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ABSTRACT

The adsorption of carbon dioxide on potassium-dosed Ag(lll) has been
investigated with temperature-programmed desorption (TPD), work function
measurements, and Auger electron (AES), X-ray photoelectron (XPS), and high
resolution electron energy loss (HREELS), spectroscopies. Unlike the
behavior observed for other K-modified single-crystal metal surfaces, the
TPD spectra of near-saturation coverages of COs on K/Ag(1lll) for K coverages

-~ in the range 0.13 < fg < 0.47 (the close packed monolayer corresponds to fg

= 1/3) exhibit a sharply defined m/e = 44 peak at 796 +/- 6 K with no
evidence for the desorption of CO at any temperature. Similar TPD
experiments involving mixtures of natural . and 18p-1abelled CO9 indicate
that the oxygen atoms undergo partial scrambling, suggesting that the
overall process cannot be represented  in terms of a simple
adsorption/desorption of COy. The HREELS spectra of COj-saturated K/Ag(lll)
show, in addition to very minor features, a sharp peak at about 1480 cm'l,
and XPS spectra of the same interface display a C(ls) peak with a binding
energy characteristic of an electron-rich carbon species. This information
is consistent with the presence of a carbon-bound CO species on the surface.
Evidence against the complete dissociation of CO9 was obtained from TPD
which failed to reveal features associated with carbonate (decomposition)
expected to be formed via the reaction of €Oy and adsorbed O. On the basis
of these results, it is proposed that COp on K/Ag(lll) binds through the
carbon to the surface leading to the "partial" dissociation (or activation)
of each €Oy molecule  into adsorbed CO and O. Within this model, such
‘adsorbed O would serve as a bridge between the carbon atoms of neighboring
"activated" CO9 molecules, and therefore undergo exchange prior to or during
thermal desorption.

Adventitious water or oxygen in the system and/or defect sites on the
surface give rise to an additional m/e = 44 TPD peak at a much higher
temperature. The height of this new feature is increased significantly by
pre-dosing the K/Ag(1lll) surface with 0y or H70 at coverages as low as 0.05
L. The XPS spectra for these purposely contaminated surfaces reveal
features very different than those observed in the absence of such
impurities, but consistent with the presence of an ordinary form of
carbonate. Ag(lll) surfaces which had been damaged prior to K deposition and
subsequent COo adsorption were found to y1e1d significant amounts of CO in
the TPD spectra at lower temperatures.,
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I. INTRODUCTION

The operation of lithium electrodes for battery applications relies on
the presence of a film at the metal electrolyte interface which displays t&o
essential characteristics:vit provides a protective barrier that hinders the
corrosion of the metal beneath and it serves as a medium forzthe conduction
of Li"'.-ions.1

Two main models have been described in the literature to account for
the structure and properties of these passive films. The first is based on
the formation of an inorganic surface layer in which ionic transport is
described by solid electrolyte theory,2 whereas the second assumes that. the
film has both a compact and a porous layer with polymer-like
characteristics.3

The main aim of this research project is to_eiucidate the structuré and
composition of alkali metal non-aqueous solvent passive films by using an
array of in-situ and ex-situ spectroscopic techniques such as " Fourier
Transform Reflection Absorption Infrared Spectroscopy - (FTIRRAS), Auger
Electron and X-ray Photoelectron Spectroscopies (AES and XPS, respectively),
and Temperature Programmed Desorption (TPD). The procedures developed in
this group to gain insight into some of these issues involve vapor
deposition of the alkali metal oﬁ top of ‘a well-defined, clean inert
substrate followed by dosing with the desired non-aqueous solvent. All of
these operations are carried out under UHV conditions ,ﬁo avoid
contamination. Preiiminary measurements of this type involving ultra-
purified propylene carbonate (PC) indicated that this solvent undergoes
spontaneous décomposition, yielding carbon dioxide as one of the principal
products. In light of these observations, atténtion.vwas foéused. on the
nature of lthev reactions that occur between carbon dioxide and alkali

metals.



This report summarizes the results of experiments involving CO9
adsorption on vapor-déposited layers of potassium ‘on‘ Ag(1l1l) single
~crystals. COp displays no affinity for silQer (in the strict absence of
adsorbed oxygen) and therefore it is especially suited in measurements of
this type. Furthermore, unlike lithium, for which the work published in the
literature is scarce, potassium 1ayers have been widely studied on a variety
of moré reactive substrates, thus providing a good basis for comparison.

II. BONDING AND REACTIVITY OF CARBON DIOXIDE ON POTASSIUM-MODIFIED Ag(lll)
A. BACKGROUND |

The activation of carbon dioxide represents an essential step in the
synthesis of methanol and other valuable organic compounds from Hp-CO-COj
mixtures.% Ad-layers of alkali metals on various single-crystal metal
substrates promote the binding of carbon dioxide.>-10 This process is
believed to involve charge transfer' from the modified surface to the
. adsorbate to generate an intermediate anionic species dénoted as 002'5. For
example, in the case of COjp adsorption on Pt(111l) for K coverages (GK). in
excess of a cvlose-packed moﬁolayer (g > 1/3),7’8 0025.' undergoes
diéproportionation to yield carbon monoxidevand carbonate. This conclﬁsion
was reached on thé basis of Temperature Programmed Desorption (TPD)
Imeasurements for which the amount of CO (peak temperature, Tp = 640 K) was
found to be similar to that of CO» (Tp = 674 and 790 K) arising from the
decomposition of carbonate. Further evidence in support of this view is
provided by.Ehe HREELS spectra, which displéyed features at 1440 cm"l and
1600 ém'l,'which are attributed to carbonate and CO,-respéctively..HREELS
spectra recorded as a function of temperature for Na-modified Pd(111) at
submonolayer coverages9 have indicated that COj~ undergoeé decomposition at

temperatures close to 270 K, which generates adsorbed carbon monoxide (and



. not carbdnate) as the only detectable species. However, carbonate could be
observed in those .experiments at Na coverages above a ‘monolayer. The
presence of carbonate-like species on K-dosed Pd(lOO)5 and Rh(lll)6 surfaces
has also been proposed on the basis of UPS and XPS results.

