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Employing density functional theory (DFT) calculations and x-ray photoelectron spectroscopy (XPS), we identify prod-
ucts of the reaction of the ionic liquid N,N-butylmethylpyrrolidinum bis(trifluoromethylsulfonyl)imide (BMP-TFSI)
with lithium in order to model the initial chemical processes contributing to the formation of the solid electrolyte in-
terphase in batteries. Besides lithium oxide, sulfide, carbide and fluoride, we find lithium cyanide or cyanamide as
possible, thermodynamically stable products in the Li-poor regime, whilst Li3N is the stable product in the Li-rich
regime. The thermodynamically controlled reaction products as well as larger fragments of TFSI persisting due to ki-
netic barriers could be identified by a comparison of experimentally and computationally determined core level binding
energies.

I. INTRODUCTION

Besides the individual components and actual materials em-
ployed in batteries, the interface between the electrode and
the electrolyte has a crucial impact on the function of the bat-
tery. Due to its interaction with the (electrified) electrode sur-
face, the electrolyte is prone to decomposition, leading to the
formation of the so-called solid electrolyte interphase (SEI).1

Once formed and thick enough, the SEI prevents further elec-
trolyte consumption due to the insulating nature of its con-
stituents. Still, the SEI should be permeable for ion diffu-
sion. Thus, the composition of the SEI crucially contributes
to the function of a battery, and its detailled knowledge is of
utmost importance for the functional understanding. Owing
to the complexity of battery systems and because many ana-
lytical methods are not applicable for (in situ) studies of elec-
trochemical systems, there is a demand for studies on well-
defined model systems in order to understand the interactions
and reactions at different interfaces.

In recent years, the use of ionic liquids (ILs) as elec-
trolytes has attracted increasing attention.2–4 Ionic liquids,
which are defined as salts with a melting point lower than
100°C, offer a variety of advantages, including an en-
hanced electrochemical stability. Nevertheless, there are
reports that ILs decompose at low electrode potentials.5–7

One of the most studied ILs is N,N-butylmethylpyrrolidinum
bis(trifluoromethylsulfonyl)imide (BMP-TFSI).

Despite of numerous model studies on the formation of the
SEI8–12 and in particular of BMP-TFSI13–18 in the past few
years, neither the actual composition of the SEI nor the mech-
anisms of its formation are fully clear yet, in particular not
on a molecular scale. Different decomposition products have
been deduced from x-ray photoelectron spectroscopy (XPS)
experiments studying the interaction of Li0 with a BMP-TFSI
monolayer on graphite15 and from XPS experiments studying
the interaction of Li0 with BMP-TFSI mono- or multilayers
on various oxide surfaces (Co3O4, CoO).17,18 XP measure-
ments on the interaction of the IL monolayer with graphite
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(HOPG) suggest, that decomposition mainly affects the an-
ion, as the N 1s peak of TFSI declines. In contrast, on oxide
surfaces mainly the N 1s XPS peak of BMP was found to de-
cline, indicating a predominant decomposition of the cation.
Olschewski et al. also reported a predominant cation decom-
position upon deposition of BMP-TFSI on metallic Li0.9 To
shed more light on this apparent discrepancy and the role of
the substrate, we performed a detailed study of the interactions
and reactions of Li0 with BMP-TFSI multilayers on an HOPG
substrate, employing a combined experimental and computa-
tional approach. Exploring the multilayer regime allows us
to probe the interaction between the IL and Li without in-
terfering interactions with the substrate. To the best of our
knowledge there is no systematic study so far on the decom-
position and the formation of different possible products for
varying Li:IL ratios employing electronic structure methods.
Previous computational studies mainly used ab initio molec-
ular dynamics to study the decomposition of (BMP-)TFSI at
lithium surfaces.19–22 In theses studies different decomposi-
tion products were found, including large fragments, such as
NSO2CF3,19,20,22 but also solely atomic constituents,21 de-
pending on the length of the simulation. In the present study
we use both density functional theory (DFT) calculations and
x-ray photoelectron spectroscopy (XPS) to elucidate possible
products of the reaction

BMP-TFSI+ xLi→∑
i

νi(Lil(i)Cc(i)Hh(i)F f (i)Nn(i)Oo(i)Ss(i)),

(1)
where the stoichiometry on the right-hand side reflects the
atomic constituents of BMP-TFSI.

We first present and discuss the results of systematic XPS
measurements on the interaction of a multilayer film of molec-
ularly adsorbed BMP-TFSI film a HOPG substrate with in-
creasing amounts of metallic Li evaporated on top of it (sec-
tion II A). Next we apply DFT calculations to explore the
thermodynamic stability of possible decomposition products
and kinetic barriers for their formation (section II B and sec-
tion II C). Subsequently, we compute core level binding en-
ergies of probable reaction products and compare these with
the experimental findings in the XPS experiments to unam-
biguously identify the products and long-living intermediates
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resulting from this reaction (section II D). Finally, the results
are shortly summarized and final conclusions are drawn (sec-
tion III). Experimental and computational details are summa-
rized in the IV section at the end.

II. RESULTS AND DISCUSSION

A. Experimental Results

Multilayer peak positions and shifts vs. monolayer: To
begin with, we will summarize the XP core level peaks ob-
served for a molecularly adsorbed BMP-TFSI multilayer film
on HOPG at r.t. (thickness ca. 10 monolayers) (??, bottom
of each panel). The BEs of all BMP-TFSI peaks are listed in
I, using typical abbreviations such as CBMP/alkyl, CBMP/hetero,
NBMP and CTFSI, NTFSI, FTFSI, OTFSI, STFSI for the atoms of
the BMP cation and of the TFSI anion, respectively (see our
previous publications16,23). Regarding the C 1s BEs of the
cation we distinguish between the carbon atoms in the alkyl
chain or ring (CBMP/alkyl) and the carbon atoms adjacent to the
N atom (CBMP/hetero).

The BEs shown in I include N 1s peaks at 403.3 and 400.0
eV, which are related to the N atoms in the BMP cation and
in the TFSI anion, respectively. For comparison, we had
reported BEs of 402.6 and 399.5 eV for a monolayer film
adsorbed on HOPG.15 A comparable BE up-shift, here by
around 1 eV, was observed by Cremer et al.24 when going
from submono- to multilayer IL films on Au(111), which they
explained by either an initial state effect, due to a bonding
mechanism, or by a final state effect, due to more efficient
screening of the core hole for the monolayer film. Using a
similar type, but slightly different IL, Biedron et al. reported
comparable findings, with an up-shift by about 0.9 eV from
a submonolayer to a thick film. Based on a comparable de-
crease of the work function, these authors assigned this shift to
a vacuum level pinning effect,25 where the BEs of the weakly
bound adsorbate are coupled to the vacuum level rather than
to the Fermi level.26,27 Considering the identical magnitude of
the decrease in work function and of the up-shift in BE when
going from submonolayer to thick IL films, we favor the lat-
ter explanation of the shift (vacuum level pinning). The peaks
due to core electrons of the other elements (see I) are also
up-shifted compared to the monolayer film, by about 0.6±0.1
eV,23 as expected for vacuum level pinning. The intensities of
these peaks (corrected by the sensitivity factors) closely agree
with expectations for the stoichiometric composition of NBMP
: NTFSI : CTFSI : FTFSI : STFSI : OTFSI : CBMP/hetero : CBMP/alkyl
of 1 : 1 : 2 : 6 : 2 : 4 : 4 : 5, indicative of intact molecular
adsorption.

Trends in the N 1s spectra upon Li deposition: Next, we
focus on the changes in the spectra of the adsorbed IL film
introduced by stepwise post-deposition of Li, which leads to
distinct modifications. These are most pronounced in the N
1s region (see ??). Furthermore, the N 1s region includes in-
formation about both the cation and the anion. Hence, we
will start with these spectra. For the peak fitting we kept the
distance between IL-related peaks constant for all Li expo-

FIG. 1. N 1s and Li 1s core level spectra of around 10 ML of molec-
ular adsorbed BMP-TFSI species (bottom of the N 1s region) and
after stepwise post-deposition of 0.4 - 3.6 MLE of Li at r.t. For com-
parison, a reference spectrum for metallic Li is included in the Li 1s
range.

sures. New peaks were added if needed to get a satisfactory
fit, and held at an almost constant BE (we allowed a ∆E of
∼ ±0.2 eV). At low amounts of Li deposited onto the sam-
ple (0.4 and 0.7 MLE), both the N 1s peak at around 400 eV
(NTFSI, blue peak in 1) and at 403.3 eV (NBMP, red peak in
1) shift to slightly higher BEs, by about 0.2 eV. Possible rea-
sons for this will be discussed later, together with the BEs of
the other peaks. Moreover, at 0.4 MLE Li the TFSI-related
peak displays an asymmetric peak shape which results from
the emergence of a small additional N 1s feature (violet peak
in 1) at a BE of around 399.0 eV. With increasing amount of
Li (0.7 MLE) this feature becomes more prominent. Further-
more, the TFSI-related N 1s feature develops an additional
low-intensity peak at a BE of around 399.9 eV (green peak in
1), whose nature and identification will be adressed with the
spectrum for 1.4 MLE Li. The increase in intensity in the vi-
olet peak and the appearance of the green peak at 0.7 MLE go
along with a loss of intensity by about 1/3 in the NTFSI peak at
400.2 eV, while the intensity of the BMP-related feature does
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TABLE I. Binding energies of different XPS peaks for an adsorbed BMP-TFSI multilayer on HOPG. Abbreviations as given in the right
column will be used to refer to peaks in all following XP spectra.

Element/orbital BE / eV Chemical environment denoted as

C 1s 286.0 –C–C– CBMP/alkyl
C 1s 287.3 –C–N– CBMP/hetero
N 1s 403.3 –C–N– NBMP

C 1s 293.5 –C–F3 CTFSI
N 1s 400.0 –S–N– NTFSI
F 1s 689.6 –C–F3 FTFSI
O 1s 533.3 –SO2– OTFSI

S 2p3/2 169.6 –SO2– STFSI

FIG. 2. F 1s, O 1s, C 1s and S 2p core level spectra of an adsorbed BMP-TFSI multilayer (∼ 10 ML) and after stepwise post-depsition of 1.4,
2.2 and 3.6 MLE of Li at r.t.

not vary significantly (less than 5%). Based on these intensity
variations, we assume that the new violet peak at ∼399.0 eV
results from the reaction of Li with the TFSI species of the IL,
leading to a decomposition of the anion (NTFSI,dec-1).

