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The reactive interaction of the ionic liquid 1-butyl-1-methyl-
pyrrolidinium  bis(trifluoromethylsulfonyl)imide  [BM P]-
[TFSA] with Cu(111) was investigated by scanning tonelling
10 microscopy (STM) and X-ray photoelectron spectrosqay
(XPS) under ultrahigh vacuum (UHV) conditions.
Decomposition between 300 K and 350 K is manifesteloy
changes in the surface structure monitored with STM XPS
reveals that mainly the [TFSA] anion is decomposed.

15 lonic liquids (ILs), which are defined as moltertsavith a

surfaces?™® in the present communication we make
considerable step forward towards the ultimate gadl
so understanding the processes leading to the formafithe solid-
IL interphase (SEI), exploring the interaction &MP][TFSA]
with the more active Cu(11l) surface. We here mtesiest
results on the interaction of submonolayer amounfs
[BMP][TFSA] with Cu(11l), employing scanning tuniied
ss microscopy (STM) and X-ray photoelectron spectrpgc(XPS)
for structural and chemical characterization, regpely.
Considering the higher activity of Cu(111) compated\g(111)

melting point below 100°¢,have attracted rapidly increasing and Au(111), we will compare our findings with rééswobtained

attention due to their outstanding physicochemigadperties
such as high ionic conductivity and electrochemistlbility,
very low vapour pressure, or low flammabiltty.Furthermore,
20these properties can be systematically tuned byingrthe
combination of anion-cation pairs. Among other &ations, ILs

were identified to be particular suitable for apgtion in the area

of electrochemical energy storage, as solventtirulin ion and

for the interaction of the same IL with Ag(111) aAd(111),
so Where this had been demonstrated to adsorb intmithout
decomposition, up to at least 4203°
In the present work, we are particularly interdsia the
thermal stability and decomposition of the adsorliledn the
temperature range between liquid nitrogen tempezatnd
es around room temperature (300 K - 350 K). Followingr

lithium air batteried:® For a systematic optimization of the ILs approach for [BMP][TFSA] adsorption on Ag(111) ahd(111),
25 for these applications, a detailed understandirtg@processes at We first performed STM measurements on a sub-mgeola

the IL | solid interface on a fundamental leveltls molecular

scale, is essential, which is a precondition fodarstanding the

processes leading to the formation of the solidiedéyte
interphase in Li ion batteries. This led to a numiiestudies on
30 the interaction between ILs and solid electroddasess, bothin
situ, under electrochemical conditioh®? and ex situ, under
ultrahigh vacuum (UHV) conditiond:* Molecular scale
information on the adsorption behaviour directlytta IL | metal
interface, in the monolayer regime, however, isceand is just
35 Starting to emerge.
Therefore we have
investigate the interaction between representdtigse which are
suitable for battery applications, and selectedtedede materials.
In a first step, we focussed on idealized materig{gcifically
s noble metal surfaces, and idealized conditions, the
solidlvacuum interface under UHV conditions. Insiestudies
we concentrated on aspects of structure formathmn,chemical
state of the molecules at the interface, and therdntions
between metal and adsorbed ILs. Following previegorts on
s the interaction of the anion-cation pair
methylpyrrolidinium bis (trifluoromethylsulfonyl)iie
[BMP][TFSA] with the rather inert Ag(111) and Au(lL

1-butyl-1-

[BMP][TFSA] film covered Cu(111) surface, where botL
deposition and STM imaging were performed at arotomm
70 temperature.

In large scale STM images (Figure la, b) we firalsy
terraces with no obvious structure. This resemipesvious
findings for [BMP][TFSA] adsorption on Au(111) amsy(111)
(see Figure 2a for comparison), where STM imagihgoam

75 temperature also resulted in structureless, noimges>*® The
noisy appearance was explained by mobile adsorbatzdly
diffusing over the surface. Furthermore, and déferfrom the

recently started to systemdtical findings for the latter adsorption systems, the stéges changed

their shape from straight or slightly curved on bizee, adsorbate
s0 free Cu(111) surface into steps with clear prefgaéorientations
which differ by angles o£120°, indicative of step faceting. Upon
closer inspection we also find small and long sbapkands with
ordered structure, either attached to the stegsKipires 1a and
b) or located on the terraces as demonstratedguwréilc. Time
ss sequences of STM images verify that these islamdshahly
stable over time, pointing to a rather high barfeerdiffusion on
the Cu(111) surface. The high stability and thenptmced
anisotropic shape of the islands indicate strong &ighly
anisotropic interactions between neighbouring acisgewith a
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Figure 2. STM images after (a) vapoueposition of [BMP][TFSA] o
Ag(111) at roontemperature (imaged at r.t.) (b) after cool dowligoid
nitrogen temperature. The noisy appearance at rtemperatureis
indicative for a 2D gas / liquid adlayer. Upon cdolwn a high} orderes
2D solid phase is formed. The insert in Figure &tves dotsnd pair
of longish protrusions, which are assigned to thelachains of the
cation pointing towards vacuum and the twoz; @Foups in the anign
respectively (details are found in r&f).