This report presents TPD, XPS, work function measurements, and HREELS
data for the adsorption of CO7 on K-dosed Ag(lll). Carbon dioxide exhibits
no affinity .for ‘bare Ag(lll) and is thus particularly suited for these
studies. The behavior observed for the»syétem examined in this investigation
was found to be quélitatively different than that for other K-modified
single-crystal metal surfaces. In particular, the TPD spectra of near-
satﬁration exposure of COp9 on K/Ag(1lll), for K coverages in'thé range 0.13 <
g < 0.47, displayed (in the strict absence of wat;r and'oxygen)va sharply
defined m/e = 44 peak at about 796 K. There were no detecfable co peaks at
any other temperature (except that originaéing from the cracking of COy in.
the mass spectrometer). The HREELSrand XPS spectra of such COp/K/Ag(1l1ll)
surfaces appeared to be consistent with the'presencg of cafbon-bound CO.
However, carbon dioxide does not undergo complete dissociation into CO and 0
on these surfaces, as no carbonate formed via the reaction of CO9 and O was
detected by TPD. Instead, TPD experiments invdlving cbadsorption of
naturally abundant and 180-1abelled CO9 indicate that some of the oxygens
(derived from CO9) can undergo exchange prior' to or during desorptibn,
suggesting that COz.associatesi(via oxygen.bridges) on the surface.

B. EXPERIMENTAL

Most TPD measurements reported in this work were'carriéd out with a
LEED-AES-TPD-transfer systém deséribed elsewhere.ll The XPS sﬁectra were
cqlleéted with a custom Perkin Elmer LEED-AES-XPS-TPD multiprobe unit using
a PHI 10-360 hemispherical electron energy analeer with an extended lens.v

The X-ray source employing an Al anode was operated at 400 W, and 55° from



the sample normal. The analyzer was aligned witﬁ the sample normal and run
with a paSs‘energy of 17.9 eV. The statistical treatment of the XPS data was
performed with routines supplied‘by Perkin Elmer for their series SQOO XPS
ur.1.cs. The HREELS spectra were acquired with a system described in detail
earlier.l?

"Ag(111) specimens in the form of disks, 12.5vmm in diameter and about 3
mm thick, obtained from two different supplieré (Metron Corp.; PA and
Monocrystals Inc., OH) were oriented to within 1 degree with Laue back-
diffractién, polished with a series of alumina compoﬁnds down to 0.05 um,
and finally-etchedvfor a few secoﬁds in a chromate bath. The crystals were
mounted on a special copper holder using Ta tabs inserted into siots that
were spark cut into the sides of the disk. An alumel-chromel thermocouple
juﬁétion was wedged into.another spark-cut hole on the side of the crystal.

Art-sputtering/annealing cycles were performed to obtain sharp LEED
patterns displaying six-fold symmetry and AES spectra showing only features
.characteristic of clean silver. The total pressure in the chamber during the
experiments was in the range of 6.0 x 10'11 to 3 x 10710 torr with a partial
pressure of water slightly higher than 1.0 x 10-11 Torr. The latter turned
out to be an important factor as the surface chemistry of the supported
K/Cdg system was found to be very sensitive to the presence of coadsoréed
water (or atomic oxygen) on the surface. )

Potassium was vapor deposited on Ag(lll)_ by resistive heating bf SAES
Getters sources., Within the limit of detecfability of the AES (see Figure 1)
and XPS spectrometers, the K layers were found to be freefof impurities,
provided the sourée had been pFoperly degassed prior to the evaporations.

Ag(1l1ll) crystals .covered by about a single monolayer of K yielded

either /3 X /3 R30° and/or p(2X2) LEED patterns,.depending on the amount of



K and the substrate teﬁperature. Similar patterns have been reported for
K/Pt(111513~ and K/Pd(lll).14 An array of more complicated patterns was
observed while cooling the K/Ag(1lll) specimens to 90 K. These, however,/were
not studied in detail.in this investigation; Changes in the LEED patterns.
have also been noticed upon warming K/Pd(lll).lA.

The AES signal corresﬁonding to the strongly bound K monolayer was
established by first depositing a K layer, several monolayers thick at 150
K, and then monitoring the AES signal as the sample was heated. A plot of
the %K-AES signal versus temperature yielded a break at around 300 K (see
Fifure 2). The %K in this case was calculated by dividing the peak-to-peak
height of the Kymm(252 eV) transition,'aé measuréd in the derivative mode,
by the sum of the peak-;o-peak heights of K and Agyyn(351 eV) using
sensitivity normalizatibn factors 1istedlin the & Handbook.l’ A drop in
the intensity of the relative K-AES signal at about.the same temperature,
associated with bulk potassium desorption, was recently reported by Liu et
al.® for K-covered Pt(111). Hence, the K-AES signal of 20-25% méy be
ascribed to the presenée of a single, stronglyvbound monolaygr of K on
Ag(11ll), which corresponds to a coverage of fg = 1/3. The results of these
measurements were consistent with plots of the work furiction as measured
with a Kelvin probe versus the K coverage determined from AES. In accordance
with information available in the 1iterature,16’l7 such curves showed a net
change of 2.5 eV vs bare Ag(lll) at monolayer coverage and a clear maximum
bchange of 2.7 eV at about fg = 0.2.

For the majbrity of the measurements described invthis work, the actual
K coverage was determined after.dosiﬁg the K/Ag(1l1ll) erystal witﬁ CO». This
_.made it possible to decrease ﬁhe timé of exposure of bare K/Ag(lll) to
~ background gaseé in the chamber ‘and thus reduce the extent of surface

contamination. According to Liu et al.8 the changes in the relative K/Pt AES



intensities observed bgfofe and afte§ exposing fg = 0.51 monolayers to about
20 Lahgmuirs of.éarbon dioxide are Qery small. This was verified for the
case of Ag(lll) by constructing calibration curves between the time the SAES
éource was operated af a con;tant current and the actual amount of K
deposited on the surface as determined from AES. Once the source was found
to behave in a reliable and reproducible fashion, ‘the time involved in each
K deposition was used to establish the K coverage, i.e. no AES were recorded
either before or after C0y exposure. This method was found to yield
exéellent agreément with that describedv above for coverages up to and
slightly above one monolayer of K, as evident from a quantitative comparison
between the corresponding TPD spectra.