After the next Li deposition step, at 1.4 MLE in total, we
observed a small intensity decrease in the BMP-related N 1s
peak at 403.5 eV (red) and a strong decrease in the TFSI-
related peak (blue), which drops to about 1/3 of its initial in-
tensity. Furthermore, peak fitting requires an additional peak
at 398.2 eV (yellow peak in 1), which will also grow at higher
Li doses. Since the TFSI-decomposition product reflected by
the violet peak at about 399 eV does not completely com-
pensate the loss in the NTFSI peak intensity, we assume that
the new peak at 398.2 eV (yellow) represents an additional

decomposition product of the TFSI anion (NTFSI,dec-2). The
small contribution (green), which at 0.7 MLE Li appeared at
∼399.9 eV, gets more prominent and shifts to a BE of about
400.1 eV at 1.4 MLE. This peak is identified as a separate
species, different from the TFSI-related peak at 400.0 eV,
based on the assumption that the total intensity of the TFSI-
related peak plus peaks related to TFSI decomposition prod-
ucts cannot grow, but remains at best constant. Assuming the
same also for the BMP-related peak intensity and its decom-
position products, the green peak can be identified as due to a
BMP decomposition product (NBMP,dec-1).

At 2.2 MLE Li, we again find a significant change in the
N 1s spectrum. The lower BE N 1s peak (396.0 - 402.0 eV)
became much broader and now shows two clearly separated
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FIG. 3. Quantitative analysis of the integrated peak intensities in the
N 1s core level region vs. Li coverage.

maxima at 398.2 eV (yellow) and 400.1 eV (green), respec-
tively, with the first one reflecting the second TFSI decom-
position product (NTFSI,dec-2) and the second one related to
a decomposition product of BMP (NBMP,dec-1). In between
those two peaks deconvolution reveals a contribution from
the TFSI decomposition product 1 (NTFSI,dec-1, violet), which
slightly decreased in intensity compared to the situation at
1.4 MLE Li. Most likely, the TFSI decomposition product
2 (NTFSI,dec-2, yellow) is a result of a further decomposition of
the TFSI decomposition product 1 (NTFSI,dec-1, violet).

Finally, for Li deposition of 3.1 MLE and more, we ob-
serve a further strong decrease of the BMP-related N 1s peak
to about 10-15% of its initial intensity, which goes along
with an increase of the two decompositions products reflected
by features at 400.1 eV (NBMP,dec-1, green) and at 398.2
eV (NTFSI,dec-2, yellow). Based on the deconvolution con-
cept, the initial TFSI-related N 1s peak (blue) seems to have
vanished completely, while the TFSI decomposition product
‘TFSIdec-1’ (violet), which appeared in the spectra already at
very low Li exposure and reached its maximum intensity at
1.4 MLE, continued to decrease. Finally, we would like to
note that there is no peak in the range of 395 to 396 eV, where
the N 1s BE of Li3N would be expected (see28 and references
therein).

In the Li 1s range, metallic Li is characterized by a peak
at 55.5 eV (see the inserted spectrum). During stepwise
post-deposition of Li to a pre-adsorbed IL multilayer, a peak
around 56.3 eV, i.e., at higher BE compared to metallic
Li, emerges and its integrated intensity gradually increases.
Hence, we assume that largely Li+-containing decomposition
products contribute to this peak.

The evolution of the different N 1s components with in-
creasing Li deposition is illustrated in 3. First of all, this
figure indicates that there is no loss in the total N 1s inten-
sity, neither for the intensity of the BMP-related peak and
its decomposition product (ring opening product, NBMP,dec-1)
nor for the TFSI-related peak and the decomposition products
‘TFSIdec-1’ and ‘TFSIdec-2’, which supports also our assign-
ment. Consequently, there is no specific formation and des-
orption of N-containing gaseous product upon Li deposition,
that could modify the elemental composition of the film. Note
that molecular desorption of BMP-TFSI species, e.g., X-ray
induced desorption (see ref. [15]), cannot be excluded for a
thick film. The BMP-related peak (red) shows a more or less
linear decrease in intensity with increasing Li exposure (ap-
prox. 50% loss at 2.5 MLE Li), and correspondingly, the sig-
nal of the decomposition product ‘BMPdec-1‘ (green) increases
linearly as well. This is different for the TFSI anion, where the
decomposition occurs significantly faster, leading to a loss of
the TFSI-related peak intensity of about 50% already between
0.7 and 1.4 MLE Li. Furthermore, there are two decomposi-
tion products ‘TFSIdec-1’ and ‘TFSIdec-2’, where the first one
increases rapidly and saturates at about 1.4 MLE Li, while for
the second one the increase is slower, but continues almost
linearly up to the highest Li deposit dose. In the end, this lat-
ter component accounts for about 70-80% of the initial TFSI
intensity.

Reactive decomposition in multilayer vs. monolayer IL
films (N 1s range): This reaction behavior is largely, but
not completely similar to the situation of Li deposition on
a BMP-TFSI monolayer on HOPG.15 In that case both the
BMP and TFSI peaks seem to decrease slightly already after
the first Li dose. For larger Li deposits (> 0.5 MLE), mainly
the TFSI-related peak decreased, while intensity losses in the
BMP-related peak were only moderate. Furthermore, only
a single decomposition product with a N 1s peak at 398.9
eV appeared in the monolayer experiment, whose intensity
was sufficient to fully compensate the intensity loss of the
TFSI-related N 1s intensity, indicating partial transformation
of TFSI into a single decomposition product. We had tenta-
tively attributed this peak to Li3N formation,15 following sug-
gestions of other decomposition studies of LiTFSI based or
related electrolytes29,30 and due to the fact that Li3N repre-
sents a thermodynamically stable compound. Yet, comparing
the N 1s BE of the decomposition product (398.9 eV) to val-
ues reported for the N 1s BE of Li3N (395-396 eV)28, there is
a significant deviation of about 3-4 eV, which caused us to re-
assign this peak to an (so far unspecified) TFSI-decomposition
product. Furthermore, in contrast to the monolayer exper-
iment, the present multilayer experiment reveals the forma-
tion of two TFSI decomposition products ‘TFSIdec-1’ (violet,
399.0 eV) and ‘TFSIdec-2’ (yellow, 398.2 eV). Another dif-
ference is that in the monolayer experiment BMP decompo-
sition was considered to be negligible or even absent, in con-
trast to the decomposition in the present multilayer experi-
ment, where a decrease of the NBMP goes along with the for-
mation of a new peak (NBMP,dec-1) at 400.1 eV (green). We
cannot exclude, however, that also in the monolayer experi-
ment a BMP-related decomposition product is formed with an
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N 1s BE close to that of the TFSI-related N 1s peak. This
would affect also our previous conclusion that desorption of
N-containing species is limited to BMP or BMP-related de-
composition products, while adsorbed TFSI and TFSI-related
decomposition products remain on the surface.15 On the other
hand, a stabilization of BMP in interaction with the HOPG
surface (no decomposition of BMP in contact with HOPG)
would be consistent with results of our previous combined
STM and DFT study, where we had demonstrated that the
alkyl chain and the 5-membered ring of BMP are lying flat
on the HOPG substrate.13 Furthermore, additional DFT cal-
culations revealed that in the BMP-TFSI monolayer case the
underlying HOPG substrate plays an active role in the inter-
action with Li0 insofar as it accepts electron charge from the
vapor deposited Li0, which in turn is donated to the LUMO of
TFSI, resulting in an elongation of the S-N bond and finally
breaking of this bond.15 Also this would support preferential
decomposition of adsorbed TFSI upon Li0 deposition in the
monolayer system, as we had proposed previously.15 Overall,
the pattern of Li induced BMP decomposition appears to dif-
fer somewhat for the monolayer film and the multilayer film.

Trends in other spectral ranges upon Li deposition: Next
we concentrate on the changes in the F 1s, O 1s, C 1s and S
2p spectra after post-deposition of 1.4, 2.2 and 3.6 MLE of Li,
respectively (2). The intensity decay of the BMP- and TFSI-
related peaks upon increasing deposition of Li is summarized
in Table S1 in the Supporting Information, including also the
N 1s peaks. First of all, for all elements the integrated peak
intensities of the TFSI-related peaks (cyan) decrease and new
peaks (yellow) arise, pointing to the occurrence of decompo-
sition and desorption processes. Second, in contrast to the
slight up-shift of the TFSI- and BMP-related N 1s peaks upon
initial Li deposition we find no similar up-shift in the TFSI-
related peaks of the other elements, which would indicate that
the shifts observed in the N 1s peak are due to chemical inter-
actions between Li and N. One should keep in mind, however,
that the spectra in 2 are more complex and slight shifts of the
BMP-TFSI related peaks could be within the error range of the
deconvolution procedure and thus cannot be fully ruled out. In
the F 1s range, the gradual decrease of the FTFSI peak inten-
sity (cyan) is accompanied by the appearance and growth of
a new peak at lower BEs, at about 685.9 eV (FTFSI,dec-1, yel-
low). Based on the F 1s BE, this new peak could be due to
LiF, which was reported to be in the range 685.0±0.2 eV31

After the last Li exposure (3.6 MLE), the total peak area had
decreased to about 60% of its initial value, which points at
significant desorption of F-containing but N-free (constant N
1s peak intensity) decomposition products. Most of the total F
1s intensity remained in the initial FTFSI 1s peak (44%), about
16% were transformed into the new FTFSI,dec-1 peak, leading to
a composition of 73% FTFSI and 27% FTFSI,dec-1 for the result-
ing adlayer. The remaining 40% were converted into volatile,
desorbing products. Note that the result of 44% intensity of
the initial FTFSI 1s peak is an upper limit, since the slight in-
crease in peak width of this signal, from 2.1 to about 2.3 eV,
points to the formation of a decomposition product with an F
1s BE close to that of the FTFSI species, which could reduce
the contribution of the FTFSI component.

