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ABSTRACT

lonic liquids (ILs) are considered as attractivectiolyte solvents in modern battery concepts
such as Li-ion batteries. Here we present a congmishe review of results of previous model
studies on the interaction of the battery relevdht 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([BMP]TFSI]) with a series of structurally and
chemically well-defined model electrode surfacediiclv are increasingly complex and
relevant for battery applications (Ag(111), Au(1,1€u(111), pristine and lithiated HOPG,
rutile TiO(110)). Combining surface science techniques swchigh resolution scanning
tunneling microscopy (STM) and X-ray photoelectspectroscopy (XPS) for characterizing
surface structure and chemical composition in déges(sub-)monolayer adlayers with
dispersion corrected density functional theory (ElTbased calculations, this work aims at
a molecular scale understanding of the fundamgm@atesses at the electrode|electrolyte
interface, which are crucial for the developmenthd so-called solid electrolyte interphase
(SEI) layer in batteries. Performed under idealizedditions, in an ultrahigh vacuum (UHV)
environment, these model studies provide detaisynts on the structure formation in the
adlayer, the substrate - adsorbate and adsorbadscerbate interactions responsible for this,
and the tendency for chemically induced decompmsitif the IL. To mimic the situation in
an electrolyte, we also investigated the interactid adsorbed IL (sub-)monolayers with
coadsorbed lithium. Even at 80 K, postdepositeds lfound to react with the IL, leading to
decomposition products such as LiFgNLi Li»S, LikSQ, LiO etc.. In the absence of a
[BMP]'[TFSI] adlayer, it tends to adsorb, dissolve or inteteaiato the substrate (metals,
HOPG) or to react with the substrate (Zi@bove a critical temperature, forming ki@nd
Ti®* species in the latter case. Finally, the formatérstable decomposition products was
found to sensitively change the equilibrium betwserface Li and Li intercalated in the
bulk, leading to a deintercalation from lithiatedHG in the presence of an adsorbed IL
adlayer at > 230 K. Overall, these results prowdtailed insights into the surface chemistry
at the solid|electrolyte interface and the inistglges of SEI formation at electrode surfaces in
the absence of an applied potential, which is eésddor the further improvement of future

Li-ion batteries.



. INTRODUCTION

lonic liquids (ILs), which are defined as moltertsavith a melting point below 100°C that
largely consist of organic iorl€, have attracted much attention in science and toby
recently>*° Due to their high ionic conductivity, electrocheaticstability and low
flammability, they are highly promising candidatis application as solvent in battery
electrolytes, e.g., for efficient and safe Li-iondaLi-air batterie>™* Most important and
often decisive for the stable operation of Li-ioattbries is the formation of the so-called
solid|electrolyte interphase (SEI), an interfatager at the electrode|electrolyte interfate’
which is formed by the decomposition of electrolgigring the first charging / discharging

cycle. This layer serves as'lion conductor and, at the same time, as electrsuiator.

Aiming at a molecular scale understanding of thieractions between electrodes and
electrolytes in Li-ion batteries, we have systenaly investigated the interface structure and
structure formation at different IL|solid interfaceemploying different surface science
techniques. We first investigated the interactibmndividual components of the electrolytes
(solvent, shuttle ion), with structurally and cheally well-defined model electrode surfaces
under idealized conditions in an ultrahigh vacuddHY) environment, focusing on the
structure formation and surface chemistt§’ The measurements were performed in the
absence of an applied potential between electradeskectrolyte, which is equivalent to the
situation under open circuit conditions, employmmgthods that are sensitive to the adsorbate
structure and to the surface chemistry on planadaihgurfaces such as high resolution
scanning tunneling microscopy (STM) and X-ray plettotron spectroscopy (XPS). The
experimental work was complemented by dispersiomected density functional theory
(DFT-D) based calculations. Starting with closeksat coinage metal surfaces such as
Ag(111)%*# Au(111F***?*and Cu(1115>**we then moved to more realistic model surfaces

such as pristine highly oriented pyrolytic graphi#OPGY®? and rutile TiQ(110)? which



are both Li-intercalation anode materials in Li-ibatteries®*! In addition, to mimic the
chemical SEI formation at different IL|solid intackes, we studied the interaction of Li with
Cu(111%* TiO»(110¥® and HOP@' surfaces and of IL adlayers with Li, which was eith
postdeposited by vapor deposition of Li from thes gdnase or, in the case of lithiated
graphite, available as Liin the bulk. This approach is considered to previtktailed
information on the surface chemistry in the initthges of the solid|electrolyte interphase
formation at the electrode|electrolyte interfacéjolv is urgently needed for the systematic

improvement of tailored SEls for future Li-ion keies.

In the present article, we put our previous resatisthe structure formation and surface
chemistry of adsorbed IL (sub-)monolayers into mewn perspective. We will concentrate
on adsorption and reaction studies using the lyateevant IL butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [BMP]TFSI]. It should be noted that a number of
different abbreviations such as [BMPIFSI],?’ [BMP][TFSA] *** [Py, JTFSA3*

[Py: JTESE® and [CC1Pyrt]'[Tf.N] 2" have been used for this compound previously.

Before starting with the selective review, we viliefly summarize the most important
results relevant for this work which had been régbipreviously. The interaction of a few
[TFSI] -based ILs with different cations with single calhe surfaces has been investigated
(ex sit) under UHV condition§™® andin-situ in an electrochemical environmeRt*>%>°
For example, employing angle-resolved X-ray phaoebn spectroscopy (ARXPS), Cremer
et al. had concluded that in the first layer the ILs diBwethylimidazolium
bis(trifluoromethylsulfonyl)imide ([MMIM][TFSA]) and 1-methyl-3-octylimidazolium
bis(trifluoromethylsulfonyl)imide ([OMIM] [TFSA]) adsorb presumably in an alternating
(“checkerboard”) arrangement on Au(111), with bations and cations bound directly to the
surface. The octyl group of [OMIM]was concluded to be parallel to the surface; fghér

coverage the octyl group most likely changes itsmdation and points upwards, away from



the surfacé® Foulstonet al®®

resolved molecular features in a 1-methyl-3-ethidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSA]) adlayer adsorbed on Au(110) in UHV
STM measurements. They could not, however, distdighetween anions and cations. In an
in situ STM study, Carstens et Hresolved different molecular patterns at cath@dientials

of ~—2 V at the [OMIM] [TFSA] |HOPG interface, which they associated with adsbrbe
cationsInvestigating the interaction of [EMIM]JTFSA]™ with the basal plane of HOPG by

situ AFM, Elbourne et at® resolved a height-modulated row-like structureopén circuit
potential and changes in these rows upon varyimg pbtential byin situ atomic force
microscopy (AFM) measurements. Finally, Wen et**aidentified potential dependent
structures at the [BMPJTFSI] |[Au(111) interface byn situ STM measurements. They found
that the unit cell size decreases with potentiainfr-1.4 to -1.6 V, which they assigned to
conformational changes of the [BMRjations. From the above AFM/STiMeasurements, it
was possible to indirectly conclude on the preseoic@nions or cations, based on the
structural changes at different applied potentialvas not possible in these studies, however,
to reach (sub-)molecular resolution, which wouldedily allow identifying anions and
cations at IL|solid interfaces. In total, despiteh@se insights, a better understanding of these
interfaces is highly desirable, including the claedentification of adsorbed anions and
cations, the understanding of the nature of sulestradsorbate and adsorbate — adsorbate

interactions, and finally a better understandin¢hefsurface chemistry at the interface.

Considering the interaction of Li with ILs, Aurbacht al. suggested based on
electrochemical measurements that the reduction[TéiSI]” results in products of
[Li] [TFSI” such as LN, Li;S,04, LiF, CFyliy, Li;NSOCFs, LISO;CFs, LizS,0s, LisS,
LioO and LpSOs:.>® In a computational study, using ab initio molecudgnamic simulations
with electric fields, Ando et al. predicted thatH31] is reduced on lithium independent of

the applied potential, resulting in the formatidnLi=.>’ Despite of these results, however,



the fundamental understanding of the interactiofLsfand Li adsorbed on single crystalline

electrode surfaces is rare.

In the following, we will first compare the adlaystructures formed upon deposition of
(sub-)monolayer amounts of [BMPTFSI]” on the different substrates, going from inert
noble metal and HOPG to more reactive surfaces1@)( rutile TiQ(110)) (section A). In
the next section we will evaluate and compare lieental stability of the IL in contact with
the different model electrodes, and map out trdadslecomposition (section B). Third, we
will discuss the influence of coadsorbed Li on thdsorption and decomposition of
[BMP]'[TFSI]” on selected model electrode surfaces (HOPG, Cl(Ti@,(110)), exploring
first the interaction of Li with the pristine sucks, which provides information on the
adsorption, dissolution and (de-)intercalation b#braof Li, and then the interaction of
postdeposited Li on (sub-)monolayers of the predmsb IL (section C). Finally the main

trends that can be derived from these data witlibeussed (section D).

[I.METHODS

A. Experiment

The experiments were carried out in a commerciaMWsystem (SPECS) with a base
pressure of % 10'°mbar. It consists of two chambers, one contairdmgAarhus-type
STM/AFM system (SPECS Aarhus SPM150 with Colibms®), the other one is equipped
with an X-ray source (SPECS XR50, Al-ind Mg-K,), a He lamp (SPECS UVS 300) and a
hemispherical analyzer (SPECS, DLSEGD-Phoibos-Ha335for XPS and UPS

measurements.

The Cu(111), Ag(111), HOPG and TA@10) samples were purchased from MaTecK. The
Ag(111), Cu(111) and Tig)110) samples have a hat-shaped form with a dianoét@ mm,

one side is polished with a roughness smaller 8@nm and an orientation accuracy of



< 0.1°. Clean Ag(111) surfaces were prepared byidw sputtering (500 eV) and annealing
to 770 K. The Cu(111) surface was cleaned byidm sputtering (1 kV) and heating to 820 K
with the manipulator head simultaneously being eddby liquid N (for details cf. ref?.
The highly oriented pyrolytic graphite(0001) (HOP@&YA, mosaic spread 0.4°+0.1° /
cuboid shape with a size of 5 mad mmx < 0.5 mm for the STM measurements and
10 mmx 10 mmx <1 mm for XPS), was annealed at ~ 900 K for b lWHV to generate a
clean graphite(0001) surface. Rutile F{DLO) crystals were first calcined at 1173 K unaier
atmosphere and then transferred into the UHV charaibé annealed in UHV to 1023 K for
5 h, which partially reduces the sample, to geeeeasufficient conductivity for the STM
measurements. To achieve a properly prepared snfbd@) surface, several cycles of Ar
ion sputtering (0.5 kV, 45 min) and heating to & &r 30 min were carried out (for details

about the initial cleaning procedure cf. ¥&f3.