30 scale STM image in Figure 3a (300 nm x 150 nm)stimace is

covered by a 0.4 ML [BMP][TFSA] adlayer, where thesorbed
- , species are condensed into small island structutg@sh are
Figure 1. STM images recorded after vapor deposition of [BNIPBA] homogeneously distributed over the terraces (1 tagro (ML)
on Cu(111) at room temperature reveal a modificates the ster  corresponds to the number of adsorbed ions in tdi@atact with
(imaging temperature 300 K). In (a) and (b)s demonstrated that t ssthe surface at saturation). Also in this case thepss are

steps are in large parts modified by ordered swoes. (c) Thes . .
commensurate structures also appear at the terrexbibiting distinc decorated; however, they are not altered as destebove upon

azimuthal orientation along the main axes of theleulying coppe vapour deposition at 300 K. The magnified STM imauserted
atomic lattice. Inthe magnified STM image in (d) the unit cell in Figure 3a resolves that the islands exhibit tned shapes and
highlighted. consist of a disordered pattern of protrusions. déerdespite
s using a higher sample temperature for preparing atiayer
(200 K), ordering still seems to be kinetically ified. Different
from adsorption on Ag(11%},it was not possible to resolve and
identify individual anions and cations, and alse ttypical

much stronger interaction along the long islancection than
orthogonal to it. Comparison with atomic resolutiorages of the
Cu(111) lattice reveals that the islands are $trimligned along
the mai.n directions of the underlying copper IaattiV{yith .the long structural element observed upon adsorption on Bg(lor
s side or_lented along the close-pgcked <110_> dlrgstland th_e 4s Au(111), with one circular protrusion for the cati@and two
short side along the <112> directions. The dimevsif the unit 5 51¢| elliptic protrusions for the anion, coudt be resolved.

cell are |a|=0.47+0.02 nm and [b]=0.52n@2 and Beside the structural information gained from STiaging,
a=90+2° (Figure 1d), the resulting commensuraterlayer  the chemical state of the adlayer was probed by XPS
can be described by % g| superstructure, using standard measurements. Representative Cls and S2p core dpeetra
so recorded after deposition on the sample held &,8re depicted
in Figures 3b andc. A molecular stick presentatioh
[BMP][TFSA] is placed above the spectra. In the Gégion
(Figure 3b), the peak referred to agf (285.0 eV) can be
associated with five carbon atoms, three in thelbgrtoup and
sstwo in the 5-membered ring, where each group hasmélar
) ) i . carbon environment. In a similar way, the peakrrefk to as
Therefore ) _the STM images provide first gwdence for Chetero (286.2 eV) is related to the four carbon atomscivtare
decomposition of the adsorbed [BMP][TFSA] film undéese next to the nitrogen atom of the ring. Thg:G, (292.7 eV) peak
conditions, where the islands are composed of laerasmall is finally assigned to the two carbon atoms in #mon. The
adsorbed fragment of the decomposition procesthaicase, the ., hominal intensity ratio of these peak areas is B & 2,
20 other remaining fragments of the decomposition @sscare  experimentally we found a ratio of 5.0 : 4.0 : {n®rmalized to
either desorbed or are present as highly mobilepemiss,  C,,). This agrees well with the stoichiometry of thelecules,
contributing to the noisy appearance of the remagirierrace  in the limits of the experimental accuracy. The $2pe level
areas. For larger exposures, the islands with Hugiare structure  signal shows the S 2pand S 2p, doublet at 170.3 eV and
grow in size. 65 168.9 eV, respectively, caused by the sulphur atorthe SQ
25 In the next step, a submonolayer of [BMP][TFSA]swa group of the anion. The F1s and O1s regions resiagle peaks
prepared on Cu(111) by vapour deposition on thepsaimeld at  at 688.7 and 532.6 eV, respectively, which alsginate from the
around 200 K and subsequent cool down to ~100 Ke(ttwat [TFSA] anion. Also their intensities agree ratheelhwith the
similar structures were observed upon depositionl80 K and nominal values expected for intact IL adsorbatés N1s region
subsequent imaging at that temperature (see 8hel large 70 unfortunately overlaps with a background featuris therefore

10 matrix notation. The structure of the islands ipndifferent from
that of the [BMP][[TFSA] adlayer formed on Ag(1119r
Au(111) upon cooling down to liquid nitrogen temgiere (see
Figure 2b for comparison). Most important, the sifethe unit
cell is too small for a [BMP][TFSA] adlayer, consiihg the size

15 of the adsorbed ion pairs (ca 0.9 nm diameter gsorbed ioff).