In the O 1s range, stepwise Li deposition (1.4, 2.2 and 3.6
MLE) leads to a broadening of the TFSI-related peak, point-
ing to the formation of a new peak at slightly lower energy,
at ∼532.0 eV (OTFSI,dec-1, yellow). According to the peak de-
convolution, with OTFSI constrained at constant BE, the inte-
grated intensity of the OTFSI peak (cyan) decreased by around
40% after the first Li dose and remained about constant after
further Li deposition. In addition, after post-deposition of 3.6
MLE of Li in total, another new, low-intensity peak appeared
at 529.5 eV (OTFSI,dec-2, yellow). The considerable down-shift
in BE points to the formation of oxide like species such as
Li2O, which was previously assigned to a signal with a BE of
528.6 eV.32 Another study reported a peak at 530.5 eV, which
developed upon exposure of a Li film to O2 at 25 K.33 The
considerable difference in BEs between these two peaks must
be due to differences in the exact nature of the oxides, aris-
ing from the specific experimental conditions. Similar to our
findings for the N 1s region, the total O 1s peak area remained
almost constant during Li deposition, indicating that desorp-
tion of oxygen-containing species is negligible, and about
40% of the initial OTFSI peak intensity were transformed into
the new O-containing decomposition products OTFSI,dec-1 and
OTFSI,dec-2 (remaining intensity in the OTFSI component 60%,
see Table S1).

The C 1s range exhibits, in addition to the peaks related to
BMP-TFSI (CTFSI, CBMP/hetero and CBMP/alkyl, see I), a low-
intensity peak at the low BE side at 284.6 eV (grey), where
the latter is due to the underlying HOPG substrate. Upon Li
deposition, the CTFSI peak gradually decreases in intensity,
e.g., to 48% after the first dose, to 36% in total after the sec-
ond dose and to 31% in total after the last Li dose. This is
of comparable magnitude as the loss in FTFSI intensity (re-
maining intensity 44%) upon Li deposition, considering that
this value was only an upper limit (see above), which sup-
ports the assignment of these peaks to the CF3 groups. The
peaks assigned to CBMP/hetero and CBMP/alkyl both showed a
subtle up-shift of the BE after post-deposition of 1.4 MLE
of Li, but no substantial changes in intensity. However, after
deposition of 2.2 and 3.6 MLE of Li, respectively, the enve-
lope of the signal (CBMP/hetero and CBMP/alkyl peaks) changed
significantly, with the contribution from CBMP/hetero becoming
much less pronounced. Peak deconvolution reveals a decrease
of CBMP/hetero by ∼17% after the second and by ∼49% in to-
tal after the third Li dose relative to the initial intensity. On
the other hand, the peak area of the CBMP/alkyl peak slightly
increased after the second and third Li dose by 8.4 and 10%
in total, respectively. One possible explanation contributing
to these modifications is a change in the ratio of CBMP/alkyl
: CBMP/hetero from 5:4 to 6:3 due to a ring opening reaction
of BMP. Furthermore, the total C 1s peak area decreased by
about 11, 14 and 25% in total after the 1st, 2nd and 3rd Li
doses, respectively, mainly due to the significant decrease of
the intensity of the CF3 groups of TFSI. This must be related
to the evolution of gaseous products, such as small fluorinated
hydrocarbons. Part of the CF3 groups also decomposed into
adsorbed species, as F-containing products appeared in the F
1s regime, e.g., as LiF (see above). It is not possible, how-
ever, to identify further C-containing decomposition products
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in the relatively broad feature between 284 - 290 eV so far.
Possible products falling into this category will be discussed
below. Finally, comparable to the exclusion of Li3N (BE (N
1s): 395.328), the formation of LiC (BE (C 1s) < 284 eV29)
seems to be unlikely based on these spectra.

Finally, going to the S 2p range (2, right panel), stepwise
Li deposition leads to a broadening of the TFSI-related peak,
which can be explained by the formation of a new species at
a BE of ∼167.8 eV (STFSI,dec-1 (S 2p3/2), yellow), which may
be due to an oxy-sulphur (S-O) species (reported value 167.4
eV)34. The integrated intensity of the STFSI peak (cyan) de-
creased to around 53% after the first, 37% after the second and
to 24% after the last Li dose. In addition, after post-deposition
of 3.6 MLE of Li in total, another new, low-intensity peak
emerged at 161.6 eV (STFSI,dec-2, yellow), which may be as-
signed to the formation of Li2Sx or Li2S species whose BEs
(S 2p3/2) were reported to be around 161.5 – 162.9 (Li2Sx)35,
160.5 eV (Li2S)35 ,162.1 (Li2S2)35 and 160.7 eV (Li2S)34, re-
spectively. The total S 2p peak intensity decreased to 89, 86
and 84% after the 1st, 2nd and 3rd Li doses (see Table S1),
respectively, indicating desorption of S-containing species.
Hence, the decrease of the intensity of the STFSI peak to∼24%
of the initial intensity after Li deposition (3.6 MLE) is mainly
due to the transformation of the -SO2 groups of TFSI into a
two new S-containing decomposition products (∼60%), while
the remaining 16% were desorbed as volatile decomposition
products.

The different trends in the elemental peaks seem to indicate
that the loss in intensity of the initial TFSI-related peak differs
between about 100% (N 1s) and 40% (O 1s) (see description
in the text above and Table S1). Although in some cases, in
particular for the NTFSI peak, the peak deconvolution may al-
low considerable deviations from these values, it is clear, that
the losses in the initial TFSI-related peaks are not identical for
all elements tested. This can only be explained by the partial
formation of decomposition products with BEs that are very
similar to that of the initial TFSI-related peak. This latter pro-
cess must be least pronounced for the N 1s and the S 2p peaks,
and most effective for the O 1s peak.

The situation is different when looking at the loss of total
intensity for the different peaks. As illustrated in 3, there is
no loss of N-containing species upon reaction with Li. The
same result was also obtained for oxygen and only a moderate
loss of 16% is observed for sulphur (see Table S1). Hence,
species containing these elements hardly desorb from the sur-
face upon Li deposition. Instead, they are involved in sponta-
neous decomposition processes, leading to new surface com-
pounds / decomposition products. This is different for the
fluorine and carbon species of the CF3 group of TFSI and
the carbon species in the (–C–N–) group of BMP, which re-
main only partly in adsorbed decomposition products, while
the other part transforms into gaseous products (CxHyFz). To
some extent, similar desorption processes are also active for
S-containing species.

Overall, this qualitative discussion shows that the interac-
tion of Li with BMP-TFSI multilayer films leads to the de-
composition of the IL and the formation of several binary
compounds such as LiF, Li2O and possibly Li2O2, and Li2S /

Li2Sx / Li2S2 already at room temperature, together with addi-
tional more complex reaction intermediates which cannot be
identified easily from these spectra.

Reactive decomposition in multilayer vs. monolayer IL
films (other spectral ranges): Also for these peaks we can
briefly compare with trends observed for the interaction of Li
with a monolayer film of BMP-TFSI. First of all, in that case
all IL-related peaks (F 1s, O 1s, N 1s, C 1s and S 2p) re-
vealed a significant BE up-shift upon Li deposition, by about
1.4 eV after the first dose (ca. 1.0 MLE), while for the multi-
layer IL film there was hardly any case, except for small shifts
for the N 1s peaks by about 0.2 eV which we had assigned to
chemical interactions between Li and N before. We had previ-
ously explained the pronounced Li-induced up-shift of the IL-
related peaks in the monolayer case to a vacuum level pinning
effect, caused by a pronounced decrease of the work function
upon Li deposition.15 In that case, the deposited Li0 donates
significant charge to the topmost graphene layer, resulting in
a modification of the dipole layer and thus a decrease of the
work function. We tentatively explain the absence of such
effects in the present case, for Li deposition on a multilayer
IL film, by the lack of Liδ+ ion formation at the surface and
graphene surface charging, assuming that Li does not reach
the interface between the IL film and HOPG, but reacts al-
ready with the IL in the initial stages of the Li deposition and
diffusion process. We furthermore assume that the reaction of
Li with the IL in the thick film does not lead to a significant
change in work function, and thus not in significant changes
of the BEs of the BMP-TFSI related peaks, since the reac-
tion leads to a highly disordered product with no preferential
orientation of the dipoles.

Focusing on the decomposition pathway, the mono- and
multilayer experiments reveal a rather similar decomposition
pattern of the TFSI anion upon contact with post-deposited
Li, which is in agreement with the rather similar intensity de-
crease of the NTFSI signal upon Li deposition in both cases.
The TFSI decomposition products observed in the monolayer
case had been tentatively assigned to LiF, LiOH, Li2O, LixSOy

and Li2S,15 most or all of which are also possible candi-
dates for the Li-induced multilayer decomposition products of
TFSI. However, in contrast to the monolayer IL case, where
only a single NTFSI decomposition product was observed,
we now find two different products (see 1 and related text).
Hence, TFSI decomposition in the multilayer seems to be
more complex. Furthermore, the C 1s spectra showed mainly
an intensity decrease of the CTFSI peak in the monolayer ex-
periment, while the cation related CBMP/hetero and CBMP/alkyl
peaks changed much less. Here we would like to note that the
latter peak is located close to the dominating CHOPG substrate
peak and thus, a quantitative analysis is problematic. Consid-
ering also the small intensity losses of the NBMP peak in the
monolayer experiment, this indicates that the IL monolayer
film is stabilized by interaction with the underlying HOPG
substrate, while it can easily react with Li in the multilayer
film. In total, these experimental data provide information on
the nature of the desorbing species and of simple inorganic
decomposition products generated upon Li deposition onto a
BMP-TFSI multilayer film at RT, but cannot unambigously
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clarify the more complex intermediates formed in this pro-
cess.

In the following we will look at the thermodyamics and ki-
netics of the reaction of BMP-TFSI and Li by means of DFT
calculations to identify chemically reasonable candidates for
possible (intermediate) products, and by comparing their cal-
culated BEs to the experimental results we will assess whether
these products might indeed be formed in the experiment.