The ionic liquid [BMP][TFSI]” was purchased from Merck in ultrapure quality. Tdwic
liquid was filled into a quartz crucible, which wasounted in a Knudsen effusion cell
(Ventiotec, OVD-3). To generate IL adlayers, weprated the IL at a temperature of the IL
source of 450 K. Under these conditions the dejoositate was ~ 0.1 ML mih with

1 monolayer (ML) defined as a layer at saturatiovecage.

Lithium metal dosing was carried out with an alkgktter source (SAES Getters).
Exposures were made by resistively heating theceo(#.1 A, 1.1 V) in line-of-sight of the
samples at a distance of around 6 cm. Depositi@s @& approximately 0.040.05 ML min*
were calculated from the damping of the substratke (C 1s, Cu 2p, Ti 2p) after successive
vapor deposition of Li at temperatures where Lioalds on the surface. For the evaluation we
assume that a ML has a thickness d of 2.48 A, edpniv to the (110) interplanar distance in a
body centered cubic crystal (the most stable condigon of a Li metal at r.t.). The layer

thickness d was calculated hyd lp exp (-d /A cosB), with an electron inelastic mean free



path (IMFP)A for electrons with kinetic energies of ~ 1200 &V 1s) in Li of 46 R®, for
kinetic energies of ~ 554 eV (Cu 2p) in Li of 28°&nd for kinetic energies of ~ 1027 eV (Ti

2p) in Li of 41 A>®

For the work function measurements by UPS (He ER1.2 eV) at normal emission (0° to
the surface normal), a bias voltage-&0 V was applied to the sample to accelerate the
photoelectrons into the analyzer (pass energys& 1 eV), which allows us to observe a
clear electron cut-off (&t.o). The work functiond was calculated b = hv — Eyto. FOr
the XPS measurements we used an AMKray source (1486.6 eV), operated at a power of
250 W (U=14kV, 1=17.8mA) on Cu and HOPG andthwl50 W (U=12 kV,
| =12.5mA) on TiQ(110). XP spectra were recorded at a pass eneggydE 100 eV at
grazing emission (80° to the surface normal). Far fitting of the XP spectra we either
subtracted the background before peak deconvolutbnused a simultaneous fit of

background (Shirley + slope) and signal, applyingaaymmetric pseudo-Voigt-type function.

STM measurements were performed in constant cumede with currents between around

10 and 50 pA and bias voltages up to -2 V appltatie@sample.

B. Theory
Periodic density functional theory calculations &performed using the exchange-correlation
functional RPBE® and semi-empirical corrections for dispersion effe(DFT-D3" in
connection with a damping function proposed by Giral Head-Gordon (“zerodampin®)
as implemented in the Vienna ab initio simulati@ckage (VASP 5.3.587% This approach
was shown to accurately reproduce properties eblatdiquid wate?°° and the water-metal
interaction®’ lon cores are represented by means of the projaagmented wave (PAW)
method®®®° The electronic one-particle wave functions werpagxed in a plane-wave basis

set up to an energy cutoff of 400 eV.



The Ag(111) and the graphite(0001) surfaces wayeesented by slabs consisting of 3 atomic
layers, separated by a vacuum region of about 28.2%he adsorption of quasi-isolated

cation-anion pairs was modelled by a (5x5) ovemasteucture on Ag(111l) and a (6x6)

overlayer structure on graphite(0001) each with adsorbed IL pair per unit cell. For the

integration over the first Brillouin zone we use@x®x1 Monkhorst-Pack k-point meSlwith

a Methfessel-Paxton smearing of 0.1 eV (for Ag) anGaussian smearing of 0.05 eV (for
graphite). The geometry of the adsorption complas wptimized by relaxing all atoms of the

IL pair and the atoms of the uppermost layer ofdhdace. Furthermore, in case of Ag, only
these atoms were taken into account for the evatuaf dispersive interactions in order to

mimic the screening effect of the mefhl.

To describe the adsorption on graphite(0001), sanguilar unit cell with the dimensions
(8.58 Ax 14.86 A) that reflects the periodicity observedifiM experiments was used in the
calculations as weff In these calculations the integration over thst fBrillouin zone was
adjusted by using a 5x3x1 Monkhorst-Pack k-poinsime

The adsorption energy 4§ was calculated as k= E(adsorption complex) - E(surface)-
E(IL), where E(adsorption complex) denotes the gyef the optimized adsorption complex,
E(surface) is the energy of the bare, optimizethserand E(IL) is the energy of an optimized
[BMP]'[TFSI] pair in a large box. Information about contribuscstemming from adsorbate-
adsorbate and substrate-adsorbate interactionsbemre obtained as described in a previous
publicatiorf®.

STM simulations are based on the Tersoff-Hamanmoegpation’? Within that model the
tunneling current is proportional to the local dgnef states (LDOS) close to the Fermi
energy of the surface at the position of the cenfethe tip. Constant-current images are
simulated by an isosurface of the LDOS integratetivben the Fermi energy of the system

and the sample bias (here: -1.35 eV for the adsormtf [BMP]'[TFSI] on Ag(111) and -
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0.78 eV for the adsorption of [BMHTFSI] on graphite(0001)). The values of the
isosurfaces taken here are 3 X' ¥4 for the adsorption of [BMP]TFSI] on Ag(111) and
5x 10" eA® for the adsorption of [BMP|TFSI]" on graphite(0001). Note, for historical
reasons STM images of [BMPTFSI] on Ag(111) have been calculated using PBE-D3
instead of RPBE-D3 that has been used for all athkulations. Both DFT-functionals with
semiempirical corrections for dispersion effectadlego very similar results regarding the
adsorption geometry and the total adsorption endbgye to the close relation of PBE and

RPBE the charge density is expected to be compaeahivell.

1. RESULTS AND DISCUSSION

A. Structureformation of [BMP]'[TFSI] (sub-)monolayers at low temperatures

To begin with, we compare the structure formatiofBP] [TFSI]” (sub-)monolayers on
several hexagonal closed packed surfaces such(@4B8gAu(111), Cu(111) and HOPG and
in addition on rutile TiQ(110), based on large-scale STM images (Figurend)raolecular
resolution STM images (Figure 2) recorded at lomgerature. [BMP]TFSI]” (sub-
)monolayers were vapor deposited on the samplas dtel.t. and subsequently cooled to
~ 100 K before STM imaging. The only exception Wl reactive Cu(111) surface, where
[BMP]'[TFSI]” was adsorbed at ~ 200 K to avoid IL decompositiBlevated adsorption
temperatures were chosen to make sure that thefimmof well-ordered arrangements is not
kinetically hindered. It should be noted that fog(All), Au(11l) and HOPG(0001)

[BMP]'[TFSI]” adsorbs reversibly in intact ion pairs.

1. [BMP]'[TFSI]” |Ag(111)
After vapor deposition of a [BMP][TFSI]” (sub-)monolayer on Ag(111) at r.t. the STM
images revealed flat terraces with significant eois the image (not shown), which is

indicative for mobile molecular species that di#fuso fast below the STM tip to be resolved



11

on the timescale of the experiment, forming a tirahsional (2D) gas / liquid phag&?**

Therefore, to reduce the mobility of the adspedies Ag(111) sample was cooled to ~ 100 K

before the STM measurements.

The STM image in Figure 1la shows three silver t&sa On the upper two terraces no
adsorbates are visible; the lower one is filledablarge, long-range ordered 2D crystalline
phase with no internal domain boundaries. As desdriin more detail in ref’ such 2D
crystalline phases of [BMHJTFSI] usually cover large parts of the silver terrages;ept on
narrow terraces and in a few cases on larger &srelose to the steps. In these latter cases we
observed areas with a short-range order in thedlayar, which was referred to as a 2D glass
phase€® The 2D crystalline phases have been observed diffiérent rotational orientations
on different Ag(111) terraces in the same STM imagtated by 120° or multiplies thereof,
but only one orientation per terrace. The appeaanonly 3 rotational domains reveals that
the adlayer is aligned along the close-packed biyghmetry directions of the (111) surface.
Furthermore, the formation of highly ordered 2D stajline phases is indicative for non-
negligible interactions between adsorbed moleaulaieties. On the other hand, the facts that
even at 100 K the long-range ordered 2D crystajpin@se is in equilibrium with a mobile 2D
gas / liquid phase (molecules with high mobilitgmd that the 2D crystalline phase exhibits a
low melting point of ~ 180 K point to rather weatkractive adsorbate — adsorbate interactions
and a low barrier for surface diffusiéh.

The high resolution STM images of the 2D crystallphase on Ag(111) in Figure 2a resolve
an alternating sequence of pairs of longish prainssand dots (depicted by symbols). The

dots are aligned in two directions (depicted byheaslines) along the lattice vectors of the
unit cell. The dimensions of the adlayer unit cek K| =235%+0.1 nm,§|| =1.15+0.1 nm

10 4
anda = 98 £ 5°, which approximately corresponds to emgensurate, rectangul%rO }
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unit cell. The unit cell includes two of these dots and faurgish protrusions. As illustrated
in more detail in ref’, one dot and one pair of longish features reptesea anion-cation
pair, meaning that the unit cell includes two ardation pairs. The dot is related to the alkyl
chain of the cation, which is pointing upward, aweym the surface, and the two longish
features represent the two £groups of each anion, also pointing upward. Furthegails
about adsorbate-substrate interactions will beudised together with the DFT-D calculations
in Figure 4. The pairs of longish protrusions adlwas the dots are arranged along the
direction of one of the lattice vectors, respedyiverthere a line of dots is followed by line of
longish protrusions and vice versa. The orientatbthe longish protrusion is changed by
~120° in neighboring rows. Also these details patna decisive influence of the atomic
lattice of the Ag(111) surface structure on theaget structure. This is discussed in more

detail in refs2%22

2. [BMP]'[TFSI]” | Au(111)

Adsorption of [BMP][TFSI]” on the herringbone reconstructed Au(111) suffaleads to
somewhat different structures at ~ 100 K compaecethdse formed on Ag(111) (Figure 1b).
At monolayer coverage three different rotationamdms of the 2D crystalline phases are
observed. Since the underlying herringbone recocstn pattern can still be resolved, we
can also determine the relative orientation of ad&ayer with respect to the reconstruction
pattern (see below), and thus to the atomic latifdine Au(111) surface. Obviously, also for
this surface the Au(111) surface lattice has asilexiinfluence on the adlayer orientation
with respect to the substrate, indicating thatdheme preferred adsorption geometries / sites
and that the interaction between substrate and/edia significantly corrugated along the

surface.

