PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of F)CCP

Cite this: DOI: 10.1039/c0xx00000x

WWW.rSsC.0 rg/xxxxxx

Physical Chemistry Chemical Physics

Dynamic Article Links »

Communication

Temperature-induced Structural and Chemical Change®f Ultrathin
Ethylene Carbonate Films on Cu(111)

Florian Buchner, ¥#° Hanieh Farkhondeh,*®*” Maral Bozorgchenani,”*" Benedikt Uhl** and R. Jiirgen

Behm* P

s Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

The interaction of the Li-ion battery solvent ethylere
carbonate (EC) with Cu(111) was investigated by scaing
tunnelling microscopy (STM) and variable temperatue X-

wray photoelectron spectroscopy (XPS) under ultrahig
vacuum (UHV) conditions. Between 80 K and 420 K, th
decomposition of EC goes along with distinct structal and
chemical changes in the adlayer.

The technological change from carbon based fossilgy fuels

15 to renewable energy sources is the key for a swaile energy
system in the future. Sources like wind or solaergp are
promising, but the energy generation is volatild arill result
in temporal discrepancies between availability atemand.
Consequently, highly efficient energy storage systeane

2 urgently needed. Meanwhile, the electrochemical energy
storage in Lithium ion (Li-ion) batteries is indspsable for
electronic devices, and due to their high energysitg and
long cycle life they are also promising candidassspower
source for vehicle$® To improve the performance of Lithium

25 ion  batteries, much effort has been invested ink® t
development of new electrode materials to improvergy
density, charge/discharge rates, and lifetime. particular,
studies have focussed on the sedibctrolyte interphase (SEI),
which is formed on the surface of the electrodenduthe first

30 operating cycle and mainly determines the battepesperties.
It develops during the electrochemical reductiond an
subsequent decomposition of the organic solventedas
electrolyte. Carbonates are the most frequently aséents in
commercial Li-ion batteries, with the electrolytitem being a

35 mixture of ethylene carbonate (EC), propylene caatmiPC),
and linear carbonates, such as diethyl carbonateCjDor
dimethylcarbonate (DMC), lithium salts, and otheditides®

Generally, it is challenging to derive a detailed

understanding of the interactions and of the urwdegl

40 mechanisms
batteries. Though numerous studies have been ctautirc
situ, in an electrochemical environment,
interaction of each component with the electrode,tre
electrode|electrolyte interface, at a molecularellevare

ss essentially unresolvetf,. Some insight was derived from
spectroscopic studies. For example, Fourier tramsfafrared
reflectance spectroscopy (FTIRSInd Raman spectroscdpy
were employed to probe the stability of carbonatetons at

in multicomponent systems such as Li-ion

details of the

50

55

75

different potentials. Very recently, Yet al.'® observed an
enrichment of EC on the surface of a LjOoelectrode out of a
mixture of carbonates in a solution using SFG. €hasthors
were also able to draw conclusions on the adsorgi@mmetry
of the solvent, in the absence of an applied piztedifference.
Under these conditions, the majority of EC molecukdsout
60%, points with the carbonyl group toward the acef with
the carbonyl group being slightly tilted, while ttmainority
fraction points toward the opposite direction. Besithesén-
situ investigations in solution, alsex-situ measurements have
been performedThe elemental composition of the electrode
surface after cycling was characterized by X-ragtphlectron
spectroscopy (XPS) and nuclear magnetic resonaiedR}.™
Wanget al.’? studied the temperature dependent behaviour c:
condensed layers of tetrahydrofuran and PC wittktesses of
more than 100 A on Al(111) by XPS, showing thag., a
fraction of the PC decomposes under loss of theogstb
oxygen close to its melting point, followed by rerabwhile
upon increasing the temperature of the carbonylgemyat
higher temperature, is removed until at room teroee no
intact PC can be found.

In contrast to these experiments, which essepftbe the
bulk behaviour of the electrolyte, only few expegimnts have
been reported which focussed on the interaction thof
electrolyte / solvent with the electrode, usingyvhin layers.
Very recently, Beckeet al. studied the reaction of DEC with
LiCoO, electrodes by synchrotron radiation based XPSy the
found a chemical adsorption of the monolayer onetleetrode,
followed by van der Waals type interactions in theltilayer
regime?®

There is little information, however, on the sture and
structure formation of these organic solvent mdieswon the
electrode surface, in the monolayer regime, andamee is true
for details of the reactive interaction of the sl molecules
with the electrode, albeit the particular imporgueé molecular
arrangements on smooth surfaces as explicitly dégmli in
literature. 28 This is topic of the present work, where we
investigated the interaction of ethylene carbomédte Cu(111)
under ultrahigh vacuum (UHV) conditions in the sub-
monolayer to monolayer regime, in the range betv@feK and
420 K, focussing on the structure and structurenédion and
on reactive decomposition processes. The combmafi&TM
imaging and XPS measurements allows to unambigyous!

