant differences. The fluorine spectrum on carbon areas (red) shows two

eaks at 690.6 eV and 695.7 eV, related to P –F species [63] , clearly orig-

nating from LiPF 6 decomposition [64] , and a third peak at 692.0 eV,

elated to LiF [ 60 , 65 ]. The peak at 690.6 eV has usually lower intensity

han the main peak (695.7 eV) but in Fig. 3 one can see the opposite be-

avior, which we interpret as being due to an overlap of the P –F and the

iF contributions, where the latter is centered at 692.0 eV. The F K-edge

pectrum, acquired from the FEC-derived particles, shows instead a de-

rease of the salt-related contributions (mainly the shoulder at 690.5 eV)

nd more pronounced spectral components related to LiF, such as the

houlder above 700 eV [66] and the peak at 693.8 eV [ 60 , 65 ], in addi-

ion to the main peak at 692.3 eV. 

For comparison, XPEEM measurements were carried out also on

nO 2 -free electrodes, containing only graphite, after the 1st cycle (Fig.

8). As shown in SEM images ( Fig. 1 ), the FEC-derived particles on

raphite electrodes are smaller than those on SnO 2 -containing elec-

rodes; nonetheless, they have a similar chemical composition, in that

hey also contain fluorine as a main component and are distributed ho-

ogeneously across the surface of the electrode (Fig. S8). Local XAS at

he C K-edge from both graphite areas and FEC-derived particles detect

he same chemical species as on the SnO 2 –graphite electrodes, such as

ithium alkyl-carbonates and lithium carbonate (Fig. S8d). However, in

his case, a substantial intensity difference is observed at the F K-edge

Fig. S8e) between the two analyzed areas, revealing that fluorine, iden-

ified as LiF and Li x PF x , is mostly concentrated on the particles derived

rom FEC decomposition, rather than on graphite itself, where the F

ignal is at the noise level. The O K-edge spectra reveal that graphite

nd FEC-derived particles are covered by a carbonate-rich layer, as they

oth exhibit the main characteristic peak due to the 𝜋∗ (C = O) transi-

ion at around 534.0 eV, assigned to Li 2 CO 3 . In addition, a new peak

t around 532.8 eV suggests the presence of LiOH [60] or Li alkyl-

arbonates [59] (Fig. S8f). 

As the presence of a high-specific-capacity component, undergoing

arge volume changes upon cycling, considerably increases the con-

umption of FEC, it consequently changes the chemistry and morphol-

gy of the surface layer. Electron microscopy shows that larger particles

re formed in the presence of SnO 2 in the electrode, and the XPEEM

nalysis establishes that the FEC-derived surface of SnO 2 –graphite elec-

rodes consists mainly of LiF-rich spherical particles, embedded in a

omplex matrix of carbonates and Li x PF x species. From a compara-

ive study of electrodes containing only graphite, we found that both

raphite and the spherical particles from FEC decomposition are cov-

red by a carbonate layer. This leads us to hypothesize that inorganic

iF-rich particles deposit before the carbonate layer is formed. 

.2. Influence of the salt on the morphology and chemistry of FEC 

ecomposition products 

As we have identified that the fluorine signals, characteristic to both

uorine sources, namely FEC and LiPF 6 , are present, we decided to re-

lace the standard fluorine-containing electrolyte salt LiPF 6 by lithium

erchlorate (LiClO 4 ), which is fluorine-free and allows us to exclude

he influence of the decomposition species of LiPF 6 from the chem-

cal analysis results. In this new setup, since FEC is the only source

f fluorine in the cell, it is possible to obtain a clearer distribution

f the fluorine-containing chemical species arising from FEC decom-

osition. Both SnO 2 –graphite and graphite electrodes were cycled in

C30 + 2 wt.% FEC electrolyte for one cycle; the potential profiles are

hown in Fig. 4 a and c, respectively, together with the results for LP30

or comparison. Both electrodes, SnO 2 –graphite and graphite, cycled in

iClO 4 -based electrolyte, show a slightly higher overpotential during

he 1st lithiation in comparison with the LiPF 6 -based electrolyte, which
160 
an be related to the lower Li conductivity of the LiClO 4 -containing elec-

rolyte [67] . 