In contrast to Ag(111), where the size of the 2istalline domains is only limited by the

steps, the 2D adlayer structure is additionallytwlized by the periodic changes in the
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direction of the dislocation lines in the herringko pattern by 120°. Obviously, the
[BMP]'[TFSI]” 2D crystalline phase on Au(111) is severely infleed by the herringbone
reconstruction pattern, The resulting adlayer dosare separated by stripes with a short-

range ordered 2D glass phase in between.

In addition, on Au(111) we also observed small&ands / domains of the 2D crystalline
phase at (sub-)monolayer coverage (cf.’té§), different from Ag(111). Apparently, the
herringbone reconstruction on Au(111) provides toigil nucleation sites for nucleation and

growth of the [BMP][TFSI]” 2D crystalline phase, in addition to the steps.

Molecular resolution STM images recorded on one aonof the well-ordered 2D
crystalline phase on Au(111) are shown in FigureAmlogously to Ag(111), these images
reveal dots and longish protrusions (marked by ®js)bAgain, the dots are aligned in two
directions (depicted by dashed lines) along thiec&awectors of the unit cell. Similarly to the
findings for Ag(111), the ratio between round aoddish protrusions is 1:2. Thus, identical
to Ag(111), one dot and two longish features amppsed to represent an anion-cation pair

(dots: alkyl chains of the cation pointing upwardm the surface; longish features: twosCF

groups per anion). However, different from Ag(1l&yery third row along thé lattice
direction shows dimers (two dots next to each 9thehich are slightly rotated against this
direction, rather than single dots. This leads twafold higher density of dots than in the
lines on Ag(111) or in the other two parallel lirms Au(111). In the other two of these lines,
the arrangement of the dots and their density blassembled that on Ag(111). Between
these latter lines there are pairs of longish psans, which are aligned in the same direction
and with the same distance as the dots. The lorigaghres have the same direction on both
sides of the dimer rows, while between the other times featuring single dots they are

rotated by ~ 120°. In the monolayer coverage regithe adlayer unit cell has a size of

|A| = 3.8 + 0.2 nm and| = 2.9 + 0.2 nm, with an angle of #&° between the adlayer lattice
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13 0
vectors, which approximately corresponds to a commmte{8 11} unit cell. In the (sub-

)monolayer regime the unit cell is larger, Wiﬁi $4.2+0.2nm and_3)| = 3.4 £ 0.2 nm, with

an angle of 6& 5° between the adlayer lattice vectors, whichrapipnately corresponds to a

15 0
Ll 13} unit cell,indicating that at (sub-)monolayer coverage thespha slightly expanded

(cf. ref?%%3. In total, the unit cell contains 8 dots and @fdish protrusions (8 anion-cation

pairs). For more details see our previous pubbeeti' >

3. [BMP]'[TFSI]"|HOPG

Next we discuss the structure formation behavioraofadsorbed [BMP[TFSI]” (sub-
)monolayer on HOPG at ~ 100 K. The large-scale Siigrograph in (Figure 1c) reveals an
anisotropic long-range ordered 2D crystalline phasgeich looks different than those on
Ag(111) and Au(111). The structure is characteribgdoarallel rows of IL adsorbates (the
direction of the rows is marked by a yellow arrow).addition, the 2D crystalline phase
exhibits missing rows (decreased apparent heighit) varying distances, which is most
likely related to translational domain boundariesAeen two independently growing islands /
domains, indicating that these islands cannot aege when they approach each other.
Besides the well-ordered 2D crystalline phase, 186 abserved areas close to the missing
rows, which exhibit a more pronounced disordernpiog to weaker affective interactions
between neighboring rows than on Ag(111) or Au(1FELirthermore, even when using mild
tunneling conditions (~ 10 pA, U ~-1V), the 2D siglline phase usually disappeared after
one or a few scans in this area (the STM tip digdahe molecules), which points to a rather

weak corrugation in the adsorbate-substrate intierss?®

Even though the 2D crystalline phases on Ag(111 An(111) are different in their

arrangement, they show the same molecular feaijg@ts and longish protrusions). On
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HOPG at 100 K, in contrast, the 2D crystalline ghappears very different (Figure 2c). In
this case the structure consists of parallel mddecwows, exhibiting slightly different
apparent heights, which could be related to differ@dsorption sites with respect to the
underlying HOPG atomic lattice. As depicted in Fegc, the average intgow distance
dinter is 1.55 nm and the rows consist of elliptical feas, which are oriented perpendicular to

the rows, with an average intraw distance g, of 0.80 nm. The experimental STM images
_ 6 0 _ _ : ,
point to a commensurate, rectang I%r 4 unit cell with the dimensions 8.58:A14.86 A,

with the lattice vectors pointing along the zig-Zagirection and along the armchAir

direction (depicted by a yellow dashed line), respely.

The elliptical features are assigned to the catisgch are lying flat on the HOPG surface.
The rows are aligned along the armchair axis ofstiéace, the elliptic features in the rows
are oriented along the direction of the zig-zagsaXihe anions are not visible in the STM
images, which we attribute to their low densitystdtes close to the Fermi level (see section
5). This will be discussed more together with tberesponding DFT-D calculations, which
will be shown and described in Figure 3 (see sediiibA.5). For more details we refer to

ref 26

4. [BMP]*[TFSI]” | Cu(111) and TiO(110)

In contrast to the well-ordered 2D molecular asdesslmbserved on Ag(111), Au(111) and
HOPG, no long-range ordered 2D arrangements weseraéd on the more reactive Cu(111)
and rutile TiQ(110) surfaces after similar deposition proceduidse STM image of a
[BMP]'[TFSI]” (sub-)monolayer on Cu(111) (Figure 1d), was reedrafter vapor deposition
on the sample held at ~ 200 K (STM imaging at ~ KPOAn adsorption temperature
significantly below r.t. was chosen in order to iavii decomposition (to be discussed in

section C). Under these conditions, the IL adsebatre agglomerated into islands with
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relaxed dendritic shapes, which are homogeneousiytiited over the terrace. The different
arrangement of the adsorbed ILs on Cu(111) as cadp@® Ag(11l) and Au(111l) most
likely results from a different balance betweeroisgrer adsorbate-substrate interactions and
adsorbate-adsorbate interactions. This could leaddifferent intramolecular conformation of
the adsorbed IL anion-cation pairs. The absen@m airdered structure is, however, related to
kinetic effects caused by more pronounced surfaifestn barriers, which hinder the IL
adsorbates to reach a well-ordered, stable cowfigur at the present, lower adsorption
temperature. Lower adsorption temperatures areiregbjdue to the increasing tendency for
IL decomposition on this more reactive surfaceighér temperatures. This is elucidated in
more detail in ref®. Molecular resolution STM images of an adsorbed [BWIFFSI
monolayer on Cu(111) at 100 K (Figure 3a) show thatislands consist of features with
different forms (roundish and elliptical protrusjohese structures, can, however, not be

assigned to specific molecular features at present.

Inspection of a [BMPJTFSI]" covered rutile Ti110) surface (Figure 1e) mainly
revealed that the appearance of the surface chagdéd images of the (1 x 1) structure of
the pristine surface are dominated by one-dimemsilbmes along the [001] direction, which
are made-up by ti-ions appearing with an increased apparent heigfite bridged oxygen
atoms show up as indentation, due to electronacesft® "> The large-scale STM image of the
IL covered TiQ(110) surface in Figure le does not show the chematic rows of the
TiO2(110) surface. Apparently, the STM corrugationasgbed by the IL adlayer. Only in the
small-scale STM images of an adsorbed IL adlayerTudy(110) (Figure 3b) we could
resolve protrusions which are aligned along thel]Ofirection of the substrate, with the
difference between the lines of ~0.61 nm beingelto that observed for the TL(@10)
surface (~ 0.63 nf). Along the rows the distance between the prainsiis around

0.61 + 0.07 nm, which is significantly larger thidue distance between maxima in the pristine



17

TiO2(110) surface (~ 0.3 nm). The diameter and derditthe features in Figure, 4b are
0.56 + 0.06 nm (full width at half maximum) and 2.4 nn¥, respectively. Obviously,
these features are aligned along the atomic rof@0i] direction, but because of their larger
distance along this direction they cannot refléet TiO(110) lattice. Instead, they must be
due to the adlayer. On the other hand, due to gmall size and mean distance, we can
exclude that one protrusion represents a compdet@air, considering that the cation related
dots on Ag(111) are approximately 1.15 nm apareré&tore, a molecular level assignment of
the adlayer structure resolved in the STM imagEigure 3b cannot be given at present (see
also ref’®) Thus, different from [BMPJTFSI]” (sub-)monolayers adsorbed on the Ag(111),
Au(111) and HOPG surfaces in Figure 2, adsorbednanand cations could not be identified
on the Cu(111) and TiQPL10) surfaces. The XPS measurements, howeverfF{gaee 6 and

7) reveal intact adsorbed anion-cation pairs (st@\) at least in the low temperature regime.

5. DFT-D calulations of [BMP]*[TFSI] |Ag(111) and HOPG

DFT-D3 calculations of a single, quasi-isolated [BMTFSI] ion pair in a (35) overlayer
structure on Ag(111) (lattice vector of the surfacgt cell of the adlayer: 14.73 A) or in a
(6x6) overlayer structure on graphite(0001) (l&ttieector of surface unit cell of overlayer
structure: 14.83 A) show that they form stable goison structures, in which [BMPJand
[TFSI] adsorb side by side (Figure 4c and f). In botles43FSI] adopts a cis-configuration
with respect to the S-N-S plane. Its oxygen atorositptowards the surface and the
trifluoromethyl (-CF) groups are pointing upwards from the surface. BhE-S plane is
nearly parallel to the surface at a vertical diséaof 3.3 A or 3.8 A above the uppermost layer
of Ag or C atoms, respectively. As far as [BMR] concerned, the pyrrolidinium ring adopts
an envelope conformation, i.e., the four C atomthefring are coplanar and the ring N atom
points out of the plane. The plane of the C ringregt adsorbs roughly parallel to the surface

at a vertical distance of 3.7 A or 3.5 A above timpermost layer of Ag or C atoms,
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respectively. The butyl group can be in an axiaifan with respect to the pyrrolidinium ring
and is thus oriented normal to the surface, oaiit loe in an equatorial position with respect to
the pyrolidinium ring. In the latter case it isemted parallel to the surface. On both substrates
the equatorial position of the butyl group leads tmore stable adsorption structufdE{; = -

0.3 eV on Ag(111)AEyq=-0.15 eV on graphite(0001)) due to stronger dan Waals
interactions with the substrate (see Table 1)abt, fdispersion interactions are dominant for
the adsorption of the ionic liquid pair on Ag(11lapd graphite(0001), and pure RPBE

energies suggest even no stable adsorption for [BIWIPSI] in these adsorption structures.