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



Physical Chemistry Chemical Physics

Page 2 of 5

- \;1

Figure 1. STM images of a Cu(111) surface covered by a sulofager of EC

, after deposition on the sample belBOK. (a, b) STM images acquired at

112 K and 126 K, respectively, (c) STM image reedrdipon heating to room temperature, and (d) SThyerafter subsequent cool down to 114 K,
resolving stable islands coexistent with depressassociated with adsorbed oxygen (see text).

s identify intact EC molecules on Cu(111) and resolistirttt
chemical and structural changes of the adlayer iffé¢rent
temperatures. To the best of our knowledge, thithésfirst
time that the interaction of EC molecules with moelelctrode
surfaces has been studied in ultrathin films wéthhiques that

10 are sensitive to changes in both structural andhatee surface
properties at variable temperatures. We believe gheh kind
of model studies, characterizing the interaction kify
components of electrolyte with model electrode aues$, first
individually and later in increasingly complex ssis and

15 under increasingly more realistic conditions, asseatial for a
fundamental understanding of the processes at the
electrodelelectrolyte interface and subsequently ftbe
improvement of real battery applications.

STM measurements of submonolayer EC films on Cu(111)

which were prepared by vapour deposition on thepsameld

at 80 K (Figure la and b), reveal ththie molecules self-
assemble into a well-ordered quasi-hexagonal (200 E
network. (2D) EC islands exhibit six distinct azitmait
orientations (indicated by arrows in Figure liag, they are
symmetrically aligned to each of the main directioof the
underlying copper atomic lattice. In that mediunsalation
STM images no individual EC molecules are resoliadhe
molecularly resolved STM image (see inset at a iifiagh
scale in Figure 1b) the unit cell is drawn (lengfhthe lattice
vectors: 0.9 0.1 nm). The protrusions are assedtiawith

individual EC molecules. Details on the arrangemeitit be
discussed in a forthcoming publication. The areasrad these
(2D) EC islands appear either with lower height, doiehe
absence of EC admolecules, or noisy, which is inidiesfor
mobile molecular adspecies diffusing too fast betbe STM
tip to be resolved®?°?!|n addition, we find massive changes at
the boundary of the (2D) EC islands in consecutiieMS
imagesj.e., the island shape strongly changes with timeckvhi
can result from either attachment and/or detachmet
molecules at the island perimeter or motion of duso EC
molecules along the island perimeter. Although Higimelling
resistances of ~ 10 — 7@Bwere applied, tip effects can not be
excluded. We assume that two-dimensional (2D) Edhid are
in equilibrium with a (2D) gas/liquid phase, as ebhed
similarly for other molecular species on smoothahstirfaces.
The sizeable rate for admolecule detachment alratieht 00 K
indicates that the intermolecular interactions astatively
weak; in addition also the barrier for admoleculaface
diffusion must be low. Assuming a flat lying configition of
EC the (2D) EC network is most likely stabilized by
intermolecular hydrogen bonds.

Upon annealing to room temperature, the STM imapesv
noisy features (Figure 1c), which is attributedatanolecular
adspecies with a high mobility in the adlayer, whig too high
on the time scale of the STM experiment. Anneatimgoom
temperature and subsequent cool down to ~100 Ku(€igd)
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Figure 2. XP core level spectra in the Cls (a) and the @&$on (b), recorded of an EC covered Cu(111) sarfdwring slow annealing at the
temperatures indicated in the figurels= 80 K, initial EC coverage ca. 1.5 ML), whictustrate the thermally induced desorption and decsitipn

of the adsorbed EC species. In addition to the mredsspectra, peaks related to different deconipositroducts are indicated (peak fitting procedure
and interpretation see text).