Unlike the very high reactivity observed for bare K/Ag(lll) surface;;
the spectral characteristics of freshly prepared COjp-saturated K/Ag(1lll)
specimens were found to remain unchanged even after several hours of
éxposure to background gases in the UHV chamber.

Carbon dioxide (Research Grade, 99.995%) was obtained from Matheson,
whereas 13¢lép (99% isotopic purity) and 01802 (98% isotopic purity) were
purchased from Icoﬁ Services Inc. The actual composition of the isotopically
labelled carbon dioxide, as assayed by leaking tﬁe gas into the main chamber
under conditions idenﬁical to those used during thevexﬁeriments, differed
substantially frpm that provided by the supplier. Of. the nominally 98%
isotopically 0-18 labelled COp, mass spectrometry indicated the presence of
only 58% C1802 (48.amu) and 32 s cl8olég (46 amu) with the rest beiﬁg
naturally ocurring material.

C. RESULTS

1. Temperature Programmed Desorption

The TPD spectra of K(fg = 1/3)/Ag(1l1ll) after saturation exposure of



COy (see below) was characterized by two m/e = 44 peaks at temperatures.
"higher than 720 K (see Figure 3). These peaks will be referred to hereafter
as a (low temperaturej and ﬁ_(hlgh temperature). The magnltude of the CO'
(m/e = 28) peaks associated with the m/e = 44 TPD features for a and.ﬂ was
in excellent agreemeﬁt with that found for the cracking of COs in the mass
spectrometer as determined in independent experiments. No evidence fer other

CO peaks could be found at any'othef-temperature. This indicates that within

the sensitivity limits of the equipment, COy_is the only seurce of co
detected in the mass spectrometer.® This beha§iorvis'et variaﬁce with that
reported for other K-dosed single-crystal metal surfaces,>:6,8 for which
large amounts of CO not originating from fhe cracking of desorbed COs have
been found in the TPD spectra.

The conditions required ‘to achieve saturatlon coverage of 002 were
determined by monltorlng the work function of the K/Ag(11ll) surface while
dosing at room temperature. As shown in Figure 4 (solid line), & wvaries
linearly for exposures of COp up to 1 L. As the exposure was continued, the
rate of change of & decreased considerably to a mucﬁ smaller and steady
value at about S_L; The integrated areas under the m/e = 44 peaks in the
TPD spectra of K(fg = 1/3)/Ag(1li) as a function of COp exposure.(solid
circles, Figure 4) also behave in a similar fashion, indicating that the C02v
has a rather high sticking coefficienf at iow coverages and reaches
saturation at about 5 L. |

- Except for variations in _the relative heights of peaks a and g,
identical 'reeﬁlts  were ebtained with at 1east fhree different_ Ag(111)
epecimens in ex?eriments conducted over periods of months, with some of the

* The sensitivity limit is actually set by the presence of CO originating
from the cracking of COy and the inherent signal-to-noise associated with
its detection. On this basis, the upper limit for the coverage of CO on the
surface may be set at lg. . "



runs yielding essentially undetectable B peaks (eee below).

A sizable reduction in the height_of peak B was observed when K/Ag(1lll)
surfaces were exposed ﬁo\Coz immediately after K deposition, without prior
characterization with AES or LEED (see Curve A, Figure 5). This indicates
that species deri?ed from backgrouﬁd gasee_in the chamber can change the
intrinsic chemistry associated with the otherwise clean COp/Ag(1ll) system.
At least two observations lend support to this view;

- 1) Experiments in which the K/Ag(lll) surfaces were purposely exposed to
background gases for periods of up to ewo‘hours befere dosing with Cog,
yielded a much more pronounced S ﬁeak. In fact, for the longest background
exposure (ca. 2 h), this waS'fhe only peak detected.

ii) A careful search for other desorbing masses indicated the presence of a
small m/e = 32 feature associated with peak B (see Curve B, Figure 3). For
peak a the magnitude of the m/e = 32 peak is in agreement with the
(m/e=32)/(m/e=445 ratio (ca. 1300) measured experimentally for pure COy gas.
This clearly sho&s that the high-temperature feature is due to a different
species, possibly richer in oxygen, than that.respensible for peak a.

The degree of reproducibility of.the TPD.measurements was assessed by
repeating a specific experimeﬁt six times, keeping all conditions as similar
as possible.‘For these measureﬁenté; K was deposited at -55 to -60°C to a
coverage of about one monolayer as determined by AES. The surface was then
dosed with '10L of COy (at the same temperature) by Backfilling the chamber
to 5 x 10°8 torr for 200 s. The m/e = 44 TPD of such surfaces displayed
features with peak temperatures, Té +/- standafd deviation, af 796 +/- 6K
and 874 +/- 6 K with a ratio of peak heights of 0.4 +/- 0.1, respectively
(see Figure 3). For the six independent e#periments involved in'this series

the sums of areas under the ‘two peaks yielded values of standard



deviation/average of about 4%.

.A series of TPb experiﬁen?s were conducted for fg =< 1/3 and saturation
exposure of COj. Unlike the behavior observed for peak a, for which the peak
area was found to be proportional to g, the area of peak B reached a
maximum for very small values of fg. A plausible explanation for this
effect may be found in the presence of a small fraction of &efect siteg with -
a much higher affinity for K and/or COp than that of the sites responsible
for peak‘a. The temperature at the peak maximum T; (i = a or B) for peak a
was found to increase linearly with fg, which can occur for zeroth-order
desorption or a higher order process involving coverage-dependent energies
and/or pré-exponential factors. In contrést, the vélues'of Tﬂ are independent
of fx (see Figure 6), as for simple firsf-order desorption. This clearly
‘shows that peaks a and B are associated with very different chemical
species.