In total, the adsorption of an isolated [BMAFSI]” ion pair on Ag(111) is about 0.46 eV
(for the butyl group in the equatorial position) @B1 eV (for the butyl group in the axial
position) stronger than on graphite due to thedagplarizability and thus a larger van der
Waals coefficient of Ag compared to C. Although #giatorial position of the butyl group of
[BMP]* is more favorable for the adsorption of the qussiated ion pair, there is
considerable experimental evidence that in theyadlstructures the butyl group occupies the
axial position of [BMP][TFSI] on Ag(111). It has been observed experimentaly the
appearance and size of the unit cells in closdited IL adlayers with different alkyl groups
of varying lengths, i.e., octyl and ethyl groups[@MIM] *[TFSI], [EMIM] ‘[TFSI],?® are
nearly identical, which points to vertically oriedtalkyl chains. Indeed, the simulated STM
image of the individual ion pairs in ax®) unit cell of [BMP][TFSI]” on Ag(111), in which
the axial position of the butyl group of [BMP realized (see Figure 4c), shows one dot and
two longish protrusions per ion pair (see Figurg diba pattern that closely resembles the
features observed in the experimental STM images {&gure 4a). As illustrated by the
superimposed ball-and-stick representation of thaci liquid, the dots in the images of
Ag(111) are due to the vertically oriented butybgp of [BMP], whilst the two longish

protrusions can be related to the two s@Foups of [TFSI} Although we did not calculate
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the structure formation of [BMPTFSI] in the saturated adlayer on Ag(111) observed in
adsorption experiments, it seems that the calanatof individual [BMP][TFSI] ion pairs

in a (5¢<5) unit cell on Ag(111) can be used to explain ithen features of the experimental
STM images?in contrast to the adsorption on Ag(111), theradsevidence that the alkyl

chain of [BMP] adopts a vertical orientation if the ionic liqusdadsorbed on HOPG.

For HOPG, we also calculated the adsorption stradtua saturated adlayer, using the unit
cell that has been derived from experimental STMges. In these calculations we assumed
that the butyl group of [BMP]is arranged in the equatorial position. Calcutaiof this
adsorption structure reveal that [BMP4nd [TFSI] are alternately aligned in a row (see
Figure 4f). Furthermore, there is a slight prefeeerfor row structures in which the
horizontally oriented alkyl chain of [BMP]cations is oriented along the zig-zag axes of
graphite. In the adsorption structure the distaofcthe N atom of the adsorbed [TFStHom
the surface is about 5.6 A. This distance is sigaiftly longer than in the quasi-isolated
adsorbed ion pair on graphite(0001) (3.9 A). ThéviSThage simulated for this adsorption
structure (Figure 4e) agrees well with the expenitaleones in Figure 4d. According to the
superimposed ball-and-stick representation of thetHe longish features in the images of
HOPG result from the horizontally oriented butybgp of adsorbed [BMP] whilst the
adsorbed [TFSIjion is nearly not visible due to the low densifystates close to the Fermi

level 26,

The adsorption energy for the saturated adlayactsire is about f5=-1.49 eV with respect
to an isolated ion pair, where about half of itlise to interactions between [BMPIFSI]
and graphite, which are dominated by dispersioaraations, and the other half is due to
interactions between neighbored ion pairs (40%ead@pn, 60% electrostatic interactions).
For the latter, interactions between ion pairs wwitthe rows are dominant, while the

interactions between adjacent rows are rather gfatleV).
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Interestingly, as deduced from the experiment @rpeld above), [BMP]TFSI] adsorbs in a
dense layer with a vertically oriented butyl graupAg(111), while a row like structure with
horizontally oriented butyl groups of [BMRTFSI]" has been found on graphite(0001). The
reason for that has not been totally clarified yretage potential effects in the interaction with
charged species should be larger for the Ag(1llialmsurface than for the semimetal
graphite, which makes the adsorption of a denser lafyanions and cations more favorable in

the former case.

Evidence for subtle electronic differences canaalyebe seen in slight differences in the
geometries of the quasi-isolated adsorbed ion pairsAg and graphite: on graphite the
[TESI] conformation has almost the same dihedral angléseameta-stable cis-conformation
of the gas phase structure (Figure 4f). In contrastAg(111), [TFSI] adsorbs about 0.5 A

closer to the surface and the dihedral anglesiatertéd in a way that all four oxygen atoms

of the SQ-groups point towards Ag atoms (Figure 3c).

Table 1. Total adsorption energies (RPBE-D3), adsorptioergies according to pure
RPBE (RPBE) and adsorption energies due to digperkrces (D3) of quasi-isolated
[BMP]'[TFSI] on Ag(111) and graphite(0001), with the butyl groof [BMP]" occupying
either the axial (first row) or the equatorial (ged row) position. All energies are given in

eV and calculated compared to ion pairs in vacuum.

Ag(111) graphite(0001)
RPBE-D3 RPBE D3 RPBE-D3 RPBE D3
axial -1.25 +0.53 | -1.78 -0.94 0.26 -1.20
equatorial -1.55 +0.70 -2.2% -1.09 0.54 -1.63
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5. Comparative discussion of the structure formation of [BMP][TFSI]” (sub-)

monolayers

First of all the data presented above clearly iatdicthat reversible adsorption and
desorption of intact ion pairs is only possible tbhe noble metal surfaces Ag(111) and
Au(111), and on HOPG, whereas on Cu(111) and,(Ii®) the adsorbed ion pairs tend to
decompose at elevated temperatures. These decdimpgsiocesses will be explored and
discussed in more detail in section B.
Focusing on the structure formation of the intatdaabed ion pairs, the large-scale STM
images in Figure 1 reveal rather different tendemdéor structure formation on the different
surfaces. On Ag(111), weakly attractive adsorbaadserbate interactions and a low barrier
for surface diffusion result in a long-range orde@D crystalline structure at ~ 100 K,
which tends to cover large areas of the silveratss in a single domain. On the Au(111)
surface, the 2D crystalline phase is not only kaiby steps, but also by the bending points
of the herringbone surface reconstruction. Furtloeemwe also observed coexisting islands
of the 2D crystalline phase at submonolayer coweragich did not exist on Ag(111).
Adsorbate-adsorbate interactions lead to the faomaif a 2D crystalline phase on HOPG
as well, which, however, appears rather differé@nton Ag(111) and Au(111). On the
more reactive Cu(111) surface, IL adsorbates wawed to agglomerate into islands with
relaxed dendritic shapes, with no long-range orBigrally, also on rutile Tig{110) we did
neither observed an ordered adlayer structure ooldove identify anions and cations in

the adlayer could not be given.

In the molecular-resolution STM images, we unambigly identified IL anion-cation
pairs for adsorbed [BMP]TFSI]” (sub-)monolayers on Ag(111), Au(111) and HOPG at
100 K. Even though the 2D arrangements of the mitdedeatures appear differently on

Ag(111) and Au(111), the high-resolution imageshes similar molecular scale features on
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both surfaces, consisting of dots and longish psibns. These are assigned to the alkyl
chains of the [BMP] cations (dots), pointing away from the surfacel tmthe CE groups of
the [TFSI] anions (longish protrusions), respectively, whatko point upward. The STM
images on HOPG, in contrast, reveal only longisktuiees, which are aligned in molecular

rows and which are assigned to the [BM&4tions, which are lying flat on the surface.

The DFT-D calculations revealed that the IL-sulistranteraction of quasi-isolated
adsorbed [BMP]TFSI] on Ag and graphite are dominated by van-der-Wiagdsactions. In
the actual adlayer structure on HOPG half of thial tadsorption energy is due to IL-substrate
interactions. The other half of the total adsomptenergy is due to adsorbate — adsorbate
interactions between the IL pairs that are almgsta#ly composed of dispersion (40%) and
electrostatic (60%) interactions. As far as theogatson structure is concerned, on HOPG the
adsorbed [TFSlJanions mainly retain their optimal dihedral anghéshe cis-conformation in
the gas phase. On Ag(111), in contrast, the dilheshgles of adsorbed [TFSlare slightly
distorted, i.e., the four oxygen atoms of the twBO,- groups of each anion point directly
toward the Ag atoms. Thus there are subtle geomdifierences between the adsorption
structures on HOPG and Ag, which must be due tghsldifferences in the electronic
properties. They might be a possible explanation tlee rather different structural

arrangements on the two surfaces.

B. Thermal stability and decomposition of [BMP]*[TFSI]™ (sub-)monolayers
In this second part we focus on the thermal stgthi IL adlayers, which was monitored by
XPS. To begin with we show representative XP speadbf an adsorbed Li-free
[BMP]'[TFSI]” multilayer on HOPG at r.t. (no decomposition) igufe 5, which can serve
as reference for the following XPS measurement® gdéak positions in the XP core level
spectra are listed in Table 2. To indicate theiond the different peaks in the XP spectra, we

will use abbreviations such asnin Oanion Nanion Ncation Canion Cheterorcation Calkylication and
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Sanion The presence of intact adsorbed [BMPFSI] is indicated by the almost 1 : 1
intensity ratio of the Nion @nd Nipion peaks and the 2 : 4 : 5 intensity ratio of thgif:
Cheterorcation - Caiyy peaks, which is in good agreement with the stoitigtry of the
L. 201232628 por IBMPTTFSI]” (sub)monolayers, however, slightly different valder the
BE are observed depending on the substrate. Iprdsznce of Li ions, more pronounced BE

shifts are expected (to be discussed below).

Table 2. Binding energies of different XPS peaks for anosidsd [BMP][TFSI]” multilayer
on HOPG. Abbreviations as given in the right columili be used to refer to peaks in all

following XP spectra.