B. Thermodynamic stability of possible reaction products
of BMP-TFSI and Li0

In order to determine possible products of 1 we separately
studied the reaction of BMP and Li on the one hand and the re-
action of TFSI and Li on the other hand. In the determination
of the respective reaction energies the entropic contribution to
the free energies have been neglected. Furthermore, and more
severely, we assumed charge neutral products for both reac-
tions. This implies an electron transfer from the anion TFSI−

or its products to the cation BMP+ or its products:

BMP+TFSI−→ BMP0 +TFSI0 (2)

Under that condition 1 can be disentangled into

BMP0 + yLi→∑
i

νi(Lil′(i)Cc′(i)Hh(i)Nn′(i)) (3)

and

TFSI0 + zLi→∑
i

νi(Lil′′(i)Cc′′(i)F f (i)Nn′′(i)Oo(i)Ss(i)). (4)

As far as the reduction of the cation is concerned, both one-
electron and two-electron reduction mechanisms involving the
formation of radical36 or carbanion intermediates37, respec-
tively, have been discussed in the literature for quarternary
ammonium ions. Our RPBE-D3 gas phase calculations indi-
cate that the one-electron reduction of BMP+ leads to a ring
opening of the pyrrolidinium ring (see II, first column). In the
resulting dibutylmethylamine radical the unpaired electron is
located at the terminal CH2 group of one of the butyl groups.
The ring opening reaction is about 0.2 eV more favorable than
the elimination of a butyl- or methylradical. This differs from
the results of semi-empirical quantum chemistry calculations
of Kroon et al.38, who found the formation of methylpyrro-
lidin and a butyl radical to be the most likely reduction reac-
tion of BMP+. Random sampling of different possible confor-
mations of the butyl group accommodating the unpaired elec-
tron of the dibutylmethylamine radical reveals that the gauche
conformation and the antiperiplanar conformation are almost
isoenergetic, with the gauche conformation being about 10
meV more stable. Hence, conformational differences cannot
explain the deviations from the previous calculational study.38

Instead, we tentatively ascribe the different results to the dif-
ferent levels of theory, semiempirical pm338 versus DFT cal-
culations, that have been employed.

The radicals obtained by the one-electron reduction of
BMP+ can be further stabilized by subsequent combination

with neighboring radicals or Li atoms. We mainly considered
reactions with Li atoms (see II, second/third column). Reac-
tion with one Li atom yields alkylpyrrolidin compounds that
are energetically comparable or even more favorable than 4-
(N-Butyl-N-methylamino)butyllithium, if the resulting alkyl-
lithium compound is coordinated to the N atom of the pyrro-
lidin compound. Moreover, the calculations in the gas phase
indicate that further reduction of the tertiary amine or pyrro-
lidin compound with in total three Li atoms to a lithium di-
alkylamide compound (II, third column, last row) cannot be
excluded, as it yields an additional energy gain of -3.28 eV,
which is comparable to about twice the cohesive energy of
bulk Li (ERPBE

coh (Li)=-1.54 eV, ERPBE-D3
coh (Li)=-1.71 eV) and

which thus corresponds to the cost of providing these Li atoms
from the thermodynamically stable bulk Li metal phase. We
note that the results of these gas phase calculations are quali-
tatively comparable to the results obtained by calculations of
reaction products of BMP and Li within the crystalline envi-
ronment of BMP-TFSI.18 The cleavage of further N-C bonds
of the dialkylamide by additional Li atoms seems to be less
likely. For instance, a structure in which a methyl radical,
a butylamino radical and a butyldiradical are bound to a Li5
cluster (not shown) only leads to an additional energy gain
of -2.98 eV with respect to the Li3-dialkylamide compound
discussed before. Thus, the absolute amount of the energy
gain for the formation of this structure is less than the abso-
lute amount of the energy gain for Li particle formation (2
Ecoh= -3.08 eV).

For comparison, we also considered the products of a Hof-
mann β -elimination following the two-electron reduction of
BMP+ as suggested by Markevich et al.6 The most favor-
able reactions with relative energies of -2.60 to -2.79 eV
(see III) lead to the formation of numerous, mainly volatile
products which were identified as reaction products in exper-
imental studies of metallic lithium, or galvanic couples of
Li and Cu or Ni, immersed into liquid BMP-TFSI by em-
ploying gas chromatography/mass spectrometry.39,40 These
previous studies reported tertiary amines as main decompo-
sition products such as N-butyl-N-methyl-N-but-3-eneamine
or N,N-dibutyl-N-methylamine, methyl- and butylpyrrolidin,
and (un)saturated hydrocarbons such as butane and butene.
Yet, with the experimental procedure used in this work, in
which Li is post-deposited on BMP-TFSI multilayers on
HOPG, the one-electron reduction mechanism via radical in-
termediates appears more plausible. Furthermore, besides
volatile products, tertiary amine or amide radicals coordinated
to Li atoms or small Li clusters might persist.

Next, we concentrate on the reaction of TFSI0 and atomic
Li. Possible reaction products were modelled in their respec-
tive crystalline bulk structures as described in section IV B.
The energies of the various reactions, which lead to a ex-
tensive set of different decomposition products, were com-
pared employing a grand canonical concept in which lithium
is present as a reservoir. Thus, lithium enters the expression
of the reaction energy ∆E (5) by means of its chemical po-
tential (µLi). To obtain the reaction energy for the whole re-
action of BMP-TFSI and Li, we included the cohesive energy
of BMP-TFSI via 2 and the energy of the reaction of BMP0
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TABLE II. Energies (in eV) of possible one electron reduction products of BMP+ (first column) and subsequent reactions with one/three Li
atoms (second/third column), given with respect to the 4-(N-Butyl-N-methylamino)butyl radical and isolated Li atoms.

BMP+ + e− BMP+ + e− + Li0 BMP+ + e− + 3 Li0

0.00 eV -2.24 eV -4.57 eV

0.22 eV -2.59 eV -4.22 eV

0.17 eV -2.32 eV -5.87 eV

TABLE III. Energies (in eV) of possible products of the two elec-
tron reduction reaction of BMP+ and subsequent Hofmann β -
elimination of BMP+ cations given with respect to two 4-(N-Butyl-
N-methylamino)butyl radicals.

-1.33 eV

-2.52 eV

-2.71 eV

-1.22 eV

-2.41 eV

-2.61 eV

-1.40 eV

-2.60 eV

-2.79 eV

and Li via 3. For the latter reaction we only considered the
initial reaction of BMP0 and one Li atom to 4-(N-Butyl-N-
methylamino)butyllitihum.

∆E = ∑
i

νiE(producti)−E(BMP-TFSI)− xµLi (5)

where νi denotes the stoichiometric factor and Eproducti the
energy per formula unit of the i-th product of the reaction of
TFSI0 or BMP0 and Li. E(BMP-TFSI) is the energy per for-
mula unit of the BMP-TFSI crystal and x is the number of Li
atoms involved in the reaction. Furthermore, the chemical po-
tential of Li can be splitted into the chemical potential of bulk
Li at zero temperature and pressure, i.e., the energy of bulk Li
(E(Li)), and a remaining part (∆µLi) depending on tempera-
ture and pressure (or concentration): µLi = E(Li)+∆µLi.

Plotting ∆E against ∆µLi we can determine the most stable
reaction products, i.e., the products of the reactions with the
lowest reaction energies at a given chemical potential of Li.
The results are shown in 4. The most stable products at differ-
ent ranges of the chemical potential of Li are highlighted as
solid colored lines and denoted in the legend. For large parts
of the phase diagram LiCN is among the most stable prod-
ucts. In detail, at a low chemical potential (which at a a given
temperature corresponds to a low concentration) of Li there
is a very narrow range (range I: -2.95 < ∆µLi < -2.94 eV) in
which the formation of LiCN, LiSO2F, Li2S, LiF and CO2 is
favoured. In the range of -2.94 eV < ∆µLi < -2.3 eV (range
II) the most stable products are again LiCN, LiSO2F, Li2S,
LiF but also solid Li2CO3 instead of gaseous CO2. Increasing
the chemical potential of Li further up to -1.30 eV leads to
the decomposition of LiSO2F into Li2S, Li2O and LiF (range
III). In the range of -1.30 eV < ∆µLi < -0.52 eV (range IV)
Li2CO3 is decomposed into Li2O and LiC. Only at ∆µLi >
-0.52 eV (range V) the reaction LiCN+ 3Li→ LiC+Li3N
gets energetically favoured and TFSI is completely decom-
posed into the binary Li compounds of its elements: Li3N,
LiC, Li2S, Li2O and LiF. The most stable products found at
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FIG. 4. Reaction energies ∆E as a function of the chemical po-
tential of Li (∆µLi) or of the electrode potential (U vs Li/Li+) ac-
cording to ??. Colored solid lines mark the most stable products.
Colored dashed lines highlight the most stable products of reactions
including evolution of C2F6 or C2F4. The respective products are
denoted in the legend. The black dotted line denotes the reaction to
Li2NSO2CF3 and LiSO2CF3 as possible model for the initial reac-
tion. The grey lines correspond to other possible product combina-
tions that were considered.

the chemical potential of bulk Li (∆µLi=0) agree with ab ini-
tio molecular dynamics simulations of the interface between
Li-TFSI and Li, in which complete decomposition of TFSI has
been revealed.21 Interestingly, employing a larger supercell in
their calculation, those authors also found the formation of
CN moieties, which remained stable during the runtime of the
simulation (164 ps). They argued that the trajectory in case of
the larger supercell might not be long enough to reach com-
plete decomposition of TFSI. On the other hand, our calcu-
lations indicate that the formation of LiCN is thermodynami-
cally more stable than the formation of Li3N and LiC at chem-
ical potentials lower than -0.52 eV. Hence, the number of Li

atoms per TFSI may be too low in the mentioned AIMD study
to reach the formation of Li3N. Next, we would like to point
out that in non-equilibrium situations, as encountered when a
product desorbs, the initial reduction products might be de-
cisive for the path of the reaction and thus the nature of the
final products. As shown in II A, our XPS experiments indi-
cate the desorption of C- and F-containing species. Therefore,
4 highlights the most stable reaction products of the subgroup
of the reactions that include the evolution of C2F4 or C2F6 as
dashed lines. At low chemical potentials (range Ib, -2.80 eV
< ∆µLi < -1.90 eV) LiNSO, Li2CO3, Li2S, LiF and C2F4 are
found as most stable reduction products. For chemical poten-
tials in the range IIb (-1.90 eV < ∆µLi < -0.52 eV) we find the
decomposition of TFSI to LiCN, Li2S, Li2O, LiF and C2F4.
LiCN will then, as already mentioned above, decompose to
LiC and Li3N above a chemical potential of Li of -0.52 eV.

