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ABSTRACT 0Oxygen reduction reaction (ORR) plays a key role in lithium—air batteries (LABs)

that attract great attention thanks to their high theoretical specific energy several times exceeding LLi‘:gz — mEnE
o

that of lithium-ion batteries. Because of their high surface area, high electric conductivity, and low |

specific weight, various carbons are often materials of choice for applications as the LAB cathode.
Unfortunately, the possibility of practical application of such batteries is still under question as the
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sustainable operation of LABs with carbon cathodes is not demonstrated yet and the cydability is
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quite poor, which is usually associated with oxygen reduced species side reactions. However, the mechanisms of carbon reactivity toward these species are

still unclear. Here, we report a direct in situ X-ray photoelectron spectroscopy study of oxygen reduction by lithiated graphene and graphene-based

materials. Although lithium peroxide (Li,0,) and lithium oxide (Li,0) reactions with carbon are thermodynamically favorable, neither of them was found to

react even at elevated temperatures. As lithium superoxide is not stable at room temperature, potassium superoxide (KO,) prepared in situ was used

instead to test the reactivity of graphene with superoxide species. In contrast to Li,0, and Li,0, KO, was demonstrated to be strongly reactive.
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xygen reduction reactions are in-

volved in various important en-

ergy-related processes ranging
from cell respiration in living organisms to
electric power production in fuel cells
and metal—air batteries. In electrochemical
systems ORR occurs at electrocatalytic
cathodes and is comprehensively studied
in aqueous electrolytes.'* ORR in nona-
queous media is much less investigated,
and the lack of knowledge of ORR pathways
and kinetics in aprotic solvents hinders the
research and development of some new
electrochemical devices, e.g., nhonaqueous
lithium—air batteries capable to deliver spe-
cific energies as high as 900—1000 Wh/kg
at the cell level according to theoretical
estimations. Such power sources use metallic
lithium to reduce oxygen with the formation
of a solid discharge product. At the first stage,
oxygen is being reduced to a superoxide
radical that can further undergo disproportio-
nation in the presence of Li* ions® or receive
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another electron, finally forming lithium per-
oxide (Li,O,) in both cases (Figure 1a).

The sustainable operation of lithium—air
batteries is still not reliably demonstrated
due to lots of obstacles, including lithium
dendrite growth at the negative electrode,
side reactions of the electrolytes, and posi-
tive electrode degradation.” Most Li—air
batteries reported in the literature utilize
carbon as the positive electrode. Carbon
materials are attractive due to their low cost,
lightweight, high conductivity, and catalytic
properties; unfortunately, they were recently
demonstrated to be chemically unstable un-
der the lithium—air battery operating condi-
tions.2~'° Such instability was suggested to
arise from possible carbon reactivity toward
discharge products? intermediate species
on discharge™ or recharge."" These side
reactions were found to lead to carbonate
byproducts formation that, in turn, passi-
vates and degrades the carbon electrodes,
thus limiting rechargeability.
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Figure 1. (a) Simplified scheme of the Li—oxygen battery and reactions occurring at the electrodes on discharge. (b) Model
system for the study of oxygen reduction reactions suggested in this work. Lithium penetrates under the graphene layer after
deposition, returning back to the surface when oxygen is supplied.

Investigations of oxygen reduction and side pro-
cesses involving reduced species in electrochemical
cells provide a complex picture composed of many
chemical reactions with different cathode and electrolyte
components. To overcome this issue, a few approaches
that allow probing the reactivity of different materials and
electrolytes toward oxygen reduced species were sug-
gested. Reactions of lithium peroxide and oxide with
hydrocarbons and CO, in gaseous phase were tested
recently by in situ XPS.'*'* Some works utilize KO, as a
superoxide radical source to test electrolytes,'*'® elec-
trode binders,'” or electrode materials.'®

Here, we report a direct in situ XPS study of oxygen
reduction by lithiated graphene and graphene-based
materials and associated processes. We first employ
angle resolved photoemission spectroscopy (ARPES) to
characterize the evolution of electronic properties and
electron transfer in the reactions of gaseous molecular
oxygen with an idealized object—lithiated single layer
epitaxial graphene (SLG), grown on Ni(111) substrates
(Figure 1b). Next, we investigate lithium intercalation,
followed by reactions of oxygen with multilayer gra-
phitic materials: multilayer graphene (MLG) on Ni foil
and free-standing carbon nanowalls (CNWs) on Si
substrate, which both provide the possibility of the Li
intercalation between graphene layers. We found that,
for all the above-mentioned cases, reactions with
oxygen lead to the formation of Li,O, and Li,O, while
no evidence of further interaction of Li,O, and/or Li,O
with the clean graphene surface was observed up to
500 °C. On the contrary, the epitaxial graphene was
found to quickly react with potassium superoxide (KO,)
formed after oxygen exposure of KCg on the Ni(111)
substrate. Carbonates were revealed as a final product
of this reaction.