A strong indication that the peak B corresponds to the presenée of
carbonate was obtained from experiments in which 0.5 to 1 L of water was
adsorbed on K(#g = 1/3)/Ag(lll) prior to dosing the surface with COy. As
shown in Figure 7, the TPD spectra in this case was largely dominated by
peak 8 (Tg = 502 K).for which the area was es;entially'identical to the sum
of a and ﬁ. in the absence of inéentionally added water These results are
in close ~agreement with those reported' by' Blass et al.l8 who prepared
surface carbonate by coadsorption of KOH (formed by direct coadsorption of K
and D»0) énd CO0y. Also, in accordance wifh that work, is the fact that no
water peak could be detected indicating that any remnant of this species
dissociates or desorbs at temperatures Below those at which the >TPD is
initiated. Some indication of non-s;oichiometry of the carbonate species
produced by the coadsorption of K aﬁd CO, may be found in the lower amount

of 0y observed in the TPD in Figure 3 compared to the K/water/COjp



coadsorption experiments (see Figure 7 or Blass et al.). It may be noted
vthat the decomposition temperature of (bulk) KpCO3 (1064 K) is higher than
that for of other (bulk) alkali carbonates, e.g. Cs9CO3 (883’ K) and LipCO3
(723 K).19

The possible involvement oflCOV(the largest impurity in the background
gases besides hydrogen) in the adsorption/reactidn pathway of COj von
K/Ag(111) was also examined. As noted by other authors, CO exhibits no
éffinity for K/Ag(1lll) at temperatures as low as 100 K.20 In fact the very
small amount of COp that desorbed after long CO exposﬁres could be traced to
the COy present in the chamber during CO dosing, arising most probably from
desorption from the walls of the doser and/or the chamber and the ion pump.
Also noteworthy is the fact that CO exhib;ts no affinity for bare Ag(lll) in
_Fhe temperature range used in this work. |

No exchange was found between a reacted C0y/K/Ag(l1ll) surface with CO
using 5 L of 13CO as a probe. Interesting results were obtained, howéver,
for a freshly prepared K/Ag(11ll) surface exposed to an quimolar mixture of
13co and Cosy, fof which tﬁe TPD revealed a and B peaks with m/e = 45, aﬁd
with relative integrated ratios. inverse of those for m/e = 44 (see Figure
8). An anmnalysis of'the gas mi#ture (prior to thé actual exposure) indicated
the presence of 13¢c-1abelled €Oy ((m/e = 45):(m/e = 44) = 2.3%). This is
most likely due to exchénge reactions on the walls of the doser, chamber, of
the collimator (prior to the actual surface'exposure). Within experimentai
error, the ratio of m/e = 45 to m/e = 44 for peak a in the TPD spectra is
very close (ca. 2.8%)“to that observed in the gas mixture. On this basis,
‘this feature originates exclusively from (K-promoted) adsorbed COj3. In
contrast, the ratio (m/e = 45:m/e = 44) for peak B was found to be much

larger, indicating that 13c0- is involved in the reaction pathway that

10



produces the carbonate-like species.

The experiments at K-coverages in excess of a monolayer yielded
qualitatively similar results to those at the lower coverages, i.e. a
prominent c-peak with a much smaller B peak originating in our view from
adventitious oxygeﬁ impurities. From these findings, and given that the
main thrust of the work was focused on the characterization and
identification df what we regard as the nmew species (peak a), no systematic
studies of this syétem for large K-covefages were pursued.

The addition of 0.5 L éf oxygen on K/Ag(lll) prior 'to COj exposure
yielded only peak B at a slightly higher temperature (see Fig. 95. In
contrast to the water coadsorption experiments, a new m/e = 44 peak with an
area an order of magnitude smaller than that of peak'ﬂ with a corresponding
02 component could be observed close to 590 K, a temperature much lower than
that at which peak a is ob#erved. A form of surface carbonate that is
distinct from species B in this work has been prdposed by Campbe1121‘to
explain the presence of m/e = 44 TPD peaks at 440 K, in the case of COjp
exposure to p(4x4)-0 ad-layers on Ag(lli) at room témperature. It thus'seems
reésonable to assume that the features observed in this work for oxygen
predosed K/Ag(lll) at 590' K may also originate from a similar type of
surface species. |
2. Isotopic Labelling Experiments

Measurements similar to those.described in the previous section were
conducted by employing mixtures of natural and isotopically labelled (180)
carbon dioxide to gain 1insight into pogsible adsorbate-adsorbate
interactions. An analysis of  the TPD peaks for three different isotopic
mixtures, namely, (m/e 44:46:48) 1. 10:32:58; II. 54:32:14; III. 89:7:3,
indicated a decrease in the m/ev= 48.species and an increase in the m/e = 46

species with respect to their original values (see Table I). This strongly

11



suggests -that a certain degree of isotopic scrambling of adsorbed COj occurs
on the alkali-metal modified surface. These results may be regarded as
largely qualitative, however, as large deviations were found between the
"total" amount of 160 and 180 before and after TPD. This is clearly evident
by the fact that m/e = 44 is higher than that predicfed by a complete |
statistical scrambling. Such discrepancies may ’be derived ‘from a'possible
exchange of CO7 on the walls of the chamber or the collimator. Some support
for this view was obtained. by experiments (not involving the Ag(1l1l1l)
crystal) in which the .composition of thg COo pgas was .monitored after
exposing the chambef to isotopically labelled CO (followed by complete
evacuation) and then reexposed to mnatural COp. A small, but nevertheless
noticeable m/e = 46 peak.could be detected during the Vsecond dosing,
indicating an exchange reaction between material reacted during the first
and secbnd exposures. Although this factor complicates a quantitative
analysis of the data, fhe variations in the isotopic ratios listed in Table
I are too large to be accounted for by wall effects alone. The scrambling of
oxygen could arise from any of a number of surface processes, which ‘are
considered in detail in the Discussion Secti.on.
3. X-ray Photoelectron Spectroscopy

The XPS spectra of 10 L COp/K(fg = 1/3)/Ag(11l) prepared by €Oy dosing
immediately after K evaporation at a temperature of 263 K displayed a major
and a minor C(ls) peak at 284.0 and 289.0 eV, respectively. Additional
features due to X-ray sateliites of the main K peak at higher binding
energies (see Panel Al in Figure 10) were also observed. The area of the '
284.0 eV peak is about five times larger than that of the 289.0 eV peak.
This value is similar to that ob.sérved for the ratios of the areas of peaks
a and B8 from TPD. A C(ls) peak at 289.5 eV was reported by Blass et al.18

N,

12



for KOD/K»CO3 samples, indicating that peak f§ is associated with a carbonate
species. C(ls) peaks with binding energies as low as those found in this
work for specimens dieplaying predominantly peak a were reported for CO -
adsorbed on K-covered-Fe(100), -Ni(1l00) and -Cu(lOO)-.22 This phenomenon has

been ascribed to an increase in the occupation of the CO 2x orbital and an
interaction between the CO 1% orbital and the K 4s state. Somewhat
surprisingly, the O0(ls) XPS spectra for this specimen (see Panel A2 in
Figure 10) displayed a single peak at about 531-532 eV. The total C to O
elementai ratios, as calculated based on the sensifivity factors for the
analyzer used in these experiments, was about 1:1.6, which is closevto the
1:2 ratio expected for COj.