Element/orbital BE /eV Chemical | denoted as
environment
Cl1s 286.0 HC-C-), Calkyl/catior
Cls 287.3 *(C—N—) Cheterolcatio
N 1s 400.0 {C—N—) Neatior
C1s 287.3 H{C—N-) Cheteroarion
Cls 293.5 CF; Canior
N 1s 403.3 {C-N-) Nanion
F 1s 689.4 CF; Fanior
O 1s 533.2 -SO- Oanior
S ZQ/z 169.6 -SO- Sanion

In the following, we discuss results of STM and Xf8asurements on the thermal stability
of [BMP]'[TFSI]" adlayers. In general, slow annealing and simuttaseSTM imaging
revealed that the (2D) crystalline phases meltrsbly in the temperature interval between
170 and 235 K, on Ag(11®)and Au(111f? and the terraces appear more noisy at higher
temperatures (see rej, which is related to mobile adsorbed species BDagas / liquid
phase that diffuse too fast to be visualized by ST®&bing to higher temperatures,
[BMP][TFSI] (sub-)monolayers desorb without decomposition fidgf111) and Au(111)
at ~ 500 K, as indicated by the remaining contationafree (clean) surfaces in the

subsequent STM images at r.t.
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The XP core level spectra of adsorbed [BMPFSI]™ (sub-)monolayers on Ag(111j,
Au(111)?* and HOP& at r.t. and on Cu(11¥*and TiG(110¥® at 80 K reveal anion-cation
pair related peaks as illustrated in Figure 5. Upameasing the temperature, the IL-related
peaks disappear between 45800 K on Ag(111), Au(111) and HOPG (desorptior)jlevon
the more reactive Cu(111) and B{M10) surfaces more complex changes are observed,

which will be discussed in the following sections.

1. [BMP][TFSI]|Cu(111)

STM images and selected core level spectra of aorbdd IL adlayer on Cu(111) recorded
at 100 K before and after annealing to ~350 K amw in Figure 6 (left). After annealing to
~ 350 K the STM images on Cu(111) look clearly efiént than on Ag(111) and Au(111) at
r.t., which are characterized by mobile species 2D gas / liquid phase. For Cu(111) we find
well-ordered 2D islands, either attached to thpsste on the terraces (Figure 6, upper image,
right). In addition, the steps on Cu(111l) are medifand their orientation changes by
+ 120°(step faceting), as marked by dashed lingésahimage” The high stability of the 2D
islands together with their relatively high aspeatto point to strong, anisotropic interactions

between the adspecies. The dimensions of the adlmyjecell are 4| = 0.47 + 0.02 nm and

|§| =0.52 £0.02 nm and= 90 £ 2° (marked in Figure 6, lower image, righthich results

in a commensurate adlayer structure, which is amddrd matrix notation described by a

2 1
{O 2} superstructure. The dimension of the unit cellyigar too small for a [BMP]TFSI]

adlayer and therefore we assume that these istars#sfrom decomposition products. It may
be related to the pseudo-(100)-S phase, which g@sted to form as metastable structure on

Cu(111)®
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Beside the structural information gained by STMg tthemical state of the surface was
probed by XPS at 80 K, after deposition at 200 i daring cool-down after annealing to
~ 350 K (Figure 6, lower part). For example, befarmealing (XPS spectra with turquois-
shaded areas) the adsorbed [BMIPFSI] (sub-)monolayer on Cu(111) shows F 1s and S 2p
core level signals with the characteristig,§s peak and the s50n doublet of molecular
adsorbed [BMPTTFSI]. After annealing to ~ 350 K, the spectra changasiierably
(Figure 6, XPS spectra with yellow-shaded areasy Nhe Fnion peak and the ;5on doublet
reveal significant chemical shifts to lower BEsl&~ 1eV, S 2p ~ 2eV). In addition, another
S 2p doublet evolves at ~ 162 eV. Due to the Iatgé of the Jnion doublet, we assign this
and the new doublet to the formation of two newpadges. The low-BE doublet (162.5 and
161.3 eV) is assigned to adsorbed atomic sulfu) (8 to CyS,”® which may be responsible
for the square commensurate adsorbate structucdveesin the STM image in Figure 6
(upper image, right) (see also above). The secantbldt at 168.0 and 166.8 eV probably
stems from adsorbed $& Such species are expected to be mobile on thacsudt r.t.,
forming a 2D gas / liquid phase, accordingly theyndt show up as second adlayer structure
in STM images, but only as noisy features on theates. We note that upon cooling to
100 K, we observe condensation of these specigs, &.the perimeter of the ordered 2D
islands (not shown). In total, the combination GiMsand XPS measurements shown in
Figure 6 demonstrates that upon annealing a [BMPBI]” adlayer on Cu(111) to slightly
above r.t. (~ 350K), the [TFSIhnions decompose into fragments such a&Cor Sg), SQ,
and probably other fluorine- and carbon-contairspgcies like Ckag* whereas the [BMP]
is expected to be more or less stable up to ~ 3%0oKsignificant changes in the C 1s peak
around 285 eV, mainly a small increase @fypeak most likely due to decomposition of

CF; species from the anion).
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2. [BMP]'[TFSI]|TiOx(110)

In a similar way we investigated the thermal sigbidf [BMP]*[TFSI]” adlayers adsorbed
on TiOx(110) in annealing experiments, covering the tempee regime between r.t. and
~ 600 K. After each annealing step, the surfacepmmition was analyzed by XPS. In Figure
7, we display selected detail spectra of diffeispectral regions (F 1s, S 2p, and N 1s; note:
only the N 1s peak at ~ 404 eV refers to the catiecorded after annealing a 1.5 ML

[BMP]*[TFSI] film to the temperatures indicated in Figuré® 7.

Starting at 300 K, all spectra show an overall limssitensity in all peaks, which, in the
beginning, is most likely due to desorption of noolles in the second layer. For temperatures
exceeding ~ 400 K, decomposition of [BMHAJFSI]" molecules plays an increasingly
important role, which is indicated by the disappeae or shifts of peaks and the appearance

of new peaks in the spectra.

In the N 1s region (middle of Figure 7), the [BMRP&lated Nagon peak at ~ 400 eV shifts
slightly, by about 0.3 eV, to lower BE before itngpletely disappears at 600 K. Thendh
peak experiences a much stronger shift to lowerBEabout ~ 2.0 eV at 500 K. This peak
shift is much more pronounced than those obsemdtld F 1s and S 2p anion signals and
consequently, we assigned the N 1s peak forme@@K5to a decomposition product of the
adsorbed [TFSI]anion. Based on its BE of ~ 397 eV, the peak chddepresentative for
TiN, species; BEs of TifNare known to be around 397.1 to 397.4’&¥inally, we note that
this peak and also the N 1s contribution relatethéocation start to vanish at 300 K and have

completely disappeared at 590 K (see also below).

The spectra in the F 1s and in the S 2p regimé dl&d right panels in Figure 7) show a
very similar behavior. The skon and Snion peaks strongly decrease in intensity between
410 and 500 K, and shift to lower BE (about 1 eW)rthermore, new features appear at

significantly lower binding energies. For the Sr2gion, a new peak doublet (with BEs of
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161.3 eV and 162.6 eV) starts to grow in at 50@vKich is (based on findings by Rodriguez
et al’®) assigned to sulfur adsorbed in oxygen vacanaie3i®,(110). Peaks at those BEs
were also detected during the decomposition of [BIIFFSI]” on Cu(111) and assigned to
Saq species®® In good agreement with findings and interpretatignHebenstreit et af;®
we assume thaty$reacts with the titania surface at T > ~ 450 Kréglacing bridge-bonded

oxygen by sulfur species.

In the F 1s region the originakfon peak shifts by 0.9 eV to lower BE between 300 and
500 K and concomitantly decreases in intensity4® K a new peak appears at 684.6 eV,
which grows in intensity at the expense of the.fFpeak. We suggest that the new species
corresponds to fluorine atoms,gFadsorbed on Tigi110)?® Note that the original F 1s peak
and also the respective C 1s species from the GrH bt ~ 292 eV have completely vanished
at less than 620 K. This means that part of th@mosition products of the [TFSIanion
containing fluorine and sulfur has desorbed from ghrface, whereas the remaining part has
reacted with the substrate by forming either adsdiBy or S,q species or by filling oxygen
vacancies on Tig§110). Nitrogen containing decomposition produttstli from the anion as
well as from the cation) seem to have completelsodsed (within the detection limit), not
even TiN, species, which may be formed during the earlyestdghe decomposition process,
can be detected above 600 K. The [BKMPBition seems to be more stable than the [TFSI]
anion, the reduction of the intensity of the respecC 1s (doublet at 285 eV) and the N 1s
peak (403eV) is less pronounced compared to the @@ F 1s peaks being representative for
the anion. At 500 K, where already large partshefdanions are decomposed, we still observe
about 40- 50% of the initial intensity in the XPS peaks teth for the cation, although
carbon-related decomposition products might algmeapin these peaks. Only above 550 K

the cation-related peaks decrease strongly in sitien
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Overall, the combined STM and XPS investigations tbé thermal stability of
[BMP]'[TFSI]” (sub-)monolayers revealed that these IL adlaysexact weakly with inert
surfaces such as the Ag(111), Au(111l) and HOPGasessf and also desorb molecularly in
the temperature range 450 — 500 K, without any ora@ate decomposition. On the more
reactive Cu(111) and TigQL10) surfaces, this is different. On Cu(111), fRESI] anions
decompose close to r.t. (> 350 K) into fragmentshsas CyS (or Sg and probably other
species, forming (at least partly) a stable commetts adsorbate structure, whereas the
cation seems to be stable in the temperature regankeast up to 350 K. On Ty(110),
decomposition of adsorbed [BMPTFSI] starts at about 400 K, displaying significant
[TFESI]” decomposition into products such as Jig and KBg at ~ 500 K. Similarly to
Cu(111), the [BMP] cation is more stable than the [TFSdhion, the decomposition is less
pronounced compared to the anion below 500 K. Angfrdecay of the cation related XPS
signal is found only above 550 K. These finding laighly relevant for the understanding of
processes at the electrode|electrolyte interfacthey show thermal decomposition already at
slightly elevated temperatures for more reactieetebdes, in the absence of any potential or
ion effects. Only for essentially inert surfacestsas noble metals or the base plane of HOPG

adsorption is fully reversible, without measuratbddeomposition.

C. Surface chemistry and thermal stability of [BMP][TFSI]” + Li adlayers
In this section we extend the discussion of thentlaé stability of [BMPJ[TFSI] by
including also the shuttle ion, in this case Liflas second important part of the electrolyte. In
this situation, not only the interaction with thedre or less reactive) substrate can cause
reactive decomposition of the adsorbed IL, butddition also its interaction with adsorbed
Li. Considering the high reactivity of adsorbed ailkatoms, this is assumed to contribute
significantly to the SEI formation in Li-ion battes. As mentioned before, Li is deposited by

evaporation as well, which is different from th&uation in a battery cell. Once adsorbed on
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the surface, however, it does not matter for tiselting surface chemistry whether Li arrived

as cation, as it is the case in a battery cetsaneutral atom.