Further comparison to experiments is difficult, as thermo-
dynamic equilibrium might not always be reached. Still, the
thermodynamically stable structures at different Li conditions
could serve as starting point for comparison. In case of UHV
experiments, e.g., as described in II A, only a narrow range
of ∆µLi is probed: by changing the amount of Li by a factor
of 10, ∆µLi only changes about kBT ln(10)=0.059 eV at room
temperature. Furthermore, it is rather difficult to assign UHV
experiments to a specific ∆µLi. Very roughly the maximum
number of Li-atoms per ion pair can be estimated based on
three assumptions: first, a homogeneous distribution of post-
deposited Li atoms is assumed and the atomic density of 1
MLE of Li corresponds to the atomic density within the (110)
plane of the bcc Li crystal (0.11 Li atoms / Å2), second, the
surface of the BMP-TFSI multilayer corresponds to the (100)
plane of the BMP-TFSI crystal and third, all Li atoms react
with surface TFSI ions. This yields a ratio of at most 6 Li
atoms per 1 TFSI ion for 1 MLE of Li, i.e., the maximum ex-
perimentally employed dose of 3.6 MLE Li corresponds to 22
Li atoms per TFSI ion. Stoichiometrically, 23 Li atoms per
TFSI are needed for the complete decomposition of TFSI to
the binary compounds Li3N, Li2S, Li2O, LiC and LiF. The re-
spective reaction of TFSI to LiCN requires only 20 Li atoms
per TFSI. Thus, presumably, the UHV experiments are per-
formed in a range of the chemical potential of Li, where the
reaction to LiCN is possible, while the amount of Li atoms
seems to be too low for the (complete) reaction to Li3N.

These calculations may also be used for the prediction of
reaction products in an electrochemical system. In the pres-
ence of an electrode potential U the chemical potential needs
to be replaced by the electrochemical potential

µ̃ = µ +neU (6)

where n denotes the charge of the particle. Analogously to the
concept of the computational hydrogen electrode41, a compu-
tational Li electrode42 can be employed in which the equilib-
rium

Li ⇀↽ Li++ e− (7)

is used to define a suitable reservoir. Thus, the change in the
electrochemical potential of the solvated Li+ ion is given by

∆µ̃Li+ =−eUvs Li/Li+ + kBT ln(aLi+) (8)
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where Uvs Li/Li+ is the applied electrode potential versus
Li/Li+. In a first approximation the dependency of the elec-
trochemical potential on the activity may be neglected, due to
the fact that ∆µ̃Li+ only changes by 60 meV when changing
the activity by an order of magnitude, which is a small contri-
bution, compared to the contribution of the electrode potential
that is typically varied by several Volts vs Li/Li+. Hence, the
stability of various reaction products can be given as a func-
tion of the applied electrode potential (see upper axis of 4).
As the reduction potential of a species is determined by its ini-
tial reduction reaction, we need to look at the initial reduction
products of BMP-TFSI. According to previous studies,18,43,44

and as it will be shown in the next section, we may assume
LiSO2CF3 and Li2NSO2CF3 as rough models for the initial
reduction products of BMP-TFSI. Employing the respective
bulk structures, we find their formation energetically possible
at (electro)chemical potentials ∆µLi >-1.7 eV (or U<1.7 V vs
Li/Li+) (see dotted line in 4). For comparison, the experimen-
tal reduction potential of LiTFSI dissolved in BMP-TFSI is re-
ported to be in the range around 1.4 to 1.6 V vs Li/Li+.5,7 Fur-
thermore, calculations employing an implicit solvation model
with the dielectric constant of water also report the reduction
potential of TFSI− to be 1.4 V vs Li/Li+.43 Hence, our sim-
ple model yields results comparable to both experimental and
calculated reduction potentials reported in the literature.7,43

Moreover, according to 4, we expect the electrochemical re-
duction of TFSI to occur in a range of ∆µLi where LiCN, LiF,
Li2S, Li2O are the most stable products, accompanied either
by Li2CO3 for ∆µLi <-1.3 eV or at higher (electro)chemical
potentials by the further decomposed product LiC. This also
implies that only in electrochemical studies that lower the po-
tential to less than 0.5 V vs Li/Li+ Li3N can be found as ther-
modynamical product.

We note that neither the actual interaction with a substrate
nor interphases between different products are considered in
this simple comparison of reaction energies that are based on
the bulk energies of crystalline structures of the products. Fur-
thermore, entropic contributions that might favour the forma-
tion of gaseous products compared to solid products are not
taken into account. Additionally, stabilizations via phase tran-
sitions such as 2 LiCN→ C + Li2CN2 have been disregarded.
Finally, the impact of an explicit Li+-coordination and thus
the impact of the local Li+ concentration on the reduction po-
tential has not been studied in detail. For instance, as shown
by quantum chemical calculations in Ref.43, the reduction po-
tential of Li2TFSI+ amounts to 2.3-2.9 V vs Li/Li+, whereas
a value of 1.4 V vs Li/Li+ is calculated for the bare TFSI−

anion.
Nevertheless, looking at the products in thermodynamic

equilibrium can be a first step to elucidate probable SEI com-
ponents, in particular as longish AIMD simulations such as
done in Ref.21 are not applicable to a broad range of elec-
trolytes and different Li concentrations. The stability of dif-
ferent sets of products at varying Li potential/concentration
can give correct trends regarding the decomposition of elec-
trolytes that interact mainly electrostatically or via van der
Waals forces with the electrode.

In the next section we shortly elucidate the possibility of

FIG. 5. Products and energies of the reaction of TFSI− and one Li
atom (a-c) or two Li atoms (d-f) involving N-S bond breaking (a, d),
S-C bond breaking (b, e) or C-F bond breaking (c, f). The reaction
energies ∆E are given per Li atom and referred to the energies of an
isolated TFSI− anion and an isolated Li atom calculated by employ-
ing the implicit solvation model CPCM.

kinetic barriers in the course of the reaction of BMP-TFSI and
Li.

C. Kinetic stability of intermediate products of the
reaction of TFSI− and Li0

To model the initial reaction of TFSI− and individual Li
atoms, a single charge neutral Li-TFSI complex, that has been
optimized within a polarizable continuum model, is used as
input structure. The addition of an electron to this complex
within the implicit solvation model and a subsequent geom-
etry optimization yields a structure in which the N-S bond
is immediately broken. The reaction energy with respect to
the TFSI− anion and one Li atom amounts to -1.92 eV. Opti-
mized structures with broken S-C or C-F bonds are only about
0.08 eV or 0.17 eV less favorable (see 5a-c). In 5d-f reaction
products with two coordinating Li atoms are shown. Their
respective reaction energies are specified as well. We note,
that the reaction energies are given per Li atom. Thus, the
reaction of TFSI− and Li rather leads to the formation of frag-
ments coordinated by two Li atoms and and leaving half of
the TFSI− molecules unreacted, than to the fragmentation of
all TFSI− molecules to structures coordinated by one Li atom
each. Comparing the reaction products coordinated by two Li
atoms (see 5d-f), the cleavage of the C-F bond seems slightly
favored. Structures involving N-S or S-C bond breaking are
again only slightly, about 0.06 or 0.13 V less stable. As the in-
termolecular stabilization of the resulting fragments due to ex-
plicit coordination to neighboring molecules is lacking within
the implicit solvation model used here, the results are not rig-
orously comparable to the results of geometry optimizations
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FIG. 6. Minimum energy paths of intramolecular rearrangements of (a) LiN(SO2)(SO2CF3) or (b) Li2NSO2CF3 in which the S-C bond is
broken and a N-C bond is formed.

in which the ionic liquid environment is taken into account
explicitly. Nevertheless, though structurally slightly different,
the reaction energies per Li atom calculated with the implicit
solvent model for the reaction of TFSI− and one or two Li
atom(s) to structures in which either one N-S, one S-C or one
C-F bond is broken are in the same range as the corresponding
reaction energies per Li atom calculated with an explicit en-
vironment. Previously, we reported values of -1.89, -1.87 and
-1.80 eV for structures with a broken N-S, S-C or C-F bond,
respectively, for the reaction of TFSI− with one Li atom.18 For
the reaction of TFSI− with two Li atoms the reaction energies
per Li atom in an explicit BMP-TFSI environment amount to
-3.00, -2.78 and -2.88 eV for structures with a broken N-S,
S-C or C-F bond, respectively.18 For comparison, the reaction
energy per Li atom calculated for the reaction of BMP+ and
one or two Li atoms within the implicit solvation model are
-1.17 or -1.46 eV (-1.31 eV or -1.55 eV in an explicit envi-
ronment18). Thus, this reaction is less likely than the reaction
of TFSI− and Li. Consequently, in the course of the reac-
tion of BMP-TFSI and Li atoms, the immediate formation of
a NSO2CF3 intermediate seems to be the most likely initial
reaction. Yet, intermediates with broken S-C or C-F bonds
are only slightly less stable and thus their formation might
be possible as well. Taking into account that desorption of
volatile C- and F-containing species has been deduced from
experiment, possible initial reactions might be:

TFSI0 +5Li→ Li3N(SO2)2 +C2F4 +2LiF (9)

TFSI0 +3Li→ Li2NSO2CF3 +LiSO2F+
1
2

C2F4 (10)

Although no reaction barrier is found for the initial reac-
tion, subsequent reaction steps to the thermodynamical prod-
ucts such as LiCN, Li2CN2 or Li3N, as determined in the
previous section, could still be associated with reaction bar-
riers. As shown in 6, Li structures in which a N-C bond is
formed, are by about 0.81 to 1.56 eV more stable than the ini-
tial LiN(SO2CF3)(SO2) or Li2NSO2CF3 fragments. Besides,

NEB calculations show, that there are considerable barriers
of 2.81 eV (6a), 2.34 or 1.59 eV (6b) for the intramolecular
rearrangement from an S-C bond to an N-C bond. On the
other hand, 6b shows, that the reaction barrier is about 0.75
eV smaller if the S-C bond breaking and N-C bond forma-
tion are accompanied by a C-F bond breaking and Li-F bond
formation process (shown in red in 6b). The transition state
of that reaction no longer relates to the S-C bond breaking
but to the C-F bond breaking. Thus, at a ratio of one or two
Li atom(s) per TFSI− molecule, there are substantial barri-
ers for the formation of N-C compounds whose formation is
thermodynamically clearly favored. Correspondingly, the ini-
tially formed N(SO2CF3)(SO2) or NSO2CF3 fragments might
persist due to kinetic barriers, in particular at low Li concen-
trations. Upon increasing the Li concentration the electron
density at the molecular fragment will be enhanced, which
destabilizes the fragment further and presumably lowers the
barrier for further decomposition processes. Indeed, compar-
ing 6a with one Li atom per TFSI fragment and 6b with two
Li atoms per TFSI fragment already reveals a decrease in the
barrier for the intramolecular rearrangement of about 1.2 eV.
Employing 4 Li atoms per NSO2CF3 fragment in a geome-
try optimization leads to an immediate decomposition of the
educt and finally to a fragment with an N-C bond.