The electrochemical reduction of FEC in LiClO 4 -based electrolyte on

oth SnO 2 –graphite and graphite electrodes occurs at 1.20–1.25 V, as

an be seen from the cyclic voltammetry (CV) experiments shown in

igs. S1 and S2. The morphology of SnO 2 –graphite and graphite elec-

rodes, cycled in LC30 + 2 wt.% FEC, is shown in Fig. 4 b and d, where a

onsiderable increase in size of the FEC-derived secondary spherical par-

icles can be seen for both types of electrodes, in comparison with their

iPF 6 counterparts. The particle dimensions are around 750 –850 nm

or SnO 2 –graphite electrodes, and 300 –400 nm for graphite ones (Fig.

6). We attribute the increase in particle size to an effect deriving from

he crystal nucleation theory [68] : when LiPF 6 is used as electrolyte

alt, the concentration of fluorine species in solution is very high, in-

reasing the probability of creating many fluorine-containing nucleation

enters, where the chemical species, derived from both FEC and LiPF 6 
ecomposition, can nucleate and grow. On the other hand, when LiClO 4 

lectrolyte salt is used, there are no other fluorine species in the solu-

ion apart from the FEC, resulting in much fewer fluorine-containing

ucleation centers. Therefore, in the former case the FEC-derived par-

icles are more numerous but smaller in dimension, whereas in the lat-

er case, they are less numerous but larger. This is clearly visible in

ow-magnification micrographs presented in Fig. S9a and S9b, compar-

ng an overview of the SnO 2 –graphite electrodes cycled in LP30 and

erchlorate-containing electrolyte with FEC. 

The result of the XPEEM data analysis for SnO 2 –electrodes after the

st cycle in LC30 + 2 wt.% FEC is presented in Fig. 5 . The contrast im-

ges at the C K-edge (289.0 / 278.0 eV) and F K-edge (692.3 / 688.0 eV),

ogether with the compositional map, confirm the larger dimensions of

uorine-containing particles, derived from the FEC decomposition. In

ddition, it is evident that they are embedded in a matrix of carbonates

 Fig. 5 a–c). The use of LiClO 4 electrolyte salt affects not only the parti-

le size but also the chemical surface composition. The local XAS spec-

ra at C K-edge, acquired from carbon areas and FEC-derived particles,

how that the peaks, related to the carbonate species ( i.e. , lithium alkyl-

arbonates and lithium carbonate), are much more intense in LiClO 4 -

ased electrolytes compared to the LiPF 6 -containing electrolyte. This

an be explained by the fact that, by using LiClO 4 as electrolyte salt, the

ormation of HF does not occur as it does in the case of the LiPF 6 -based

lectrolytes. As a consequence, the ROCO 2 Li species, derived from the

eduction of the solvent, do not have the possibility to react with HF

nd to be converted into the soluble ROCO 2 H [67] . Furthermore, PF 5 ,

hich is well known to decompose carbonates [69] , is also not present

n LiClO 4 -based electrolytes, resulting in a higher relative amount of

arbonates species detected at the electrode surface [67] . Interestingly,

n contrast to the case of a LiPF 6 -based cell medium, the local XAS

pectrum at the F K-edge shows almost no fluorine on the carbon ar-

as ( Fig. 5 e), while the spectrum from the FEC-derived particles shows

ll the features related to LiF, i.e. , the two main peaks at 692.3 and

01.7 eV, a low-intensity shoulder at 690.5 eV, and a broad shoulder

t 697.1 eV [65] , confirming that also in LiClO 4 -based solutions, the

ecomposition of FEC produces LiF, and that fluorine, derived from

EC decomposition, accumulates preferentially into particles of spheri-

al morphology. The O K-edge spectra display no significant differences

nd show mainly features related to Li alkyl-carbonates and Li 2 CO 3 . 