1. [BMP]*[TFSI]” + Li | HOPG
In this section we first summarize XPS resultstmninteraction of Li with HOPG (Figure 8),
before focusing on the interaction of a monolaydBMP][TFSI]” with Li on HOPG. Upon
stepwise increasing Li vapor deposition (0.1 — N6 for definition of a Li monolayer see
experimental section) on the HOPG sample held #&,88e C 1s and Li 1s core level spectra
reveal a gradual damping of the C 1s peak witheiaging Li coverage. Simultaneously, the
Li 1s spectra show the evolution of a measurabék @dter the third Li dose (~ 0.5 ML) at a
BE of ~55.4 eV and its gradual growth after eaelpasition step, which is attributed to
increasing amounts of adsorbed This data set allows also to calculate the Li dépm rate
(see experimental section). We note that the Cubstsate peak of HOPG shifts slightly in
binding energy (~ 0.3 eV), which is attributed t@aoges in the charge transfer from Li to the
uppermost graphene layers. Similar shifts have beserved for K on HOP&. Virtually all
deposited Li adsorbs on HOPG at 80 K. In contra$er vapor deposition of 1 ML of Li on
pristine HOPG at r.t., we only observed a featw®lkne (no peak) in the Li 1s range,

indicating that it intercalates into the bulk of AG as Li.*’

To generate mixed IL + Li adlayers on HOPG, Li (M&) was postdeposited on a HOPG
surface covered by a preadsorbed [BNIFFSI]” (sub-)monolayer at r.t. (Figure 9). XPS
spectra confirm that the Li-free adlayer (Figureb®ftom of the panel) displays thenk,
Oanion Nanion Ncation @Nd Snion peaks expected for adsorption on HOPG (see Figufeote at

IL (sub-)monolayer coverages the C 1s region isidatad by the HOPG substrate peak and
therefore not shown). After deposition of Li (~ IMi.), all adsorbate-related peaks shift to

higher BEs. Furthermore, new peaks (filled yell@amerge at the low BE side (Figure 9, top
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of the panel). The new peaks are related to themdposition of predominantly [TFSI]
anions into products such asMj LiF, Li,S, LikSQ,, Li,O, LiOH, etc.3**®#|nterestingly, in
the presence of a preadsorbed [BMPFSI]” (sub-)monolayer, almost all postdepostited Li
remains in the surface region, as indicated by dhmergence of a peak with significant
intensity in the Li 1s range at ~56.5eV (yellowyhich is assigned to Li-containing
decomposition products (metallic Li is expectec ddwer BE of ~ 55.4 e¥2%. Its intensity

is comparable with that after dosing of a similaroant of Li on HOPG at 80 K, where it was
shown that no intercalation takes pld€eThus, in contrast to pristine HOPG, almost all Li
remains in the surface region, i.e., for presendéposition Li intercalation is essentially
inhibited by a preadsorbed [BMPTFSI] adlayer. The energy shift of the peaks will be

discussed in the following section on lithiated H®Eection C.2.)

2. [BMP][TFSI]” + Li | lithiated HOPG
Here, we focus on the adsorption of a monolaygBbfP] [TFSI]” on lithiated HOPG, which
was investigated by XPS and by measurements ofi¢inke function® using UPS (He | line)

(Figure 10).

After deposition of ~1 ML of Li on pristine HOPG at. the work function® is virtually
identical with that of pristine HOPGD(= 4.8+ 0.1 eV) (Figure 10, right panel, black solid
line), further supporting that Li intercalate ef@intly under these conditions. After cooling
the lithiated HOPG sample (preparation by depasitib~ 1ML of Li at r.t., see Figure 8) to

80 K, a monolayer of [BMP|TFSI]” was deposited under these conditions. XPS spectra
recorded subsequently are presented in Figure difio(b of the left and the center panel).
The N 1s spectrum looks essentially identical &t tibtained for [BMP]TFSI]” adsorbed on
pristine HOPG (cf. Figure 9), confirming the presermf intact adsorbed anion-cation pairs.

The Li 1s range displays a featureless line. Thekviianction measurements reveal a small
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increase of®, compared to lithiated HOPG at 80 Keflecting a small adsorbate-induced
change of the surface dipole. Afterwards, the samyds heated to r.t. and XPS and UPS
spectra were acquired as a function of temperatur@g slow annealing. N 1s and Li 1s core
level spectra (Figure 10, top of the left and cem@nel) as well as the work functioh
before and after heating to r.t. (Figure 10, righnbel, red solid line) are given in Figure 10.
Interestingly, after annealing the N 1s spectrurowsdd distinct modifications compared to
the spectrum recorded after deposition at 80 KhBtite Nation (red) (404.3 eV) and Non
(cyan) (401.1 eV) peaks shifted to higher BE byl-6+and 1.3 eV, respectively (similar
shifts were also observed for all adsorbate-relai@doeaks (not shown). In addition, a new
peak emerged at 398.5 — 399.0 eV (yellow), whickssigned to an inorganic compound such
as LgN, formed by the partial decomposition of the ILIesger. Evidence for other Li-
containing products, similar to those obtainedrgftestdeposition of Li on a preadsorbed IL
adlayer (cf. Figure 9), was observed in the F 1&sOC 1s and S 2p spectral ranges (shown in
the Supporting Information (SI))n addition, we found a distinct peak emergingha Li 1s
spectrum at ~ 56.5 eV, similar to the BE of the.&ipeak observed upon Li postdeposition on
a HOPG surface precovered by a [BMPFSI]” adlayer. Simultaneously, the work function
® showed a massive decrease byl2 eV. Based on these findings in combination we
conclude that at least a fraction of the interealdti” has deintercalated from the bulk of the
lithiated HOPG and reacted with [BMPTFSI]” adsorbed on the graphite surface. The strong
decrease of® is assigned to the accumulation of'Lspecies at the surface and the
corresponding changes in the surface dipole. Thenaalation of Lf* species at the surface
is driven by a stabilization of these species eibhyenon-reactive, electrostatic interactions in
the IL adlayer or by reactive bond formation durnegctive decomposition of the IL, which
results in rather stable surface species suchig, LiF, LisS, LikSQ,, Li,O. Accordingly,

we assign the energy shift of the core level peakated to intact adsorbed ion pairs to an
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initial state effect due to the changed chemicairenment of adsorbed [BMHAJTFSI]” by

the electrostatic potential of adsorbef'Li

Overall, the XP spectra recorded on the IL covditbiated graphite after warm up to r.t.
closely resemble those obtained after postdepositdamn onto a preadsorbed [BMHTFSI]
(sub-monolayer) on HOPG at r.t.. Obviously, thespreee of Li on the HOPG surface results
in a distinct increase of the tendency for the tigacdecomposition of the [BMPTFSI]
adlayer compared to pristine HOPG. Here it doesmaiter whether Li is deposited as neutral
atom from the vacuum side or whether it reachesstiréace by segregation from deeper
regions in the graphite substrafeln the case of deintercalation of'Lirom the bulk of
lithiated graphite, Li is stabilized at the surfaliee to (reactive) interaction with the adsorbed
IL species, which changes the dynamic equilibrivetween dissolved/intercalated’ Land
surface Li. This interaction provides the energetitving force for the deintercalation

process.

3. [BMP]*[TFSI]™ + Li | Cu(111)
In a comparable way we investigated the interactiba [BMP][TFSI]” adlayer with Li on
the more reactive Cu(111) surface. To begin with,describe the results on the interaction of

Li with the bare Cu(111) surface at r.t and at 8@dspectively (Figure 11).

The Cu 2p and Li 1s core level spectra recordeadh gpepwise vapor deposition of Li (0.3 —
2.2 ML) on Cu(111) at r.t. (for definition of a IML see experimental section) reveal a
gradual damping of the Cu 2p doublet upon increptiie Li coverage. Simultaneously, the
Li 1s spectra display the evolution of a peak &Eaof ~ 55.5 eV starting after the first Li
dose (~ 0.3 ML) (red solid line) and its graduadwth with increasing deposition. This peak
is attributed to increasing amounts of adsorbedrhe data set allows for calculating the Li

deposition rate (see experimental section). In resbhtto HOPG, where all deposited Li
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intercalates at r.t., on Cu(11l) the deposited émains on the substrate under these
conditions. After vapor deposition of very small amts of Li (~0.1 ML, below the
detection limit of XPS) on Cu(111l) at 80 K, the STiMage (~ 100 K) show roundish
protrusions, which are dispersed over the surfadewehich are attributed either to individual
Li®" adatoms or small clusters (for more details werréd ref’”). We note that a small
amount of features with a decreased apparent h@rgigntations) are also visible, which are

related to adsorbed oxygen species that are typisasent on bare Cu(111) surfaés’

Next we explored the interaction between adsorB&MF] [TFSI]” and Li. To avoid effects
due to purely thermal decomposition of the [BMPFSI]” adlayer, we deposited a
[BMP][TFSI]” submonolayer (~ 0.6 ML) on Cu(111) at 200 K (segtisn A), STM imaging
at ~ 100 K, followed by postdeposition of ~ 0.2 MLLi at the same temperature. The STM
images recorded on the resulting surface (Figujyedisplay marked differences compared to
the Li-free [BMP][TFSI]” adlayer on Cu(111), which was shown in Figureardl 4a. After
Li postdeposition we sedongated, worm-like structures with a lower appareight of their
inner part (note that the tunneling conditions similar to those in Figures 1d and 4a). The
perimeters of these structures are decorated bgtdqted protrusions. High resolution images
resolve also molecular features in the inner pathe islands (see zoom images in Figure 12
with enhanced contrast); however, they cannot Isgmsd to certain molecular species.
These structures and the apparent depression mesist from the changed nature of the
adspecies upon interaction with Li, since suchcstmes were never observed in the absence
of Li on the surface. We assume that during postsiéipn of Li the adsorbing Li atoms
either impinge on an IL island and react instanvaisty, or they diffuse as adsorbed Li on the
Cu(111) surface until they reach an IL islands, iehibey preferentially react at the island
perimeter. In this picture the dots at the islapdmeters are assigned to stable Li-containing

adspecies.
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Analogously, we probed the chemical state of thadlayer (~ 0.6 ML) after postdeposition
of a higher amount of Li (~ 0.7 ML of Li) on Cu(1)lat 80 K (Figure 12, lower panels) by
XPS. F 1s and S 2p spectra recorded before Li depoat 80 K reveal intact adsorbed ion
pairs. After postdeposition of Li (Figure 11, matkey an blue arrow), the,kon peak shifted
by more than 1 eV to higher BEs and a new peakddrat the low BE side (686.7 eV). In
agreement with previous repdftsve assign this to LiF. The S 2p spectrum recotsifdre
Li deposition (lower part of the panel) shows th@amacteristic &ion, doublet at 168.9 and
170.3 eV. After postdeposition of Li, theng, peak shifts slightly to higher BE, similarly as
the Rnion peak, and a new doublet emerges at 162.0 and B33.4espectively. This new
signal we attribute either to adsorbed sulfur oorenlikely, to LbS. Thus, postdeposition of
Li to a [BMP]TFSI] monolayer on Cu(111) at 80 K leads to a reacta@chposition of the
[TESI]” anions into Li-containing decomposition productscts as LiF and LB, etc..
Subsequent heating to > 400 K (Figure 11, marked bgd arrow), reveals that mainly the
new species such as LiF angd.i(yellow) persist at the surface (note: carbortiggerelated
C-F bond are no longer observed), while the peakated to adsorbed [BMHTFSI]
vanished to a large extent. The strong decreaa#t carbon-related peaks indicates that also

the cation largely desorbs, either intact or imfn@nts from the surfacé.