To sum up, an immediate decomposition of TFSI− due to
its interaction with Li0 was revealed. Yet subsequent reactions
of initial products are kinetically hindered by an energy barrier
EA, such as,

Li2NSO2CF3 +8Li EA
−→ LiCN+Li2S+2Li2O+3LiF. (11)

The existence of such kinetically controlled initial products as
XPS detectable intermediates will be verified by comparison
to experiment in the next section.
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FIG. 7. F 1s, O 1s, C 1s, S 2p and N 1s core level spectra of an adsorbed BMP-TFSI multilayer (∼10 ML) after post-deposition 3.6 ML Li
(bottom of each panel). The calculated BEs of several fragments are inserted as markers in the panels (error bar ±0.2 eV).

TABLE IV. Computed N 1s core level binding energies in eV for
different products of the reaction of BMP (NC9H20) and Li. The N
1s core level binding energy of TFSI within the BMP-TFSI crystal
has been used for calibration against experiment.

NC9H20-TFSI 403.7
·NC9H20 400.1
LiNC9H20 401.3
LiF ·NC9H20 400.3
lithium butylmethylamide 399.0
N-methylpyrrolidine 402.1
N-butylpyrrolidine 402.0
N-butyl-N-methyl-N-but-3-eneamine 400.4
N,N-dibutyl-N-methylamine 400.9

D. Calculated core level binding energies and comparison
to experiment

In order to further validate the actual formation of inter-
mediate or thermodynamic products, core level binding ener-
gies (BEs) of various possible products were computed and
compared to the results of the XPS measurements (see sec-
tion II A). The BEs of the BMP-TFSI and the decomposi-
tion products resulting from reaction with Li were calculated
along the procedure described in section IV B. To obtain ab-
solute values with respect to the Fermi level we calibrated the
calculated results by comparison with experimental data, us-
ing the BEs of the atoms in the TFSI anion (see I) as reference,
and assuming the same vaccuum level alignment for the larger
fragments as present for BMP-TFSI (see section IV B). In
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TABLE V. Computed core level binding energies in eV for different products of the reaction of TFSI and Li. Core level binding energies of
TFSI within the BMP-TFSI crystal (first row) have been aligned to experiment. For comparison, the range of various experimental values are
given for Li3N, Li2S2, Li2S, Li2O, Li2O2, LiC and LiF.

N 1s S 2p O 1s C 1s F 1s

BMP-N(SO2CF3)2 400.0 169.6 533.3 293.5 689.6

Li2N(SO2CF3)(SO2CF2) 399.7 169.3 533.2 293.1 (CF3) 689.2 (CF3)
289.0 (CF2) 688.1 (CF2)

Li2N(SO2CF3)(SO2) 399.1 169.4 (SO2CF3) 533.6 (SO2CF3) 293.3 689.2167.1 (SO2) 532.1 (SO2)
Li3N(SO2)2 398.9 167.5 532.6
Li2NSO2CF3 398.8 169.4 533.7 293.1 689.5
LiN(CF2)(SO2) 398.9 166.9 532.0 290.8 689.2
LiNSO2 400.1 170.3 533.7
Li2NSO2 399.6 169.5 533.4
LiNSO 395.7 163.9 530.1
Li2CN2 398.8 287.7
LiCN 398.4 285.6
Li3N 394.3

395.2-396.0[a]

LiSO2CF3 166.9 532.6 292.2 688.9
LiSO3CF3 170.5 534.1 293.9 689.6
LiSO2F 166.3 531.6 685.0
LiSO3F 170.1 533.7 688.0
Li2SO4 170.8 534.0
Li2SO3 168.7 533.4
Li2SO2 164.0 531.2
LiSO2 164.8 531.4
Li2SO 161.0 529.9
Li2S2 161.1

162.1[b]

Li2S 160.8
160.5;160.7[b,c]

Li2O 529.8
528.3-531.9[a,d]

Li2O2 529.2
530.9-533.1[a]

Li2CO3 532.9 290.3
LiC 282.1

284[e]

LiF 684.9
685.0[f]

[a] Ref.28 and ref. therein. [b] Ref.35 [c] Ref.34 [d] Ref.32 [e] Ref.29 [f] Ref.31

contrast, the smaller, inorganic binary fragments are assumed
to form close to the surface of the substrate, where a Fermi
level alignment of these compounds might be more appropri-
ate. In a first comparison of computation and experiment we
calculated the N 1s BE in BMP within a BMP-TFSI crystal.
The resulting value (403.7 eV, first row in IV) is in good agree-
ment with the peak at 403.3 eV observed experimentally for
BMP-TFSI multilayers on HOPG. Hence, using the atoms in
the anion as reference, the N 1s of the cation is only by a few
tenths of an eV off from the experimental value. The resulting
core level BEs calculated for the various products of the reac-
tion of Li and TFSI and of Li and BMP are summarized in ??,
respectively.

Next, we can compare calculated BEs with experimen-
tal values for binary inorganic compounds measured here or

known from the literature such as LiF31, Li2O, Li2O2, Li3N28

or Li2S34,35. For LiF, the calculated F 1s BE of 684.9 eV
agrees very well with the value of 685.0 eV reported previ-
ously31 and also with the position of the TFSI decomposition
peak (FTFSI,dec) of 685.9 eV. Alternatively, the new peak could
be assigned to the formation of LiSO2F (computed BE: 685.0
eV (V). In the latter case, the related O 1s peak (computed BE:
531.6 eV) would be close to the OTFSI,dec peak at 531.6 eV,
while the related S 2p peak (computed BE: 166.3 eV) would
be somewhat lower than the range of the main S 2p peak, leav-
ing this species less probable.
Similarly, the new O 1s peak at 529.5 eV appearing upon Li
deposition (yellow peak, 2, OTFSI,dec) agrees well with the O
1s BE of 529.8 eV calculated for Li2O, and is well in the
range of experimental values reported previously for this com-
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pound.28,32. Based on the calculations, however, this peak
may also be related to a Li2O2 species (computed BE: 529.2
eV).
Focusing on the N 1s and C 1s peaks, we assume that the TFSI
decomposition product represented by the NTFSI,dec-2 peak at
398.2 eV (yellow peak, 1) refers to the energetically stable
LiCN species, whose N 1s BE is computed to be 398.4 eV.
The related C 1s peak (computed BE: 285.6 eV) would be in
the broad C 1s peak ranging from 284 to 289 eV, and could
not be identified separately. Based on the calculated BEs, this
N 1s peak could also be due to Li2CN2 (computed BE: 398.8
eV), and also in this case the C 1s signal would appear in
the broad C 1s peak (computed BE: 287.7 eV). The calcula-
tions also support our previous conclusion that the formation
of Li3N species can be ruled out, as both the computed BE of
394.3 eV and the experimental values (BE (N 1s): 395.328)
are lower than the lowest BE peak at about 398 eV. The same
is also true for the possible formation of LiC, as the computed
BE would be outside the range of experimental signals (com-
puted BE: 282.1 eV, experiments value < 284 eV29).
Finally, for the S 2p spectra, the low-intensity peak emerging
at 161.6 eV after deposition of 3.6 ML Li (STFSI,dec-2, yellow),
may be assigned to the formation of Li2S or Li2S2 species
whose BEs (S 2p3/2) were calculated to be 160.8 and 161.1
eV, respectively. This is in good agreement also with pre-
vious experimental values reported for these species (160.5
eV35 and 160.7 eV34 for Li2S, 162.1 eV for Li2S2

35).
We note that the apparently good agreement of calculated and
experimental BEs of binary inorganic compounds given with
respect to the Fermi level is to some extent due to a fortious
cancellation of errors. As shown in VI, the calculated BEs
given with respect to the valence band maximum tend to over-
estimate the actual experimental values. On the other hand,
GGA is well-known to underestimate the band gap of such
insulating materials. Consequently, at least a partial cancella-
tion of errors occurs, when the BEs of large band gap materi-
als, such as Li2O or LiF, are calculated according to 14.
In principle, one could derive further information on the pres-
ence of specific compounds by comparison of the respective
peak intensities, which should obey the stoichiometric com-
position of the different compounds. Because of the little dif-
ferences in the Li 1s BEs of the different compounds and the
considerable number of possible combinations this is, how-
ever, not possible in the present case.