The unique C(ls) XPS species observed for COp on K/Ag(lll) disappeared
upon adsorption of dioxygen (see Panel Bl in Figure 10) or water (see Panel
Cl in the same figure) on the K/Ag(lll) surface prior_to CO2 dosing. The
peaks in ehe region between 280 and 287 eV, which are 1a£elled by the stars
correspond to K-sateliites. As shown in the figure, the C(ls) spectra
consist of a peak at 288.9 eV for 09 (289.9 eV for water) and a much_smaller
shoulder at slightly lower energy for the case of water. These data suggest
that the adsorbed species associated with peaks a (C(ls) at 284 eV) and B
(C(1ls) at 289 eV) are bouﬁd to the surface via carbon and oxygen,
reepect;vely.

Unlike the differences observed in the C(ls) XPS spectra, the 0(ls) XPSF
spectra for COy adsorbed on K/Ag(lll) surfaces with and without pre-dosed
oxygen were similar and largely dominated by the feature at 531-532 eV (eee
Panels A2 and B2 in Figure 10). Notewortﬁyﬁ however, is the presence ef a

significant second peak at 535.8 eV for the water-contaminated surface. This
peak occurs at a much higher binding energy than that observed for KOH

formed by exposure of multilayer K-covered Ag(lll) to water.18® More work
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will be necessary to elucidate the origin of this feature.
4. High Resolution Electron Energy Loss Spectroscopy*

Figure 11 shows a HREELS spectrum for fg = 0.13, which was obtained
immédiately after a saturation dose of COp, a procedure which gave COjp
desorption in the low-temperature a region only. The spectrum is dominated

"by a peak at 1480 cm™l, with a shoulder near 1680 em-1 and a very small but

reproducible shoulder around 1370 eml, A sizéble but barely resolved
feature appearing near 180 cm-1 increased in intensity with ingreasing
potéssium céverage, and is due to a Ag-K- stretch. As this mode grew
stronger, so did the intensity of the 1680 cm~! shoulder, suggesting that
this latter feature is due at least in part.to a combination band of the Ag-
K stretch and tﬁe‘main peék at 1480 cm-1. Additibnal weak features were seen
near 500, 860, and 2960 cm-1.

Although the spectrum in Figure 11 was obtained b? dosing with COy
under conditions thch yielded no mass 28 in TPD beyond that expected from
the cracking pattern of CO0p, the major, f;atures of the data show a
bstrikingly close resemblance to published HREELS spectra for 1qwfcoverages
of CO added to submoﬁolayer K on Ru(0001).23 Points of agreement between the
spectra include the frequency of‘the main mode, tﬁe small mode néar 500 cm~
‘1; and the frequencies and shape of the "overtone/double loss" region at
around 2960 cm~l. De Paola et al. attributed the very low C-0 stretching
frequency and the low intensity of the M-C mode near 600 cml to side-on
bonding of the CO, with the C-O axis either horizontal or tilted strongly

from the normal to the surface. Since the surprisingly low C(ls) XPS binding

energy (284 eV) for COz/K/Ag(lfi) was also observed for CO coadsorbed with

* The HREELS spectra were acquired by Frederick T. Wagner and Thomas E.
Moylan at General Motors Research Laboratories, Physical Chemistry
Department, Warren, Michigan 48090-9055.
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alkali metals, the HREELS and XPS spectroscopies together suggest the
possibility that the’ a-C0p desorption .peak arises from the reaction qf
adsorbed CO and O (see below). A doubley;loss feature at 2960 em 1l and a
weak mode at 500 cm-l were also seen for CC/K/Ru(OOOl), with -the 1latter
ascribed to a Ru-O stretch arising from the dissociation of a small amount
of CO on defects sites. One might expect a metal-éxygén stretch in the
preéent experiment if COp is dissociating to produce a CO species. If the
major 1480 em™l mode for COp/K/Ag(111) is attributed solely to adsorbed CO,
then the weak but reprodupible modes at 860 and 1080 em~l would have to be
ascribed t‘o KxOy modes for species. with surprisingly high O/K ratios as '
suggested in Ref. 8. |

Since the. assignment of the a state as coadsorbed CO and O does not
correlate with the TPD data, it appears wise to consider whether or no.t the
HREELS data might be consistent with the presence of other species on the
surface. In particular, the data for oxygen isotope scrambling raise the
possibility that theva state is a form of carbonate species, albeit one
chemically distinct from the more.typical carbonate species of the B state.
White and coworkers® reported a single dominant peak at .a similar energy
to the 1480 cm~l seen here after heating K/CO9/Pt(l1ll) above 700 K. They
assigned this HREELS peak to a carbonate species, although in t;he same work
modes near 1450 cm™l were assigned to the adsorption'.of background co
sfabilized by the presence of oxygen. For comparison, bulk ionic carbonates
give two strong infrared adsorption :bands at 1410-1450- em~1 (c-0 stfetch)
and 840-880 cm-l (CO3 out-of-plane deformation).24 A weak feature appeared
reproducibl}; near 860 cm-l for C0y/K/Ag(111), suggest'ing the spectrum in
Figure 1>1 resembles that of a bulk ionic carbonate. However, upon

coordination of a free carbonate ion to: another atom to form a metal
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carbonato complex or organic carbonate (or presumably, a sdrface adsorbed
species), the C-O stretch is split into symmetric and asymmetric modes near
1370 and 1580 em~1 for unidéﬁtate carbonato complexes and 1610 and 1280 em-1
fop bidentate complexes. More complex HREELS spectra showing these split
modes havé been repogtedv for adsorBed carbonate species formed in ﬁhe
reaction of oxygen and COjp on_Ag(llO),25 though more recent data suggest
that the carbonate species lie in a plane paraliel to the surface.26 While
the frequency fit between the one strong mode seen in this work and one of
the modes of a unidentate carbonate is good, it is difficult to rationalize
-(based on selection rules) why "the 1370 em-1 ~mode from a unidentéte
carbonate should be so weak (if it is visible at all) in the spectrum in
Figure 1l1. Given the notorious 1lack of predictability of relative mode
intensities in HREELS, the carbonate interpretation cannot be completely
rejected even for the main peak. However, the uncanny resemblance to
published HRRELS spectra of CO adsorbed on sﬁrfaces modified.by alkali-
metal, énd the agreement in the C(ls) XPS data, make a CO rather than a
carbonate sﬁecies more consistent with the availabie spectroécopic data.
5. Effects of surface damage