2 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]



Page 3 of 4

o

ChemComm

[BMP]* [TFSA]
[s]
~ F,C¢ \l ﬁ/cF3
NV
C: 7NN
[s] o
b
8x10° ©
2,0x10" S2p,, S2p

Intensity / counts
Intensity / counts

0.5+
0.0 e T

170 165 160
Binding energy / eV

295 290
Binding energy / eV

285 280

Figure 3. (a) STM image recorded after vapour deposition
[BMP][TFSA] on Cu(111) held at 200 K and subsequsdl down to 11
K, showing islands with arbitrary shape. (fg) XP spectra recorded ug
annealing an adlayer prepared by vapour depositioBu(111) held at ¢
K to 300 K, revealing chemical changes in the Qig &2p regions of tl
anion upon annealing to around 300 K.

not shown. Overall, the XP data indicate that
[BMP][TFSA] species are adsorbed on Cu(111) at 80Hch is
supported also by the absence of the ordered sgtraicture in
STM images as shown in Figure 1. Similar structa®es Fig. 3a
were observed also upon IL deposition at tempezatioelow
200 K and subsequent STM imaging at ~100 K.

To elucidate temperature-induced changes, wepsgormed
XPS measurements at around room temperature.
differences in the spectra compared to those redorafter

deposition at 80 K indicate that under these cantlitthe adlayer

has changed considerably (Figure 3 b and c). Tredpéctrum
in Figure 3b shows that the peaks related {@,Gand Getero
persist and are essentially unaffected, while #ekplue to Gion
shifts by 1.1 eV to lower binding energy (291.6 g¥fe total
peak area is nearly constant. Also the F1s pedis $yi 0.5 eV to
lower BEs (688.2 eV), with a constant peak area Gbnstant
intensity and the BE shifts of the signals in thks Fand Cls
regions indicate changes of the atomic environnefnthese
atoms, while their total amount remains constaet, it is not

intac

Qlistin

reflect the formation of two new adspecies, while intensities

25 Of the previous peaks decay to zero. The doublét BEs of
162.5 and 161.3 eV is ascribed to adsorbed atountphsr (Sg)
or to CyS. Earlier STM* and low energy electron diffraction
(LEED) 8 studies on the chemisorption of sulphur on Cu(111)
had shown that deposition of S, by exposure {8,Haused a

30 distinct restructuring of the steps, which closetgembled our
findings (see Figure 1). Furthermore, they resolaetlimber of
different stable surface structures, depending ba HS
exposure. These structures differ from the squdractsre
detected in the present study (Figure 1), butrtiay result from

35 the presence of coadsorbed species. Thereforesuenashat the
stable adsorbate structure formed at room tempergEigure 2)
is composed of g or CyS. The doublet at 168.0 and 166.8 eV
probably stems from adsorbed ,S@he total intensity in the S2p
region remains constant. Together with the constaeansities of

a0 the Cls, S2p, F1s peaks and the decrease of thm@dsity this
points to a decomposition of the adsorbed [TFSApmrinto
mainly CyS (or S9, SQ, and probably other fluor and carbon
containing species (GEky.

In summary, the interaction of BMP TFSA with theonm

s reactive Cu(111), as compared to Ag(111) or Au(ltan be

characterized by the following features:

(1)Upon deposition at low temperatures (80 - 200 K)
[BMP][TFSA] adsorbs intact on Cu(111), forming ist&s
with branched, quasi-dendritic shapes. This redledtractive
interactions between adsorbed species. Differenmn fthe
noble metal surfaces, no long-range ordered strestare
formed, which we attribute to a too low mobility ¢fie
adspecies at these temperatures.

(2)Vapour deposition of [BMP][TFSA] on Cu(111) at room
temperature causes a decomposition of the [BMP]NIFS
specifically of the adsorbed [TFSA] anions, whihe tcations
remain intact. Interaction of the rather mobile Tl surface
with the decomposition products, most likely wittsarbed S,
causes a restructuring of the steps (step facetiogpther
with the formation of a stable adsorbate phase wiguare
lattice. Other decomposition products on the serfaight be
SGQ, and fluor / carbon containing adspecies £ which
are too mobile for the visualization by STM at room
temperature.

es (3)Heating the surface to ~300 K after low temperatui=
deposition of [BMP][TFSA] results in dissolution dhe
islands observed at low temperatures, in combinatigth
anion decomposition, step restructuring and foromatf an
S.qa phase as experienced upon adsorption at room tatope
(see STM image SI).

Overall, these findings provide first molecular lscenformation

on the decomposition of an IL upon interaction wathreactive

surface such as Cu(111), which can be considereal fasther
step toward understanding the processes leaditigetbrmation

75 Of the solid-electrolyte interphase (SEI) in aanmibattery.
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affected by desorption. In contrast, the O1s intgmecreases by This work was financially supported by the “Fonder d

roughly 60%, indicative of a loss of oxygen coniagnspecies
due to desorption. Marked changes occur in padtical the S2p
region (Figure 3c), where two new doublets evoivieich must
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