4. [BMP][TFSI]” + Li | TiO2(110)

In this last section on Li induced reactive modifions of a [BMP|[TFSI]” adlayer, we
now focus on the interaction of a [BMPJFSI]” adlayer covered Tig110) surface with Li.
This differs from the previous substrates in soagone might expect reaction of Li not only
with the adlayer but also with the TiGubstrate. This will be investigated first, by dsiting
Li from the gas phase on a clean J(10) surface (Figure 13). XPS spectra recordedrbef
and after Li deposition at 80 K show that beforedkposition the Ti 2p signal is dominated

by Ti** species, as would be expected. Interestingly, al$raction of TP species could be
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detected in XPS, see the dark grey area in therlspectrum of the middle panel of Figure
13. The T¥" species originates from an initial partial redustitep by thermal annealing in
UHV, which was necessary in order to prepare anititasubstrate with a sufficient
conductance for STM measurements. After deposdabmgut 1.5 ML Li at r.t. , the electronic
structure of the Tig{110) surface is significantly modified, it now st® a much higher
amount of Ti* species (see the Ti 2p spectrum in the upper paneaniddle panel in Figure
13). Obviously, upon reaction of Li with Ti®ne electron from the Li is transferred to the
Ti** cation forming Ti*.?® The O 1s region also displays distinct changesy &f deposition,

a new peak assigned to,Oi appears at the left part (~532.5 eV) of the nmaiygen peak.
The binding energy of the Li 1s signal of 56.4 ¢édp(part of Figure 12), which is higher than

that of metallic Li (55.1 eV), also points to aioaic / positively charged Li species.

In the following, we discuss the interaction ofudbionolayer (0.7 ML) of [BMP]TFSI]
on TiO,(110) with Li (~ 1.5 ML) postdeposited at low temaieire (80 K) and the thermal
stability of a surface layer deposited at r.t. upomealing to temperatures of about 470 K
based on XPS measurements; the respective XPamatissplayed in the upper panels and in

the lower panels of Figure 14, respectively.

When depositing Li (2 ML) at 80 K on a Ti@10) sample largely covered by an adsorbed
[BMP]'[TFSI]” (sub-)monolayer, the shape of the Ti 2p relateakpehanges considerably,
along the lines discussed above. The intensityi 8fspecies increase considerably, similar as
for Li deposition on pure Tig110) without [BMPJ[TFSI]” (cf. Figure 13). Obviously, even
in the presence of the [BMRTFSI]” adlayer and at 80 K, Li reacts at least parthyhwite
titania substrate. This is confirmed by the appssgadf an additional peak () in the Ols
spectral range at 532.3 eV, at exactly the sama®ithe peak obtained after vapor deposition

of Li on TiO,(110) in the absence of a [BMPTFSI]” adlayer.
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In addition to the reaction of Li with the titansupport, it also interacts with the
[BMP]'[TFSI]” (sub-)monolayer. This can be concluded from chamgéhe F 1s, N 1s and S
2p regions, which reflect chemical modificationstlie cation (only the Mion peak in the N
1s region) and in the anion ofsn Nanion Sanion)- The general decay in intensity of the IL-
related peaks implies that deposited Li reacts aisio the adsorbed [BMP[TFSI]” species,
even at 80 K. The spectra recorded after Li dejosipoint to the formation of
decomposition products such agNiand SQ containing species (cf. ret$®3, which are
mainly created by decomposition of the [TFSdjnions. In the N 1s region, a new peak
appears at ~ 398 eV and in the S 2p region, a dapal the low BE side of the S 2p peak is
formed at ~ 168 eV. In the F 1s region, a weakuteafpossibly LiF) appears at lower BE
(~ 685 eV). The new N 1s peak (after Li depositian398.7 eV is mainly attributed tozl\
decomposition products, which may result from tA€&3I] anions as well as from the
[BMP]* cations. Additional small contributions of nitragenteracting with the support

(formation of TiN, species) cannot be ruled out.

Next we explored the thermal stability of mixed [BM[TFSI]” + Li adlayers on Tig(110)
at 300 K and 470 K after deposition of a 0.7 ML [BMTFSI] film on the titania substrate
at r.t. followed by postdeposition of Li (~2 ML} the same temperature, and subsequent
annealing to 470 K. The respective spectra are showhe upper panels of Figure 14. As
expected from the results at 80 K, Li reacts pantith the TiGQ(110) substrate also upon
deposition at 300 K. As also expected, it also teeadth the [BMP][TFSI]” adlayer. The
decomposition products of the [BMIPTFSI]” (sub-monolayer) seem to be similar to those
formed upon interaction at 80 K, but are much highentensity (the intensity does not scale
linearly with the amount of postdeposited Li, whiwhs slightly lower at 80 K). In the F 1s
region, the original fion peak at 689.5 eV strongly decreases in intensitiyshifts by ~ 1 eV

to higher BE (300 K), similar to the behavior ohet peaks related to intact adsorbed ion
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pairs, while at the same time a new peak growg in@B5 eV. The latter is attributed to the
formation of LiF. Note that from the Li 1s peak wannot conclude on the nature of the
resulting Li compound. With increasing temperatinie peak increases in intensity at the cost
of the Rnion peak (689.5 eV) and also shifts to lower BE. Samédffects (i.e., the formation of
a new peak at lower BE at the cost of the anioivdérS 2p signal, and a shift of the latter
one to lower BE at 470 K) are also observed inSH&p region where the shape of the main
peak (S 2p, ~ 170 eV) changes dramatically. In the presen@ML Li postdeposited at r.t.,
the main sulfur peak consists of two doublets, r@teted to the intact adsorbed [TFSdhion

(+ 170 eV) and a second feature, a decompositioduyat, at about 168 eV. This latter one is
assigned to LBO, species, which has already been observed wherampBMP] [TFSI]”

on bare TiQ(110) (see right part of Figure 7). Furthermoreadditional, but smaller feature
arising at much lower BE (161.4 eV) is attributedte formation of LiS and/or § on TiO..
After annealing to 470 K the initial,Sonpeak (~ 170 eV) has completely vanished and only

the decomposition products at ~ 168 eV and 161.&are\Wisible with roughly equal intensity.

In the N 1s region, the changes in thgibh and Nnion peaks reflect the behavior of both ion
species (cf. Figure 5). At 300 K, after addition2oML of Li, both peaks shift to higher BE,
but the [BMP][TFSI] related N 1s peak (the turquois peak at ~ 401ie\4ddition splits
into two peaks. The new peak at lower BE (yellow,~&898 eV) mainly reflects kN
decomposition products (it scales with the amounteposited Li, see r&), although a
contribution related to TiNspecies cannot be excluded. After annealing to K7/Qhe
cationic N 1s signal has completely disappearetialamall part seems to now contribute to
the (slightly) increased intensity of the,Ni peak. As discussed for Li deposition on
predeposited [BMP]TFSI]” (sub-)monolayers at 80 K, the latter peaks cortaintributions

also from a [TFSI] decomposition product.
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Interestingly, in the Ti 2p region, annealing td4K leads to a decrease of thé &ignal
reaching its minimum intensity at ~ 420%KIt seems that the decomposition reaction of the
IL adlayer reduces the concentration of Epecies that were intercalated in the near surface
region (top few nm) of the Tif110) substrate, essentially by withdrawing an tebecfrom
the TF* species and reoxidizing them td*'TiTherefore, at this temperature the oxygen in the
LixO species is not (co-)generated by oxygen atortieeiiOy(110) crystal, but solely results
from the decomposition of the IL. The only othemeening species are LiF, 43S, LisN and

TiNy (= peak at 397.1 eV).

V. Discussion

The data presented and discussed in this revied teathe following picture for the
interaction of ionic liquids and specifically ofethionic liquid [BMPJ[TFSI], with model
electrode surfaces of increasing reactivity andebgatrelevance, both in the absence and

presence of Li.

(1) Adsorbed [BMP][TFSI]” (sub-)monolayers adsorb and desorb completelyhowit
measurable decomposition, on/from noble metal sagauch as Ag(111) and Au(111)
or on/from similarly little reactive surfaces suat HOPG, with desorption temperatures
in the range between 450 — 500 K. On more reastiviaces, reactive decomposition is
activated as well at higher temperatures. On Cy(1the [TFSI] anions decompose
close to r.t. (> 350 K) into fragments such as&(or §¢ and probably other species,
forming a stable commensurate adlayer structure. T0@,(110), significant IL
decomposition starts at 400 K, leading to [TFSlgcomposition products such as JiN
Sadand R, which are clearly visible at ~ 500 K and dominiue spectra at > 550 K. The
[BMP]" anion is slightly more stable compared to the [[[F&mnion, the main
decomposition process starts around 500 K. At 6Q0aK peaks related to intact

[BMP][TFSI] have disappeared.
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(2) On the less reactive Ag(111), Au(111l) and HOPGama$, well-ordered 2D adsorbate
structures are reversibly formed in the low-temperarange (2D melting temperatures
170 — 235 K). On Ag(111) a long-range ordered 23talline phase grows in very large
islands / domains at 100 K, while their size isitéd by antiphase boundaries on HOPG
and by the herringbone surface reconstruction orflAL), respectively. Molecular
resolution STM images reveal similar molecular dieas for adsorbed [BMHATFSI] on
the Ag(111) and Au(111) surfaces, with anion-capairs appearing as a combination of
one dot and two longish protrusions. On HOPG, tbsulting structure looks quite
different, with regularly spaced longish featuresaaged in parallel rows. On Ag(111)
and Au(111), the above features are assigned taalthy chain of [BMP] pointing
upward from the surface (dot) and the two 3QGffoups per of each [TFSljanion
(longish protrusions), respectively. In contrast, HOPG, the longish features are related
to the [BMP] cations, which are lying flat on the surface altimg main crystallographic
zig-zag axes of the HOPG surface, while the anavasnvisible to the STM. On HOPG,
[TFSI] almost retains the optimal dihederal angles ofiélse stable cis-conformation in
the gas phase, the IL-substrate interaction is dated by van-der-Waals interactions
(optimized by the flat lying alkyl chain of [BMP] Interactions between IL ion pairs are
about equally due to dispersion and electrostateractions. On Ag(111), in contrast, the
dihedral angles of the [TFSIanions are distorted with respect to the cis-aoné&tion in
the gas phase. In this case, slight rotation ardbhedS-N bond leads to an adsorption
structure in which the SQgroups point exactly into the same direction dmsl dxygen
atoms of [TFSI] point directly toward the Ag atoms. This changeamformation may
be responsible for the different adlayer structwesAg(111) and HOPG. On the more
reactive Cu(11l) surface, the interplay betweenoidde-substrate and adsorbate-

adsorbate interactions result in disordered IL Hutges that are agglomerated into
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islands with relaxed dendritic shapes. No long-eangder was also observed on rutile
TiO,(110).