In a third step we finally tried to identify the different, more
complex reaction intermediates of BMP-TFSI and Li. Starting
with possible TFSI decomposition products we find that frag-
ments in which one or both CF3 groups or one SO2CF3 group
are abstracted lead to N 1s BEs of 398.8 to 399.1 eV (see
row 3-5 in V), in very good agreement with the experimen-
tal findings for NTFSI,dec-1 (violet peak, 1). The resulting ini-
tial fragments Li2N(SO2CF3)(SO2) and Li2NSO2CF3, whose
formation is almost isoenergetic (see 5), and also the fragment
Li3N(SO2)2 can explain the N 1s peak at around 399 eV (vi-
olet peak). The validity of these assignments can be tested
by comparison of the experimental and calculated BEs of the
other elemental peaks of these compounds, including the O
1s, C 1s, F 1s and S 2p peaks. For an overview the agree-

ment between the BEs calculated for the different intermedi-
ates and the experimental spectra is illustrated in 7. For the O
1s spectral range, the two fragments Li2N(SO2CF3)(SO2) and
Li2NSO2CF3 show computed BEs for the SO2CF3 group of
533.6 and 533.7 eV, which is very close to that of the TFSI an-
ion (533.2 eV) and could not be distinguished from that, while
for the SO2 groups we find substantially lower BEs (532.1 and
532.6 eV), which would fit to the new OTFSI,dec-1 peak at 532.0
eV. Similarly, for the S 2p peak, these two fragments show
computed BEs for the SO2CF3 group of 169.4 eV, which is
also very close to that of the TFSI anion (169.6 eV) and could
not be distinguished from that, while for the SO2 groups we
find substantially lower BEs (167.1, 167.5 eV). The latter ones
could be part of the broader new peak STFSI,dec-1 (yellow peak,
2) centered at 167.8 eV. Finally, the C 1s and F 1s BEs of the
remaining CF3 group (293.3 – 293.1, 689.2 – 689.5 eV) would
be very close to that of the TFSI anion (293.5, 689.6 eV), and
could be integrated in these peaks. In total, all three fragments
mentioned in row 3-5 in V would be possible reaction inter-
mediates based on the measured and computed BEs of peaks
in the different spectral ranges. Similar as for the binary com-
pounds, a further evaluation based on the ratios of the peak
intensities is not possible due to the large number of possible
combinations.

Furthermore, also the subsequent abstraction of an F atom
from the Li2N(SO2)(CF3) intermediate, followed by an in-
tramolecular rearrangement of the resulting CF2 group, re-
sults in a compound (LiN(CF2)(SO2)) with an N 1s BE of
398.9 eV. In this case, the computed BEs of the O1s and S 2p
signals (166.9, 532.0 eV) would be in the same range as ob-
tained for the SO2 groups in the fragments discussed above,
compatible with the TFSI,dec-1 peaks in these ranges. The
BE of 689.2 eV computed for the F 1s core level is close to
that of the CF3 groups, e.g., in the TFSI anion and could not
be distinguished. For the C 1s spectral range, however, the
situation is different. The BE of 290.8 eV computed for the
CF2 group is substantially lower than that of the CF3 groups
(293.1 – 293-5 eV), and since there also no new peaks appear-
ing in this energy range the formation of measurable amounts
of the LiN(CF2)(SO2) intermediate can be ruled out.

Next, also decomposition products such as LiSO2CF3 or
LiSO2F show O 1s BEs of 532.6 eV and 531.6 eV, respec-
tively, which might explain the emerging OTFSI,dec-1 peak at
532.0 eV as well. For LiSO2CF3 the C 1s and F 1s BEs would
be in the typical range case of CF3 groups (292.2, 688.9 eV),
though slightly lower than in the previous cases. Neverthe-
less, contributions from these intermediates could not be ex-
cluded based on these signals. The same is finally true also
for the S 2p signal, where the computed BE (166.9 eV) could
be included on the low-BE side of the STFSI,dec-1 peak (yel-
low peak in 2). For LiSO2F the resulting F 1s peak (com-
puted BE: 685.0 eV) would appear in the range of the new
FTFSI,dec-1 peak (yellow peak in 2), while the S 2p signal (com-
puted BE: 166.3 eV) would again be close to values calcu-
lated previously for SO2 groups and observed experimentally
as STFSI,dec-1 peak. Thus, also this species is a possible reac-
tion intermediate in the reaction of Li with TFSI.

Finally, looking at the decomposition of the BMP cation,
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the ring opening process has been identified as most proba-
ble initial reduction step (see II). The computed N 1s BE of
the resulting BMP radical (·NC9H20) is about 400.1 eV (see
IV), which is in excellent agreement with the experimental BE
(NBMP,dec-1 green peak in 1). However, due to its high reac-
tivity, the radical presumably will not persist as observable in-
termediate and is prone to subsequent reactions. As discussed
above, by abstraction of an H-atom or other intermolecular
reactions tertiary amines will result. They show computed N
1s BEs of 400.4 or 400.9 eV, that are well in the range of
the experimentally observed broad peak (NBMP,dec-1). Though
further reductions of the obtained amines to amides cannot be
excluded energetically, their formation is not unambigously
favored. On the other hand, the N 1s BE computed for lithium
butylmethylamide (399.0 eV, see IV) is much lower than the
experimental peak assigned to BMP decomposition products
at around 400 eV. Hence, amide products are presumably not
formed. Possible pyrrolidine products, in contrast, reveal sig-
nificantly higher N 1s BEs of around 402 eV (IV). Based on
the experimental spectra, their formation is therefore unlikely
as well. The same is also true for the formation of Li3N, which
was excluded already before as a reaction product for the re-
action between Li and TFSI, based on the absence of a peak
in the range around 395 eV, where the N 1s BE was reported28

and also calculated (V).
In total, reactions of the BMP cation and Li lead most likely

to the formation of tertiary amines due to subsequent reactions
of radicals resulting from one electron reductions:

BMP0→ 1
2

N(CH3)(C4H9)(C4H7)+
1
2

N(CH3)(C4H9)2 (12)

III. CONCLUSION

Aiming at a detailed insight into the mechanisms and ini-
tial products of the SEI formation in Li ion batteries, we have
studied the reaction of BMP-TFSI and Li by employing XPS
measurements and DFT-based calculations. Combining the
results of the experiments and calculations, the following con-
clusions can be drawn:

• Initially, mainly the anion TFSI is reduced by reaction
with Li atoms. Thereby, either the S-C or the N-S bond
is cleaved, leading to almost isoenergetic products:
LiN(SO2CF3)(SO2) or Li3N(SO2)2 and Li2NSO2CF3.
Besides, volatile fluorinated hydrocarbons (e.g. C2F4)
are formed according to equations 9-10.

• Lithium cyanamide or cyanide is found as energetically
stable product in a Li-poor regime (see section II B), yet
its formation is hindered by an energetic barrier EA (see
section II C and equation 11). The reaction barrier of
its formation declines considerably with increasing Li
concentration.

• At larger amounts of Li, BMP is reduced as well. A
ring opening reaction has been identified as most likely
one electron reduction mechanism. Yet, stabilization
of the resulting radicals by subsequent reactions with

neighboring radicals might lead to products compara-
ble to the products of a Hofmann-elimination (see equa-
tion 12).

• Only at a chemical potential of Li that is close to the
chemical potential of metallic Li, Li3N is found as pos-
sible product. This implies that in electrochemical stud-
ies varying the electrode potentials not lower than 0.5 V
vs Li/Li+, but low enough to enable electrolyte decom-
position, Li3N might not occur as component in the ini-
tial SEI.

• The Li-induced reduction of BMP-TFSI on HOPG is
different for monolayer and multilayer coverages of the
IL. In the monolayer regime there seems to be a more
selective reduction of TFSI, presumably due to the fact
that the surface acts as electron acceptor and HOPGδ−-
Liδ+-TFSIδ− structures are formed as intermediates,15

while BMP is stabilized via interactions with the par-
tially negatively charged substrate. In the multilayer
regime BMP is reduced as well, leading to a neutral
BMP decomposition product, in which the N 1s elec-
tron has a BE similar to that of the N 1s electron in
TFSI. Furthermore, we did not find a specific desorp-
tion of N-containing products in the multilayer regime
that would lead to a modification in the measured N-
content of the film.

Overall, we have shown that combined calculational and
experimental studies of well defined model systems can
provide detailed, molecular scale insights into the complex
electrolyte decomposition reactions and the composition of
the products, which is a prerequisite for the systematic
knowledge-based development of electrolytes with taylored
stabilities and decomposition patterns that are indispensable
for an improved battery performance.

IV. METHODS

A. Experiment

The experiments were carried out in a commercial UHV
system (SPECS) with a base pressure of 2 × 10–10 mbar. It
consists of two chambers, one containing an Aarhus-type
STM/AFM system (SPECS Aarhus SPM150 with a Colibri
sensor), the other one is equipped with an X-ray source
(SPECS XR50, Al-Kα and Mg-Kα ), a He lamp (SPECS
UVS 300) and a hemispherical analyzer (SPECS, DLSEGD-
Phoibos-Has3500) for XPS and UPS measurements. The
highly oriented pyrolytic graphite(0001) (HOPG) single
crystal was purchased from MaTeck (ZYA, mosaic spread
0.4°±0.1°), exhibiting a cuboid shape with a size of 10 mm
× 10 mm × < 1 mm. The HOPG sample was fixed on
a tantalum sample plate with silver conductive paste, and
then heated in a N2 flooded oven for 30 minutes at 450°C
to degas the conductive silver paste. The HOPG surface
was cleaned by removing graphene layers with a tape and
subsequently transferred into the load lock of the UHV
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system. Finally, it was moved into the UHV chamber via a
linear transfer, where it was flashed to ∼ 600 K, which results
in a clean HOPG surface. The ionic liquid (IL) 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([BMP]+[TFSI]−) was filled into a quartz crucible which was
mounted in a Knudsen effusion cell (Ventiotec, OVD-3). Prior
to its use, the IL was carefully degassed in UHV at around
400 K for 24 h to obtain a pure, water-free IL. To generate
IL adlayers on the graphite(0001) surface, we evaporated the
IL at a temperature of the IL source of 450 K. Under these
conditions, the deposition rate was ∼ 0.1 ML min−1, with
1 monolayer (ML) defined as a layer at saturation coverage.
Lithium metal was deposited from an alkali getter source
(SAES Getters), by resistively heating the source (7.1 A, 1.1
V) in line-of-sight of the sample at a distance of around 6 cm.
Deposition rates of approximately 0.04 – 0.05 MLE min−1

(monolayer equivalents) were calculated from the damping
of the C 1s substrate peak after successive vapor deposition
of Li at 80 K, where intercalation and bulk dissolution, e.g.,
via defects, are inhibited. For the evaluation we assume that
a ML Li has a thickness d of 2.48 Å, equivalent to the (110)
interplanar distance in a body centered cubic lattice (the
stable configuration of Li metal at r.t.). The layer thickness
d was calculated by Id = I0 exp (-d / λ cos θ ), with an
electron inelastic mean free path (IMFP) λ of 46 Å45 for
electrons with a kinetic energy of ∼1200 eV in Li. For the
XPS measurements we used an Al-Kα X-ray source (1486.6
eV), operated at a power of 250 W (U = 14 kV, I = 17.8
mA). XP spectra were recorded at a pass energy Epass of 100
eV at grazing emission (80° to the surface normal, surface
sensitive mode, information depth of 1 – 2 nm). Peak fitting
was performed using the Igor pro 8.04 software; all peaks
were fitted with a simultaneous fit of the background (Shirley
+ slope) and of the signal. Here we assumed a pseudo-Voigt
type peak shape, which is a linear combination of a Gaussian
and a Lorentzian function.