leads to an irreversible transformation of the (HQ)islands into  coverage of between 1 and 2 monolayers. The twspeathe
islands with arbitrary shapes. These islands cbewgh Cl1s region in Figure 2a are related to the carboadon Gumonyi
depressions in the areas in between. The depressiosely (290.8 eV) and the twocarbons of the ethylene gr@udfyicne
resemble those observed by Yasigl. and Wiameet al.?>?%in 15 (287.1 eV) of the adsorbed EC species. The nonvatid of
the initial stages of copper oxidation. These argtinterpreted  CeaponyiCetnylene Of 1:2 is in good agreement with the
bright rings with a central depression, randombtritbuted over  experimentally determined aspect ratio of the pmaks of 1:1.9.
the Cu(111) surface as oxygen adatoms, which iscaypor Also in the XP Ols core level signals, two peales discerned.
atomic oxygen on metal surfaces. This apparentridwéght at  The more intense one is attributed to the oxygematof the EC
these locations is due to an electronic effect, reheharge 2 ring Oiyg (Es=534.3 eV) and the less intense one to the carbony!
transfer to the adatom depletes the local dendistaies at the  oxygen Qamonyi(Es=532.6 eV). Also here, the nominal amount of
adsorption sité* Thus we assume that the surface cavities showroxygen atoms of 2:1 in the molecule agrees wellhwviie
in Figure 1c stem from adsorbed oxygengd©Oproduced upon experimentally determined ratio of the peak aredthinv the
decomposition of EC. The areas in between theseoamgghtes  limits of accuracy. The ratio of the total peakamref the two
appear less noisy than in Figure 1a and the branidhend are 2s carbon peaks and the total area of the two oxygskgpis 1.1
much more stable, indicating that they also corsfisholecular (corrected by the different elemental sensitivagtérs), which is
fragments of the decomposition process rather thfaintact almost identical to the molecular C/O ratio of 1eTkP C1ls and
adsorbed EC molecules. Additional STM measuremeftes a O1s core level signals strongly support that undeese
evaporation deposition of EC on the sample at 80nkgerate  conditions intact EC molecules are adsorbed on C)(Hsnce,
heating to 180, 190 and around 200 K, respectivahd 30 also the (2D) network, which was observed by STBWdamposed
subsequent cool down to ~100 K confirmed the rasult of intact EC molecules. Note that at the low bindamgrgy side
fragments, in particular Q@ The presence of these immobile at 530.8 eV an additional very weak signal (grey)detected
species is clearly resolved after the annealing ste which originates from tantalum oxide of the sampdéder.

To support the structural information gained byMsTthe Upon increasing the temperature, both the Cls had(tls
chemical composition of the adlayer and changegeitmenere spectra change significantly. Representative spec@ahown in
characterized by variable temperature XPS in thgedetween  Figure 2, together with peaks of different deconitpms products
80 K and 420 K (Figure 2). First we investigatedustnathin EC derived by deconvolution. For peak fitting of theriable
film with a mean thickness of around 5 A, as calted from the  temperature XP data, we fixed both the positionthefpeaks of
damping of Cu2p peaks, which was prepared by depogin the  the intact EC and also the ratio of the peak aréaghermore,
Cu(111) sample held at 80 K. The film thicknessegponds to a  the positions of new peaks were fixed for all terapgres.
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In the Cls region, the peak area decreases itethgerature
interval between 80 K and ~200 K, which is attrézltto a
combination of desorption and decomposition of molar
species (see below). The latter is indicated byaalsler growing
in at the low binding energy side. At 170 K (Figuzb), a
consistent fit of the Cls signal (see above) requireo new
peaks. The high BE side of the signal can be fitted:an0nyand
Cethylene P€AKs, indicating that at that point still consadde
amounts of intact adsorbed EC is present on thfacir The
small shift of the two peaks to lower binding enesgis
explained by a final state effect, i.e., by a cleamy metallic
screening of the EC photoion in the final stateE@ molecules,
which are in direct contact with the metal. The dber at the
low binding energy side requires the addition of twore in the
fit at binding energies of 285.5 eV (violet) anddZBeV (orange).
Also in the Ols region the peak area decreasdssitemperature
range, and the appearance of a broad shouldewat BE points
to the formation of new species. At 150 K (Figul® the XP
spectrum is fitted by Qony@and Qng, Which is, in agreement
with the C1s signal, an indication for intact adsarEC species
on the Cu(111) surface. Two additional peaks aexlee to fit
the spectrum, one at a slightly lower binding egehgin Qarponyi
at 532.5 eV (purple) and one at 530.9 eV (red). déerease of
the total peak area at 150 K in the C1s and Olsmdgy ~30 %
and the observation of new peaks reflect the désorpof
molecular entities on the one hand and the decoitigpoef EC
on Cu(111) upon heating on the other hand.