.3. Nucleation of FEC-derived spheres and absence of carbonate layer 

ormation at 1.1 V 

In order to clarify the differences of the FEC-derived particle forma-

ion in LiPF 6 and LiClO 4 -based electrolytes, the surface morphology of

nO 2 –graphite electrodes was tracked over a potential window of 1.5–

.1 V during the 1st lithiation by SEM ex-situ electrode imaging in 0.1 V

ncrements ( Fig. 6 ). In addition, XPEEM analysis was carried out at 1.1 V

n LC30 + 2 wt.% FEC ( Fig. 7 ), i.e. , at a potential at which the FEC is

lready reduced but the conversion reaction of SnO did not take place
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Fig. 4. (a) Potential profiles of SnO 2 –graphite 

electrodes cycled in LP30 + 2 wt.% FEC (red) 

and LC30 + 2 wt.% FEC electrolyte (green). (b) 

SEM micrograph of an SnO 2 –graphite electrode 

cycled in LC30 + 2 wt.% FEC electrolyte. (c) 

Potential profiles of graphite electrodes cycled 

in LP30 + 2 wt.% FEC (red) and LC30 + 2 wt.% 

FEC electrolyte (green). (d) SEM micrograph of 

a graphite electrode cycled in LC30 + 2 wt.% 

FEC electrolyte. 

Fig. 5. XPEEM elemental contrast images ac- 

quired on SnO 2 –graphite electrodes after one 

cycle in LC30 + 2 wt.% FEC electrolyte: (a) C 

K-edge, (b) F K-edge and (c) a compositional 

colored map obtained by the overlay of (a) and 

(b) (color-coded in red for C and green for F, 

respectively). Local XAS spectra at the (d) C K- 

edge, (e) F K-edge, and (f) O K-edge from elec- 

trode areas marked by the circles in (a) and (b). 
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et. As can be seen in Fig. 6 , the spherical morphology starts to be visible

t 1.4 V for LP30 + 2 wt.% FEC but already at 1.5 V for LC30 + 2 wt.%

EC. This finding aligns with the previously discussed explanation based

n crystal-nucleation theory: the difference in potential at which FEC-

erived particles become visible depends on the fluorine-species con-

entration and number of nucleation centers. The decomposition of FEC

s directly proportional to the charge passing through the electrode and,

ence, to the applied current. Considering that the investigated elec-

rodes show the same potential profile, we can assume that, by stopping

he cell cycling at the same potential, the same number of electrons

that is, the same charge) went through the electrodes. We therefore

xpect approximately the same amount of FEC to be electrochemically

ecomposed at a given potential. In LiPF 6 -based solutions, due to the
161 
igh concentration of fluorine species, many nucleation centers will be

nitialized, while in LiClO 4 -based solutions, the same amount of decom-

osition products will nucleate over a much smaller number of nucle-

tion centers. As a result, at 1.5 V, for example, in the LiClO 4 -based

lectrolyte, the particles grow large enough to be visible, while they

re not yet detectable for the LiPF 6 -based solution, due to their large

umber and smaller size for the same amount of FEC decomposed. The

radual increase in number and dimensions of the FEC-derived particles

an be seen in Fig. 6 , going from 1.5 V to 1.1 V, while the correlation

etween average particle size and potential is shown in Fig. S10. Fur-

her support to the proposed nucleation scenario is gained by comparing

ig. 6 d and i at 1.2 V to Fig. 6 e and j at 1.1 V, respectively. Around these

otentials, the decomposition rate of FEC is at its maximum (as deter-
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Fig. 6. SEM micrographs of SnO 2 –graphite 

electrodes cycled in LP30 + 2 wt.% FEC and 

LC30 + 2 wt.% FEC to different potentials dur- 

ing 1st lithiation. Green arrows indicate the 

FEC-derived particles. 
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ined by CV experiments), and going from 1.2 to 1.1 V in LiPF 6 -based

olutions, the particles increase in size only slightly but become signif-

cantly more numerous, while in LiClO 4 -based solutions the number is

elatively constant but the size increase is considerable. 

The XPEEM data ( Fig. 7 ) from SnO 2 –graphite electrodes, stopped

t 1.1 V during 1st lithiation, show the same chemical species already

escribed above for electrodes after the 1st delithiation. The main and

ery important difference is the absence of any carbonate-species signal
162 
n carbon areas, indicating that the decomposition of FEC occurs first

y creating the LiF-containing spherical morphology and only later the

tandard film-like SEI layer starts to grow. In addition, the XPEEM data

or the electrode lithiated to 1.1 V (Fig. S11) show that SnO 2 is still visi-

le on the surface of the electrode (bright spots in the elemental contrast

mages at the Sn M-edge in Fig. S11b). The detection of SnO 2 is possible

ecause the standard film-like SEI (being usually 10–20 nm thick) has

ot formed yet, even though the potential of 1.1 V is just after the FEC
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Fig. 7. XPEEM elemental-contrast images ac- 

quired on SnO 2 –graphite electrodes at 1.1 V 

during 1st lithiation in LC30 + 2 wt.% FEC 

electrolyte: (a) C K-edge, (b) F K-edge, and (c) 

a compositional colored map obtained by the 

overlay of (a) and (b) (color-coded red for C 

and green for F, respectively). Local XAS spec- 

tra at the (d) C K-edge, (e) F K-edge, and (f) 