Ag(11l) surfaces that are annéaled repeatédly (ca. 20 times) at very
-high temperatures develop white (or cloudy) areas, as judged by wvisual
inspection at appropriate angles of incidence. Analysis of these surfaces By
optical microscopyland scanning Auger microscopyvshowed stfuctural features
such as pits and other asperities with characteristic dimensions of about'25
i, but no evidence of surface impﬁrities. The presence of surface roughening
did not noticeably diminish the quality of the LEED patterns (althoﬁgh it
increaséd the diffuse background by an unquantified amount),.but the surface
chemistry associated with the COz/K/Ag(lll) system was drastically changed.

In particular, a new CO peak with no COp counterpart was detected in the TPD
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spectra in the temperature range between 680 and 740 K, in addition to
poorly defined a and B peaks (see Figure 12). This plearly indicates that
the COp activation pathway(s) is modified by microtopography and\or-
~ concentration of random defects in the underlying substrate.
D. DISCUSSION
The process responsible for.peak a'in thebTPD spectra of CO» adsorbed on
K/Ag(11ll) must be consistent with the lack of a CO peak and the scrambling
of oxygen, the prominent HREELS peak at 1480 cm‘l, and the low binding
energy C(ls) XPS peak. A number of possible models have been considered to
explain these data, including adsorption of isolated COj molecules,
dissociation and reassociation of adsorbed COj, dissociation..of CO» and
further reaction of COo9 with the resulting fragments, and association of
adsorbed, activated COy. These are discussed in detail belo&..
Modél I. Adsorption of 1solated CO9 molecules. )
| Although the TPD spectra indicate that COp is the only desorbing
species, the fact that the isotopic mixing experiments show some.scrambling
is not consistent with the adsorption of isolated COs molecules. Therefofé a
proéess represented by: »
*' *0CO (gas) ---------- > *0co6- (ads) ------- > *0C0 (gas) (W
where * denotes a speéific oxygen atom, cannot be responsible for: the
observed phenomenon.vFu:Fhermore,vthe C026‘ species pfoduced by coadsorption
of CO» and K on Pt(1l1l1) has been shown to exhibit three peaks in the HREELS
spectra at 780, 1220, and 1520 cm~l which is very. different thanv the
.essentially single-peaked HREELS spectra observed in this work.
Model II. Dissociation‘and re-association of COs.
Besideé model I, thé simplest mechani;m ;hat might be envisioned is the:

dissociation and re-association of carbon dioxide on the surface, i.e.
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K/Ag(111) . TPD .
COp(gas) --------> CO(ads) + O(ads),---f----> COo(gas) (2)

The.surface dissociation of COp into CO(ads).and O(ads) was proposed
for—&a-modified Pd(111)9 and K-modified Pt:(ll'l).8 at submonolayer coverages
on the basis of HREELS8,9 and angle-resolved . ultraviolet photoemission
; spectroscopyv(ARUPS)_27 The presence of adsorbed atomic oxygen (a species
capable of migrating into the bulk metal) on Na/Pd(lll),9 howeve;, could
not be detected with either of these techniques.

As noted in Sections 3 and a,iboﬁh.the XPS and HREELS spectra are
consistent with the presence of adsorbed CO on the surface. One of the major
difficulties with this model, however,ﬁis the fact that O(ads) on K/Ag(lll).
(see Section 1) reacts with COy to form a carbonate species (peak B). The
same surface reaction was reported for K/Pt(11ll) and K/Ag(1l1ll) for high 6y
. values by Liu et al.8 They proposed that,ﬂin the case of K/Pt(lll), the
cleavage of CO to generate O(ads) is an essential intermediate step for the
formafion 6f a surface carbénate species.

Further insight into the interacﬁions between O(ads) and CO was gained
5y'eﬁposing to 5 L of 1300 a K/Ag(11l) surface that had been predosed with
The TPD spectra displayed a prominent m/e = 45 at temperatures associated
with peak B and no detectéble peak a. This implies'that O(adsbrbed) does
not combin? with CO to form the species associated with peak a at ;he
exposure of 0y used. |

As noted in Section.l, the (simultaneous) coadsorption of COé and 13co
failed to produce a m/e = 45 a-peak in the TPD spectra. Since  CO, which is
irreversibly adsorbed on certain metal surfaces, can exchange with CO in the
gas phase, as illustrated by Yamada and Tamaru for polycrystalline Rh

foils,28 the results obtained in this work suggest that the species present
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on COp/K/Ag(11ll) sﬁrfaces is different from isolated CO(ads).

" A possible pathway that is consistent with the data would involve a
recombination of the adsorbed CO with oxygen in the 1lattice (originating
from the dissociation of COj) via thermally-induced segregation.9 This
mechanism would require a faster migration step«ﬁhan the reaction between
CO» and adsorbed oxygen (a process that is known to generate carbonate as
the product), and for oxygen segregation to occur prior to CO desorption.
Both of these possibilities, however, seem highly unlikely.

Many of the arguments against this specific model can, in principle, be
circumvented by postulating that the affinity of COy for,O(édsorbeA) is
drésticaliy ?educed by the presence of a stabilizing neighboring CO(adg)
species, a postulate differingvonly'in degree from thét of Model IV givén
below.

Model III; Dissociation of COjy a;d further reaction of COg with the
resulting fragments. .