(3) For the surfaces investigated, the tendency fobulk dissolution / alloy formation /
intercalation increases in the order Cu(11l) < HO@@vation temperature ~230
K) < TiO»(110). In the latter case reaction with the oxidbssrate to form LiQand TF*
species occurs already at 80 K.

(4) In all surfaces investigated (HOPG, Cu(111), Ai0)), the interaction between Li and
[BMP]'[TFSI]” (sub-)monolayers leads predominantly to [TFSihion decomposition,
forming products such as dN, LiF, Li,S, LikSQ,, Li»O, LiOH, and possibly other
products. Reactive decomposition starts alread0dt, decomposition products desorb
only at > 500 K (TiQ(110)). The relative amounts of these decompospi@uucts, but
not their nature, depend strongly on the reactmmdiions, such as temperature, amount
of different components (IL and Li) and the intéraic of Li (e.g., intercalation, reaction)
with the respective surface. Similar decompositmoducts have been observed by
Olschewski et al. upon interaction of Li with adki[TFSI]-based IL film on a copper
foil®* and after room temperature adsorption of diffef@tSI]-based ILs on a Li-
covered copper foil® Obviously, this IL can react with Li also withougibg directly in
contact with a model electrode surface. In addjtiery similar products were identified
in in situ electrochemical studies by XPS, FTIR and EI% The latter result also
supports the relevance of our model studies of $heface chemistry at the
electrode|electrolyte interface for the SEI formatin more realistic systems.

(5) In the system showing activated Li intercalatiorOfMG), deintercalation of Lifrom the
bulk is possible if surface Li is stabilized byerdction with adsorbed species, which
changes the equilibrium between dissolved/intetedld.i and surface Li. For lithiated

HOPG, reactive interaction of surface Li with ansaded [BMP][TFSI] (sub-
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)monolayer results in Li depletion of the bulk, tdeintercalation process starts at
> 230 K. Independent of the Li transport processtiie [BMPT[TFSI] adlayer (Li
postdeposition or Li diffusion from the bulk of lithiated HOPG to therrface), the
resulting adlayers are composed of Li-containing31 decomposition products and
possibly adsorbed Li, which is stabilized by elestatic interactions in the adlayer. The
presence of adsorbed Li in the adlayer was idewtifiy the Li 1s peak and by a lowering
of the work function® and up-shifts of all IL-related core level peaks &ll surfaces
investigated (HOPG, Cu(111) and B)Owhere these latter effects are more sensitive
than the Li 1s spectra at low Li coverages.?® Similar effects and decomposition
products were observed also after postdepositida. ddbviously, it is irrelevant for the
surface reaction whether Li reaches the surfacen ftbe vacuum side, by vacuum
deposition, or by segregation from the bulk.

(6) While Li intercalates spontaneously upon deposition pristine HOPG at r.t.,
postdeposited Li remains in the surface regiohef surface is covered by a preadsorbed
IL adlayer. Moreover, the decomposition productsmied upon interaction of
[BMP]'[TFSI]” and Li (LN, LiF, Li,S, etc.) do not depend on the way how Li reaches
the surface, either by Li postdeposition or by kirdercalaction from the HOPG bulk.
Furthermore, these species are relatively staldeassm thus well able to generate a stable

SEL

Finally we would like to emphasize that the findsngnd insights gained in these model
studies, using structurally and chemically wellidefl model electrodes and studying the
interaction with individual electrolyte componemtis an atomic/ molecular scale, are highly
relevant for batteries as they reveal moleculalesdatails on the structure formation and the
surface chemistry during the initial stage of thel $rmation, at the open circuit potential.

Evidently, the purely chemical interactions presentler these conditions are sufficiently
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strong to induce a decomposition of the IL elegtmlwhich can be considered as a first step

for SEI formation.

V.CONCLUSIONS

Aiming at a detailed understanding of the fundamlemrocesses contributing to the
formation of the solid-electrolyte interphase in-idmn batteries, we have systematically
investigated the interaction of the battery relévanic liquid [BMPT[TFSI]” with different
structurally and chemically well-defined model ¢tede surfaces under UHV conditions. In
these model studies, we also examined the influesfceoadsorbed Li on the IL|solid
interface. Combining microscopic and spectroscomieasurements with computational
studies, we could demonstrate

i) that the interaction between solid surfaces and PEMFSI] often results in thermally
activated decomposition of the IL, with the onsetperature depending on the
respective material,

i) that only on inert surfaces such as noble metdhses or HOPG the IL adsorbs and
desorbs as intact ion pair, forming ordered 2D c$tmes on these surfaces at lower
temperatures, indicative of rather weak interactitsetween neighbored adsorbed ion
pairs (adsorbate — adsorbate interactions),

lii) that for all surfaces investigated the interactoth Li results in reactive decomposition
of a preadsorbed IL adlayer already at 80 K and

Iv) that the resulting Li-containing decomposition prots are sufficiently stable to extract
intercalated Li from surfaces preloaded with Li, magdifying the reversible equilibrium

between intercalated bulk Li and (stabilized) scef&i.

Overall, the present work clearly illustrates thx¢eat of molecular scale information that

can be obtained in such a model study, and théengial for an improved understanding of
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the processes taking place at the interface bet{eedel) electrodes and battery electrolytes,

which is essential for the development of improfidgdre batteries.
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Figures

Ag(111)  <110> |(b) o [BMP]*
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Figure 1. Large-scale STM images after vapor deposition ofBMP]'[TFSI]" (sub-
)monolayer on Ag(111) (a), Au(111) (b), Cu(11l), P® (d) and TiQ(110) (e) at r.t and
subsequent cooling to 100 K. On the more reactivglCl) surface the IL was adsorbed at
200 K to avoid decomposition. STM imaging was atemducted at 100 K. A molecular

representation of [BMP[TFSI] is inserted in the Figure.
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Figure 2. Molecular resolution STM images after vapor depmsiof a [BMP][TFSI]”
(sub-) monolayer on Ag(111) (a), Au(111) (b) and®™®(c) at r.t and subsequent cooling to

100 K.
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Cu(111)

Figure 3. STM images (a) recorded at 100 K after vapor diéipasof a [BMP][TFSI]™ (sub-
)monolayer on Cu(111) at 200 K and subsequent doar and (b) after vapor deposition of

a [BMP][TFSI]” monolayer on Tig(110) at r.t and subsequent cool down to ~100 K.
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Figure 4. Experimental STM images (panel a and d) and siedI&TM images derived
from DFT calculations (panel b and e) of adsorf@%P] [TFSI]” on Ag(111) (upper row,
panel a-c) and HOPG (lower row, panel d-f). Thengewwy of a quasi-isolated adsorbed
[BMP]'[TFSI]” on Ag(111) and the adsorption structure of [BMPFSI]” on graphite(0001)
in a saturated overlayer whose unit cell has bemucked from experiment are shown in

panels ¢ and f, respectively.
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Figure5. XP F 1s, O 1s, N 1s, C 1s and S 2p core leveltspafter vapor deposition of a

[BMP]'[TFSI]” multilayer on HOPG at r.t.. Molecular represermtasi are inserted on top of

the panel.
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Figure 6. STM images recorded after deposition of an adsbrbenolayer of [BMPTFSI]
on Cu(111) at ~ 100 and after heating to 350 K.FXB and S 2p signals of a [BMPIFSI]

monolayer at 80 K and after heating to ~ 350 K t(loatleft).
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Figure 7. F 1s, N 1s and S 2p core level spectra recordéer @dsorption of a
[BMP]'[TFSI]” monolayer on rutile Tigf110) at r.t. and upon subsequent annealing to the

temperatures indicated.
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Figure 8. C 1s and Li 1s core level spectra after stepwig@wvdeposition of Li on HOPG
at 80 K and Li 1s spectrum after vapor depositibh BIL of Li on pristine HOPG at r.t. (red

solid line).
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Figure9. XP F 1s, O 1s, N 1s, S 2p and Li 1s core levettspeof a monolayer of Li-free

[BMP]'[TFSI]” on graphite(0001) at r.t. (bottom of each panal) after postdeposition of

1.6 ML of Li (top of each panel).
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Figure 10. N 1s and Li 1s core level spectra and measurenoétite work functiond after
vapor deposition of a [BMP[TFSI]” monolayer on lithiated HOPG at 80 K (bottom of the

panels) and subsequent annealing to r.t (top gbdnels).
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Figure 11. Cu 2p and Li 1s core level spectra after vapo déposof Li on Cu(111) at r.t.

and STM image acquired at 100 K after vapor dejosif a small amount of Li on Cu(111)

directly at 80 K.
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Figure 12. STM images after postdepositionof Li to an adsorbed monolayer of

[BMP]'[TFSI]” on Cu(111) at 100 K. XP F 1s and S 2p signals rbefand after

postdeposition of Li at 80 K and subsequent heatirg400 K.
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Figure 13. O 1s, Ti 2p and Li 1s core level spectra of pistiTiO(110) and upon

successive vapor deposition of 1.5 ML of Li at 80 K
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Figure 14. XP F 1s, N 1s and S 2p detail spectra of an adso[BMP][TFSI]” (sub-
)monolayer on TiQ(110) at 80 K and after postdeposition of Li (pare the bottom). Mixed

[BMP][TFSI] adlayer on Ti@110) at r.t. and subsequent heating to 470 K (paretop).