O K-edge for areas marked by the circles in (a) 

and (b). 
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ecomposition peak, as shown in the CV. These two results confirm our

ypothesis that FEC decomposes first to form inorganic LiF-rich spheri-

al particles and only afterwards the layer-like further FEC and solvent

ecomposition products are deposited. Another important conclusion

elated to the chemical composition of the FEC-derived particles can be

rawn from analysis of the local XAS at the C and O K-edges ( Fig. 7 ):

iF is not the only species composing these particles, they also contain

arbonate species originating from the FEC decomposition. 

.4. Effects of electrolyte solvents and temperature on the morphology and 

hemistry of FEC-derived SEI 

As we have shown, the formation of FEC-derived spheres depends on

he amount of charge and concentration of fluorine-species, leading us

o the assumption that their morphology can also be controlled by other

actors influencing crystal growth, in particular as the crystal-growth

heory fitted our observations well. It is well known that the morphol-

gy of inorganic materials formed in organic solvents is closely related to

he physical and chemical properties of the solvent [ 70–72 ]. We there-

ore have also sought to understand how the individual solvents of the

tandard electrolyte and the cycling temperature affect the morphol-

gy and size of the LiF particles. To study the correlation between the

lectrolyte solvents and the morphology changes, SnO 2 –graphite and

raphite electrodes were cycled in pure EC and pure DMC with LiPF 6 
alt and 2 wt.% of FEC. The corresponding potential profiles are shown

n Fig. 8 , where no clear differences can be observed in comparison with

lectrodes cycled in LP30 + 2 wt.% FEC. The CVs of the graphite elec-

rodes (Fig. S13) show that FEC reduction occurs at around 1.2 and 1.3 V

n EC + 2 wt.% FEC and DMC + 2 wt.% FEC, respectively. The reduction

f FEC at SnO 2 –graphite electrodes is barely visible in the cyclic voltam-

ogram (Fig. S12) but, as shown above for LP30 and LC30 electrolytes

 Fig. 4 ), most probably occurs at around 1.25 V. An intense peak at

.65 V is observed for SnO 2 –graphite electrodes in the pure DMC elec-

rolyte (without FEC addition, Fig. S12). This peak is not present in the

oltammogram of graphite electrodes cycled in the same electrolyte so-

ution and, even though the peak was reproducible, its origin remains

nclear. 

The use of DMC as the sole solvent decreases the size of the FEC-

erived particles from 300–350 nm to 200–250 nm for SnO 2 –graphite

lectrodes, and from 150 to ∼100 nm for graphite electrodes ( Fig. 8 b and
163 
), as compared to EC:DMC counterpart (Fig. S6). Furthermore, while

he particles on SnO 2 –graphite electrodes keep a spherical shape, the

articles on graphite change to a rougher nano-particulate morphology

Fig. S14), seemingly having much weaker connectivity between the pri-

ary particles. On the other hand, the use of pure EC increases the size

f the FEC-derived particles for both SnO 2 –graphite (from 300–350 nm

o 500–650 nm) and graphite electrodes (from 150 nm to 300–400 nm)

 Fig. 8 c and f, and Fig. S6). We attributed these changes to the difference

n dielectric constant of the electrolyte-constituting solvents, as DMC,

C/DMC mixture and EC have a dielectric constant of around 3, 35 and

5, respectively [ 73 , 74 ]. This finding is in line with the literature, show-

ng that solvents with high dielectric constant increase the particle size

f deposited inorganic compounds [75–77] due to the higher solubility

nd faster diffusion of the ions in these solutions [ 77 , 78 ]. The correla-

ion between the particle size and the dielectric constant of the solvent

s shown in Fig. S15, where one can clearly see that the particle size

ncreases with the dielectric constant of the solvent [ 79 ], and that this

rend is valid for both SnO 2 –graphite and graphite electrodes, highlight-

ng the dependence on solvent properties. 