Above ~200 K the new peaks are dominating the &tsO1s
regions. At 230 K (Figure 2c), the peak at 285.5 isVimost
intense. Furthermore we found that the high bindingrgy side
is not properly fitted by using the EC related pealksie. Thus, a
new peak in between the latter peaks at 288.8 e¥yYgwas
introduced to obtain a satisfactory fit. At thiamgerature the
peak intensities of EC are weak and therefore omgligible
amounts of residual EC are present on the surfacéhd Ols
region, the peaks related to intact EC were utilivedhe fitting;
however, the intensities are weak. At 210 K (Figicg the new
peak at 530.9 eV is dominating. Thus, also the €igrsals reveal
that above ~200 K only a small amount of residubsosbed EC
is present on Cu(111). The O1s counterpart to thg geak in
the C1s region is most likely hidden underneath mé of the
other O1s peaks.

Warming up the sample to 300 K (Figure 2d) is ilegdo an
increase of the peak at 284.3 eV and a concomitaatease of
the peak at 285.5 eV. The peak at 530.9 eV donsntte Ol1s
region, while the other peaks tend to vanish. AD 30, no
adsorbed EC can be detected by XPS.

Upon heating to 420 K, the compound at 284.3 eksigts,
while the peak at 285.5 eV has almost disappeadnethe Ols
region the peak at 530.9 eV fades.

In total, the spectra in Figure 2 demonstrate tthatXP signals
of intact EC on Cu(111) change significantly upon eaiimg
from 80 K to around 420 K. Two new signals at bingdenergies
of 284.3 eV and 285.5 eV grow in the Cls region,ciwhare
tentatively attributed to aliphatic C-C carbon anaygen
containing carbon moieties, respectively. The neakpat the
high binding energy side at 288.8 eV can not begaed
unequivocally. Peaks in this binding energy regimuld be

related,e.g., to epoxy carbon (C-O-C), carbonyl carbon (C=0), or
10 carboxylate carbon (O—C=3j, which would be also compatible
with the hidden peak in the O1s region. The maw peaks in
the O1s region at 532.5eV and 530.9 eV might sfeam
oxygen bonded to carbon and adsorbed oxygen, rbaggc At
420 K, the aliphatic C-C species persists on théasey while a
15 loss of oxygen is observed, which is manifesteth@increasing

C/O ratio. The latter is explained either by desorpof oxygen

or dissolution into the bulk.

Overall, the data demonstrate that interactioBE©fwith a Cu
surface leads to decomposition at temperaturebdbow room

20 temperature, which is highly relevant for applioas.

For further characterization of the (sub)molecdtagments
additional measurements, employing, e.g., IR spsoctqoy, are
needed and planned for the future.

In conclusion, as a result of a variable tempeea&TM and
XPS study we could identify the following main cheteristics of
the interaction of EC with an atomically flat Cu(1l14grface
under UHV conditions:

(1)Upon deposition of EC on the sample held at 80 K, E
adsorbs as intact molecule, forming highly ordef2d) EC
islands, which are symmetrically aligned to the enydng
copper atomic lattice.

(2)The (2D) EC islands are stabilized by weak interwalkr
interactions, and the individual molecules exhihit low
diffusion barrier on Cu(111), leading to the tramsfation
into a mobile (2D) gas/(2D) liquid adlayer at room
temperature.

(3)Annealing to higher temperature leads to competing
desorption and decomposition of the EC moleculeg0atK
hardly any intact EC molecules are left on the serfa
Decomposition intermediates / products are chanaetd by
aliphatic C-C carbon, carbons bonded to oxygen asdradd
oxygen Qg In addition, epoxy carbon C-O-C, carbonyl
carbon C=0, carboxylate carbon O—-C=0 may be formed. A
420 K, almost only aliphatic carbon is left.

(4)Upon cool down (100 K) of a pre-annealed surfacg0(1
200 K, 300 K), stable adsorbate islands were faoncbexist
with adsorbed oxygen atoms, where the former aribaied
to aggregates of intermediate species (see (3)).

We expect that model studies as the present onessog on a
mechanistic understanding of the interaction of ividial
compounds of battery electrolytes with model etmtds, can
significantly contribute to the detailed understagd of the
interactions at the electrode|electrolyte interfasbich largely
determines the functionality of real battery sysem
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