Our studies and those of White and co-workers20 showed that CO displays
essentially no affinity for K, K-modified silver, and bare silQer surfaces.
Hence, the possibility exists that adsorbed COj dissociates on the surface

to yield adsorbed carbonate species as the product via the reaction below:

K/Ag(111) COy
COo(g) =-------- > CO(g) + O(ads) -------- > CO3(ads) (3)

The reaction pathway "indicates CO wundergoes desbrption to leave atomic
oxygen on the surface which then reaéts»with another carbon dioxide molecuié
to yield the carbonate species. The virtues ofbthis mechapism are two-fold:
1) aécounts for the presence of a single .002 peak- iﬁ the TPD spectré
'originating‘frdm.thermal decomposition of the species that are responsible
for peak «a.

ii) explains the isotopic scrambling results by simply assuming that O(ads)
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(in the carbonate) becomes equivalent to at least one of the oxygens
originating from thé second COj, and |
iii) with the vpossible exception of ﬁhe 0-C-0 scissor mode, the HREELS
spectra are to somé extent consistent with the presence of an i§gl§ggg.
carbonate species Bound to the surface; |

Several factors, however, argue against this model.. In pérticular,_the
experiments in which oxygen was adsorbed onto K/Ag(1lll) prior to exposure to
COyp yielded the conventional type of carbonate species for which the
desorption temperaturé is much higher than that of peak a. ﬁnother
possibility is that the species formed is a non-conventional type of
carbonate with a much lower decomposition temperature. In this model'only
COo is thermally desorbed, leaving atomic oxygen on the surface that, in
principle, undergoes desorption at a much higher temperature. Careful
inspection of the peak in the m/e = 32 TPD speétra indicates that for
surfaces for which peak a is at least an order of magnitudé larger tﬁan peak
B, the amount of dioxygen did not exceed that expected from the
decomposition of fhe genuine surface carbonate associated with peak 8.

Attempts were made to measure the gas-phase CO that would be generated
by the mechanism in Eq. (2). For these expefimehts, a freshly prepared
K/Ag(11l) surféce was placed in front ofv the coliimator of the "mass
spectrometer prior to.and dﬁring dosing with COp. If every COp molecule
reaching the surface reacted according to the mechanism in Eq. (3), the CO
produced should result in a two-féld increase in the CO signal over the
background, which is due to the cracking of COp during the dosing. No such
increase was detected making this possibility very unlikely. It may thus be
concluded from this analysis that if peak & is a form of a carbonate species

its stoichiometry would differ considerably from that of COj3.



Model IV. Association of Adsorbed, Activated CO».

The isotopic-labelling éxperiments indicate a substantial fraction of
the oxygen atoms undergo scrambling to yield 01802:0160180:C1602 ratios
quite different than those in the original mixture. As noted earlier, the
other fPD evidence does not allow for the formation of a regular (isolated)
type of O(ads), suchlas that involvgd in Model II. Hence, the simplest
mechanism that could give rise to this phenomenon is activatisn involving a
partial disséciation of adsorbed COy9 to yield CO(ads)-like moeities linked
by the remaining oxygen atoms to_form oligomeric species. This then provides
conditions for a fraction of the oxygen atoms to undergo exchange prior to
or upon desorption as the TPD experiments involving_o-iabelled C02 indicate.
The individual, partially dissociated (€O units in the oligomer, as
indicated by the low binding energy of the C(ls) peak characteristic of
contaminant-free C0O/K/Ag(11ll) system, would be bound through the carbon to
the surface. A schematic diagram of such oligomeric species is shown in
Figure 13, in whiéh the solid 1ines represent C-O bonds subtending a small,
rather than a large, angie with respect to the sufface normal; wheréas the
dashed lines denote C-O bonds that are mostly parallel to the .surface.
Although not explicitly indicated, sﬁch oligomers could also form closed-
loop structures or rings. |

Regardless of the detailed nature of this newly identified species, the
différent reaction pathways of COy on K-modified Ag(lll) and K/Pt(111)7’8
(and also Pd%:9 and Rh®) may be ascribed to the much weaker affinity of
Ag(1l1ll) for CO compared to Pt(ill)29 (and Rh3o). This factor alone should
promote the cleavage of a possible (002)26' intermediate on K/Pt; K/Ni and
K/Rh by lowering the free energy of the products. It might be interesting in

this regard to conduct measurements for the more reactive metals at lower

temperature so as to stabilize the intermediate and to compare the HREELS

21



spectral characteristics with those observed on K/Ag(1ll).
E. CONCLUSIONS

The results obtained in this investigation concerning the adsorption of
'C02 on K-modified/Ag(lll) surfaces are summarized as follows: . |
i) The TPD sbectra of neér saturation coverages'of CO2 on K/Ag(111), with
0.13 < g < 0.47, (clo;gd packéd monolayer corresponds to fg = 1/3), display
(in the absence of.water and oxygen) a sharply &efined m/e = 4l peak at 796
+/- § K With no evidence for the presence éf co desorption peaks at any
temperature. This Behayior is unlike tﬁat found for other K-modified single-
crystal metal surfaces fo? which CO i§' invariably observed in the TPD
spectra. |
ii)vTPD experiments involving mixtures of mnatural and 18p isotopically
labelled CO9 indicate that scrambling of the oxygen atoms occurs and suggest
that CO7 undergoes association on the K/Ag(lll) surface.
iii) The HREELS spectra of COz-saFurated K/Ag(11ll) yield, in addition to
very minor features, a single sharp peak at about 1480 em-l. The XPS spectra
of the same interface have a C(lﬁ) peak with a binding energy of about 284
éV,_and thus as low as that observed for CO adsorbed on various K-modifiedr
metals. |
iv) Adventitious water or oxygen'iﬁ the chamber and/or defect sites in the
Ag(1l1ll) érystal gives rises to én additidnal m/e = 44 TPD peak at much
higher temperatures. The height of this‘néw peék increases significantly by
predosing the K/Ag(1lll) surface with 0p §r Hy0 at coverages as low as 0.05
L. The XPS speétra for these contaminated éurfaces revealed features very
different than those observed in the absence of such impurities, but
consistent with the presence of an ordinary form of carbénate.