As battery testing is often done at different temperatures, and the

rowth rate and morphology of inorganic materials is frequently de-

ermined by the synthesis temperature, we have performed additional

xperiments at 50 °C, which is a typical temperature for elevated-

emperature battery testing. Both the SnO 2 –graphite and the graphite

lectrodes were cycled in LP30 + 2 wt.% FEC electrolyte to understand

ow much control of the size and the morphology of the FEC derived

articles the temperature can provide. An increase in temperature dur-

ng cycling commonly results in an enhanced LiPF 6 salt decomposi-

ion, which leads to increased HF and POF 3 formation. These chemical

pecies can react and decompose the electrolyte further, as well as the

EI formed on the electrode surface [ 80–82 ]. The electrolyte additive,

resent in the solution, is also involved in these decomposition reactions,

o that a higher temperature results in a more extensive electrolyte addi-

ive decomposition [ 83 , 84 ]. The potential profiles of SnO 2 –graphite and

raphite electrodes are shown in Fig. 9 a and d. In both cases, a higher

apacity for reduction is obtained due to the significant electrolyte de-

omposition at 50 °C, resulting in lower CE at the end of the 1st cycle.

For more details, see CVs in Figs. S16 and S17). For graphite electrodes,

ycled in LP30 electrolyte, the increase of temperature to 50 °C results,

s expected, in enhanced electrochemical reduction reactions of LiPF 6 
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Fig. 8. (a) Potential profiles of SnO 2 –graphite electrodes cy- 

cled in LP30 + 2 wt.% FEC (red), DMC + 2 wt.% FEC (blue), 

and EC + 2 wt.% FEC (cyan) electrolyte. SEM micrographs of 

SnO 2 –graphite electrodes cycled in (b) DMC + 2 wt.% FEC 

and (c) EC + 2 wt.% FEC electrolyte. (d) Potential profiles 

of graphite electrodes cycled in LP30 + 2 wt.% FEC (red), 

DMC + 2 wt.% FEC (blue), and EC + 2 wt.% FEC (cyan) elec- 

trolyte. SEM micrographs of graphite electrodes cycled in (e) 

DMC + 2 wt.% FEC and (f) EC + 2 wt.% FEC electrolytes. 

Fig. 9. (a) Potential profiles of SnO 2 –graphite 

electrodes cycled in LP30 + 2 wt.% FEC elec- 

trolyte at 25 °C (red) and 50 °C (grey); (b) 

and (c) SEM micrographs form different lo- 

cations of SnO 2 –graphite electrodes cycled in 

LP30 + 2 wt.% FEC electrolyte at 50 °C. (d) 

Potential profiles of graphite electrodes cycled 

in LP30 + 2 wt.% FEC electrolyte at 25 °C 

(red) and 50 °C (grey); (e) SEM micrographs 

of graphite electrodes cycled in LP30 + 2 wt.% 

FEC electrolyte at 50 °C. 
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alt at 2.6 V [85] , reduction of functional surface groups of graphite and

inder between 2.2 and 1.6 V [86] , and reduction of solvents (EC:DMC

:1) at ∼0.9 V. The presence of FEC additive in the electrolyte, when

ycling at 50 °C, had considerable consequences on the reduction reac-

ions: 

i) FEC decreases the electrochemical decomposition of LiPF 6 (no peak

present at 2.6 V for FEC-containing electrolyte, Fig. S17). A possible

explanation of this phenomenon is that, due to the high temperature,

acids formed by chemical decomposition of LiPF 6 can actually de-
164 
compose FEC and form a better passivation of the surface than in the

case of FEC-free electrolyte. As a consequence, the electrochemical

reduction of LiPF 6 is substantially reduced. 

ii) FEC enhances the reduction of the graphite/binder functional groups

at around 2.0–2.1 V. 

ii) The decomposition of FEC itself appears as a very broad peak be-

tween 1.6 and 0.8 V, which can be explained by an enhanced solu-

bility of the reduction products at 50 °C. Therefore, it is possible that

FEC does not suppress completely the reduction of the solvent in the
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[  
same way as at 25 °C and continuous reduction is observed over a

wider potential range. 