B. Computation

The Vienna ab initio simulation package (VASP 5.4)46,47

was used to perform periodic density functional theory cal-
culations of BMP-TFSI and possible products of its reaction
with Li. The electronic wave functions were expanded in a
plane wave basis set up to a cutoff energy of 520 eV and the
ionic cores were described by the projector augmented wave
(PAW) method.48,49 Exchange-correlation energies were eval-
uated within the generalized gradient approximation (GGA),
employing a revised version of the Perdew-Burke-Ernzerhof
functional (RPBE).50 Dispersion effects were accounted for
by the semi-empirical correction scheme of Grimme (D3)51

in connection with a damping function proposed by Chai
and Head-Gordon (zero-damping).52 As shown before, this
method yields a reliable description both of the lattice param-
eters of BMP-TFSI18 and also of the interaction energy of this
and similar ion pairs53, at least as long as equilibrium inter-
fragment distances of the ion pairs are employed.54

We restricted the set of possible products of 1 to known

organic or inorganic Li salts or compounds consisting of
elements present either in BMP or TFSI. In detail, we
employed experimentally available crystal structures of
lithium oxide,55 peroxide,56 sulfide,55 (fluoro)sulfate,57,58

trifluoromethansulfonate,59 carbonate,60 carbide,61

cyanide,62 cyanamide,63 nitride64 and fluoride65 as input
structures for geometry optimizations. Input structures of
lithium sulfite and dithionite were adopted from known
crystal structures of the respective sodium compounds.66,67

Mixed lithium oxide / lithium sulfide structures, such as
Li2SO2 and Li2SO, were considered as well. A crystalline
structure of trilithium-trisulfimide (LiNSO2) was calcu-
lated adopting the crystal structure of triammonium-trisulf-
imide68 and the further reduced LiNSO was considered
based on the crystal structure of the related tetramethylam-
moniumthionylimide.69 Larger fragments of TFSI such as
Li2NSO2CF3, Li2N(CF3)(SO2), LiN(CF2)(SO2), LiNCF2,
LiN(SO2)2, Li3N(SO2)2, LiSO2CF3 and LiSO2F were
calculated assuming the space group P-1 with two molecules
per unit cell, which has been reported for the structurally
related compound trifluoromethanesulfonamide.70 Calcula-
tions of Li2N(SO2CF3)(SO2CF2) and Li2N(SO2CF3)(SO2)
employed orthorhombic unit cells including four molecules
similar to the unit cell of the experimentally determined
crystal structure of BMP-TFSI.71 For the reduction products
of BMP, simple orthorhombic structures with one mole-
cule per unit cell were used as input structure, accounting
for the fact that linear alkanes or alkylamines with longer
side chains adopt crystal structures in which the alkyl
chains are packed in a parallel fashion.72,73 Additional input
structures for N,N-Dibutyl-N-methylamine and N-Butyl-N-
methyl-N-but-3-eneamine were adopted from the crystal
structure of dibutylamine,73 which includes four molecules
per unit cell. Besides the solid products, the possibility of
gaseous products such as CO, CO2, SO2, F2, C2F4, C2F6 was
taken into account. Reduction products of BMP were not
only calculated as crystalline structures, but also as isolated
molecules. All isolated or gaseous products were modelled
within a large box that allows a vacuum region of at least
15 Å between periodic images of the molecules. For the
integration over the first Brillouin zone only the Γ point was
employed for calculations of isolated molecules, whilst for
crystalline bulk structures the number of Γ centered k-points
was increased to between 2×2×2 and 13×13×13 k-points,
depending on the size of the unit cell of the bulk structure
and making sure that the k-points sets were well-converged.
Lattice and geometry optimizations were carried out until all
forces on atoms were less than 0.01 eV/Å. The electronic
structure was converged within 10−6 eV.

Furthermore, core level binding energies (BE) of BMP-
TFSI and its reaction products with Li were determined. In
general, the BE can be calculated as

BE = E f
N−1−E i

N +µ (13)

where E f
N−1 denotes the total energy of the final state, i.e., of

the ionized system with one less core electron. E i
N is the en-

ergy of the neutral initial state and µ is the common chemical
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TABLE VI. Calculated and experimental28,77,78 N 1s, O 1s, F 1s or
S 2p BEs (in eV) of different inorganic Li salts given with respect to
the valence band maximum

calculated experimental

Li3N 394.2 394.0 Ref.28

Li2O 527.6 526.5 Ref.28

Li2O2 528.4 530.8 Ref.28

Li2CO3 528.6 528.9 Ref.28

LiF 680.7 679.8 Ref.77

Li2S 158.9 159.2 Ref.78

potential of the electrons of analyzer and sample.74,75 Calcu-
lations of the ionized system within periodic boundary con-
ditions would lead to a coloumbic divergency unless further
corrections are employed. Within the implementation for core
level energy calculations in VASP,76 calculations of the ion-
ized system are circumvented by exciting the core electron
(X) to the Fermi level in the valence band and thus retaining a
charge neutral system with a total energy E f

N(X). Core levels
energies X (X=N 1s, S 2p, C 1s, O 1s or F 1s) of crystalline
bulk structures were determined according to

BEcalc(X) = E f
N(X)−E i

N− (εfermi(f(X))− εfermi(i))+n∆

(14)
where the difference of the Fermi energies of the final and the
initial state (εfermi(f(X))−εfermi(i)) is introduced as correction.
Additionally, a fraction n of the band gap ∆ accounts for the
level alignment as explained in the next paragraph. Finally,
to allow comparison with experiment, binding energies were
calibrated using experimental BE values of intact TFSI as ref-
erence:

BE(X) = BEcalc(X)+BEexp(XTFSI)−BEcalc(XTFSI) (15)

The experimental reference binding energies BEexp(XTFSI)
were obtained by XPS measurements of adsorbed BMP-TFSI
multilayer films on graphite (see I). For the calculation of
BEcalc(XTFSI) according to 14 we employed the crystalline
structure of BMP-TFSI to model the multilayer film. Its Fermi
level was assumed to be pinned at the conduction band of
BMP-TFSI (n=1 in 14). This yields calculated BEs of inor-
ganic lithium salts, that, when given with respect to the va-
lence band maximum, compare reasonably well with experi-
ment (see VI). A rather strong deviation of the calculated BE
from experiment can be observed in case of some lithium salts
with a large band gap (Li2O, Li2O2 and LiF). A similar dis-
crepancy between experiment and calculation has also been
observed for BeO.79 The authors of that study explained the
deviation by the failure of the GGA functional to describe the
position the valence band accurately. On the other hand, typi-
cally, experimental BEs are given with respect to the Fermi
level. Thus, in the following, calculated BEs of inorganic
lithium salts or molecular products of the reduction of BMP-
TFSI according to 14 are reported with respect to the Fermi
level which is assumed to be in the middle of the band gap
(n=1/2 in 14) for inorganic lithium salts (LixZy, Z=N,O,S,F).

For all other larger molecular fragments this is assumed to
be at the conduction band minimum (n=1 in 14), i.e., at the
same position as assumed for the educt. Finally we note that
the supercells of all DFT calculations of BEs correspond to a
multiple of the unit cells of the crystal structures to minimize
spurious interaction of periodically repeated core holes. In
particular for small unit cells such as inorganic binary lithium
salts the BE was obtained by extrapolating the results of in-
creasingly large supercells up to 3×3×3 times the size of the
primitive unit cell to the limit of an infinite supercell, as pro-
posed by Kahk et al.79

Besides the periodic calculations using VASP, RPBE-D3
calculations of isolated TFSI−, its possible initial reaction
products with one or two Li atoms and kinetic barriers of in-
tramolecular rearrangement processes of initial reaction prod-
ucts were performed using the ORCA quantum chemistry
code (version 4.2).80,81 The minimal augmented basis set
def2-QZVPP of Ahlrichs et al.82,83 was employed to expand
the molecular electronic wave function. In order to account
for the environment of the ionic liquid, the conductor-like po-
larizable continuum model (CPCM)84 was used, applying a
dielectric constant of 12, which is well within the range of
experimentally determined dielectric constants reported for
BMP-TFSI (11.9-14.7).85,86 In geometry optimizations con-
vergence tolerance values were set to 5×10−6 Eh and 3×10−4

Eh/bohr for geometric steps and to 10−8Eh for electronic self
consistent field (SCF) steps. Finally, activation energies of
intramolecular rearrangement processes were extracted from
minimum energy paths for the respective reaction, which were
calculated by the climbing image nudged elastic band (NEB)
method.87,88
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56H. Föppl, “Die kristallstrukturen der alkaliperoxyde,” Zeitschrift
für anorganische und allgemeine Chemie 291, 12–50 (1957),
https://onlinelibrary.wiley.com/doi/pdf/10.1002/zaac.19572910104.

57J. G. Albright, “The crystal structure of lithium sulphate,” Zeitschrift für
Kristallographie - Crystalline Materials 84, 150–158 (1933).
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