On the basis of these results, it is proposed that the dominant form of
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'adsorbed €Oy on K/Ag(lll) binds through the carbon to the surface to form
some type of oiigomer consisting of fragments with spectroscopic properties
essentially identical ‘to those of adsorbed CO on alkali-metai modified

.surfaces linked by the other oxygen atom in COy. Unlike isolated O(ads) the
reacti?ity of such bridging O towards COs is drastically reduced, due to a
stabilizing effect of the neighboring' CO(ads) and therefore does not
generate a conventional type of carbonate such as that associated with peak
B for which the desorption temperature is much higher. Instead, the adsorbed
0 atom from partiélly dissociated COy recombines with neighboring CO(ads) to
yield CO9 as.the thermal-desorption product.

F. SUGGESTIONS FOR FURTHER WORK |

The results obtained in this study indicate that, under mbst
experimental conditions, carbon dioxide, present as an impurity in pfopylene
carbonate will react with lithium (and other alkali and alkaline earth
metals as well) to form the corresponding inorganic carbonates. Since it is
not known whether this reaction adversely affects the performance of lithium
electrodes, new strategies must be developed for examining in detail the
reactivity of PC with lithium in the absence of carbon dioxide. One éossible
approach (which may be easily implemented in this laboratory) involves the
use of a gold-coated cold finger for i;-situ purification of PC. PC will be
admitted into the chamber with the cold finger at 77 K with the bare Ag.
substraté at room temperature. Several monolayers of[PC will be allowed to
condense on fhe cold finger (the melting poiﬁt of CO0p is much lower than 77

K and therefore will not condense on the cold finger). After the chamber is
pumped down to UHV, the alkali metal will be deposited on the Ag substrate.
The latter will then be turned to face the cold finger. On warming'thevcold
finger, cleén PC shouldvevaporate onto the alkali-metal surface and normal

surface analysis could proceed. AES, XPS and TPD will be used to investigate
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the reactivity of PC with Li as a function of temperature.

The same approach can be used to assemble PC/Li interfaces for studies

involving UHV/FTIR. It ié expected that electron- and photdn-based

technidues will make it possible to gain a better understanding of the

factors that control the chemical reactivity of Li toward non-aqueous

solvents, and provide further insights into the structural and compositional

factors that govern the transport of lithium in passive films of relevance.

to battery applications.
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TABLE I

ISOTOPIC COMPOSITiON 'OF CARBON DIOXIDE MIXTURES BEFORE ADSORPTION
AND AFTER ADSORPTION AND SUBSEQUENT THERMAL DESORPTION FROM
K/Ag(1l1ll) SURFACES FOR THREE INITIAL COMPOSITIONS

Experiment I Experiment II Experimenﬁ ~IIX
m/e = &4 46 48 44 46 48 44 46 48
Original 10 32 58 54 32 14 » 89 7 3
Cbmplete :
Scrambling® 7 39 54 49 42 9. 86 13 1
Peak a 14 38 48 54 37 9 90 9 1
Peak B 17 42 41 56 37 6 - 9 9 1

Total (a + B) 14 39 47 55 37 8 90 9 1

These values were calculated on the basis of complete statistical
scrambling.
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H. FIGURE CAPTIONS
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Fig.

Fig.

Fig.

1.

AES Spectra of a contaminant-free K(fg = 0.6)/Ag(111) surface.
Beam Voltage: 3 kV. Modulation Voltage: 3.7 V peak-to-peak. K was
deposited fromva SAES Getters source (see text for details).
Sufface concentration of K 6n Ag(11ll) obtained from AES (see tekt)
versus sample temperature as the specimen is heated. The bréak %t
about 20% indicates a coverage of aBout 1 monolayer.

COy (Curve A), 0Oy (Curve B) and Cd (Curve C) TPD spectra of COjp-
saturated K(g = i/3)/Ag(111) surface. K was depositea with the
Ag(111l) specimen at about 220 K. AES spectra were recorded prior
to COp exposure. |

Work function:change A® in eV (solid line) and integrated area
under the COj(m/e = 44) peaks in the TPD spectra (solid circles)
of K(fg = 1/3)/Ag(111)‘surface versus COp exposure in Langmuirs.
TPD spectra of K(dg = 1/3)/Ag(lll) exposed to COy immediately
after K deposition at 220 K (Curve .A). Curve B.shows the results
obtained iﬁ similar experiments in which K is characterized with
LEED and AES prior to COp exposure.

Peak temperature of COy TPD peak versus K cbverage for K/Ag(1l1ll)
surfaces saturated with COjp.

TPD spectra for m/e = 44, 32; 28, 18 from experiments in which 1 L

of water was adsorbed on K(fgx = 1/3)/Ag(lll) before €Oy

adsorption,

TPD of naturally ébundant CO2 (m/e = 44) (solid 1line) and 13C02
(m/e‘é 45) (dashed line) after exﬁosure of é K(fg = 1/3)/Ag(111)
to an equimolar mixture of (naturally abundant) COj and 13co.

TPD spectra from experiments in which K(§gx = 1/3)/Ag(lll) was

exposed to 0.5 L of dioxygen prior to COp adsorption.
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~ Fig. 10.
Fig. 11.
Fig. 12.
Fig. 13.

C(ls) (left panel) and 0O(ls) (right panel) XPS(ESCA) spectra of

K(g = 1/3)/Ag(1l1ll) (bare), exposed to saturation coverage COjp,

(A, 1 and 2), and pre-exposed to 0.35 L of 09 (B, 1 and 2) and_

pfe~expo§ed to 1 L of water (C, 1 and 2) prior to saturation
exposure COy. The satellite contributions (at the energiés shown
by arrows in the figﬁre) were not subtracted from the measured
spectra. For all of these experiments, the dosings were performed -
at 223 and the spectra were recorded at 263 K.

HREELS spectra of K(fx = 0.13)/Ag(111) plus saturation COjp (see
text for details). Both K deposition and COj désing were performed
at ca. 290 K. | |

m/e = 28 and 44 TPD spectra from a K(dg = 1/3)/Ag(lll) surface
which had been damaged by repeated heating frior to K deposition
and saturation exposﬁre C02 (see text for details).

Schemétic diagramlof proposed COzioligomeric species. Solid lines
represent C-0 bonds subtending a small rather than a large angle
with respect'to the surface normal. Dashed lines denote C-O bonds
mostly parallel to the surface which may involve through-metal

interactions as opposed to clear chemical bonds.
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