Furthermore, an increased ‘roughness’ can be observed on the whole

urface of the graphite flakes, as a result of the higher amount of elec-

rolyte decomposed. For SnO 2 –graphite electrodes, the increase in tem-

erature from 25 °C to 50 °C enhanced the same electrochemical reac-

ions as for graphite electrodes, even though the reduction of FEC is not

learly visible in the CV due to the tin-oxide lithiation peak appearing

n the same region. At 50 °C, FEC shifts the electrochemical reduction

f LiPF 6 towards lower potentials. 

The temperature, however, has a different effect on the morphology

f the FEC-derived particles as compared to the other experimental pa-

ameters. On SnO 2 –graphite electrodes, the particles formed at higher

emperature are spherical but distributed inhomogeneously in terms of

oth size and agglomeration. Two zones with different particle sizes

an be identified, where the smaller ones are of similar size to the ones

ormed at 25 °C (see Figs. 9 b and 1 c), while there are also distinct areas

ith larger ones ( Fig. 9 c). In the first area, the dimensions of the par-

icles are around ∼350 nm, while the particles observed in the second

rea ( Fig. 9 c) are double in size (750–900 nm). The reason for this effect

emains unclear. However, as the FEC-derived particles increase in size

or graphite electrodes rather homogeneously, reaching 350–400 nm as

ompared to 150 nm at RT in the same electrolyte ( Figs 9 e and S6), we

onclude that the inhomogeneous particle growth on SnO 2 –containing

lectrodes is due to the presence and distribution of SnO 2 . 

. Conclusions 

A detailed study of the morphological and chemical changes, occur-

ing during FEC decomposition in the 1st cycle revealed that FEC, a

ommonly used electrolyte additive for anodes, at first decomposes into

pherical particles and only afterwards the more familiar layer-like SEI is

ormed. The shape and dimension of the FEC-derived spherical particles

an be tuned by varying the chemical and thermal conditions in the cell.

e find that the properties of the active and passive cell components,

uch as electrolyte salt, solvent and electrode material chemistry, all

ave a major role on defining the final morphology of the FEC reduction

roducts. More specifically, we show that the FEC-derived particle di-

ensions are affected by: (i) the presence of SnO 2 in the electrode (very

ikely as for any other high-specific capacity material), where the high

pecific capacity and the volume changes of Sn during cycling cause an

nhanced decomposition of FEC and electrolyte, leading to FEC-derived

article-size increase; (ii) the type of electrolyte salt, where the con-

entration of fluorine species are important: a higher concentration of

uorine in the electrolyte causes the formation of more crystallization

enters and leads to smaller particle formation; and (iii) the electrolyte

olvent composition, where the decisive parameter for obtaining larger

pheres is a higher dielectric constant, leading to higher ion mobility. 

We have shown that the main constituent of the particles is LiF, to-

ether with some carbonate species, independently of electrolyte salt.

owever, the exchange of electrolyte salt from LiPF 6 to fluorine-free

iClO 4 has an effect on the chemical composition of the SEI: the flu-

rine from FEC decomposition segregates preferentially in a spherical

orphology, leaving the standard film-like SEI fluorine-poor, which in-

icates that the source of fluorine in the film-like layer is not decomposi-

ion of FEC but the degradation of electrolyte salt. In addition, by carry-

ng out model experiments with LiClO 4 as electrolyte salt, and tracking

he time-voltage space, we have found that FEC decomposes first by

orming spherical particles, and only afterwards the standard film-like

EI is deposited. 

It is important to mention that the spherical morphology, resulting

rom FEC decomposition, is rarely observed due to the often-used high

lectron acceleration voltage, when taking images on the SEM, espe-

ially if EDX analysis is performed at the same time. We clearly demon-

trate that the interface morphology can be easily overlooked if more
165 
urface-sensitive microscopy conditions, such as low accelerating volt-

ge, are not used. 

Our findings show clear ties between chemical and morphological

hanges in the SEI and the cell medium, where both active materials

nd electrolyte contribute to defining the final properties of the FEC-

erived SEI. The results of this study provide a deeper understanding of

ow fluorine additives work and enables the tuning of the SEI proper-

ies by using laws of simple crystal-growth theory to fit the conditions

eading to the desired morphological and chemical outcome. This, in

urn, is an important step to enabling the rational design of fluorine-rich

lectrolytes and fluorine-based sacrificial additives towards the stabi-

ization of high-specific-capacity anodes and, consequently, of batteries

ith high energy density. 
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