RESULTS AND DISCUSSION

Graphene grown on a Ni(111) substrate demon-
strates a sharp LEED pattern (Figure S1, Supporting
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Information) and C 1s core-level photoemission spec-
trum shown in Figure 2a, which is typical for graphene
grown on a Ni(111) substrate. The C 1s peak is shifted to
lower binding energies in comparison to those for
freestanding graphene samples due to its interaction
with the substrate. The electronic band structure of
graphene/Ni(111) along the 'KM high symmetry direc-
tion in reciprocal space is exhibited in Figure 2b.
Graphene on Ni(111) is strongly coupled to the sub-
strate because of C 2p, and Ni 3d hybridization."®
Charge transfer and strong hybridization with Ni 3d
states results in the graphene z-band being pushed
down by 3 eV. The conical dispersion is destroyed near
the Fermi level."”

Lithium deposition leads to ionization of lithium
atoms, followed by transfer of 2s electrons to gra-
phene. After the deposition and subsequent annealing
at 150 °C, the C 2p, and Ni 3d hybridization vanishes;
therefore, the graphene z-band becomes shifted to
the lower binding energies, and the partially filled 7*-
band appears just below the Fermi level (Figure 2c)."®
Ni 3d states are not visible anymore, and linear band
dispersion at the K point is clearly seen. Li intercalates
under graphene, and the Li 2s band is not observed,
evidencing that Li fully donates its valence electron to
graphene, thus filling the Dirac cone up to ~1.6 eV
above the Dirac point (detailed scan in the vicinity of
the K point is plotted in Figure 2f). The C 1s peak is
shifted to higher binding energies by 0.2 eV upon
lithium deposition (Figure 2a). This value is lower
than the typical shift for graphite after its lithiation
(0.7—0.8 eV for LiCq)' 2" due to interaction of the sp?
carbon network with the Ni substrate in the initial
graphene sheet. C 1s asymmetry and broadening are
also smaller for lithiated graphene, which can be ex-
plained by lower Drude plasmon contribution.?? Being
no more bound to Ni and injected with additional
electrons coming from Li, lithiated graphene gains
strong reduction ability toward molecular oxygen.
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Figure 2. (a) C 1s photoemission spectra of pristine, lithiated, and oxygen exposed lithiated graphene. Experimental data are
shown as colored circles; black lines represent fitting results. (b—d) ARPES of pristine (b), lithiated (c), and oxygen exposed
(47 L) sample (d). (e) The valence band spectrum of Li,O, (red dotted line) was recorded for CNW sample exposed to 256 L of
oxygen at 5 x 108 mbar. Its further annealing at 500 °C resulted in Li,O with VB spectrum plotted as blue dotted line. Li,CO5
(cyan line) VB spectrum was recorded for the Li—0, cell, discharged in situ in our previous work.'® Energy axes of ARPES maps
in (b—d) and VB spectra in (e) are aligned and have the same scale. (f) Evolution of ARPES recorded in the vicinity of K-point for
lithiated graphene during oxygen exposure (exposure doses are indicated for each scan).

Oxygen exposures of the samples resulted in further
electron transfer from lithiated graphene to oxygen,
which is finally trapped at the surface in Li,O, and Li,O
compounds identified by characteristic features in O 1s
spectra in Figure 3a. Interestingly, the oxygen reduc-
tion proceeds with no uniformity across the sample
surface manifested by the coexistence of electron-
doped graphene regions and areas where graphene
has already transferred its electrons to LiO, species.
Instead of continuous upshifting of the Dirac point, the
sequence of the ARPES patterns recorded during oxy-
gen exposure and shown in Figure 2f reveals two well-
resolved m-bands corresponding to doped and un-
doped graphene regions. The evolution of C 1s spectra
in Figure 3b also demonstrates multicomponent be-
havior with shifted and nonshifted components chan-
ging their relative intensities upon oxygen reduction/
graphene oxidation, evidencing that relatively large
product clusters are formed and cause graphene elec-
tron density depletion in their surrounding. As far as
graphene is being oxidized back, the ARPES pattern in
Figure 2d reveals two nondispersing bands, which can
be ascribed to randomly oriented Li,O and Li,O,
particles covering the graphene surface. Although
consideration of such particles as an individual epitax-
ial phase with well-defined order is not possible, these
surface layers reveal band positions corresponding
to those in valence band spectra of oxygen exposed
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Figure 3. O 1s (a) and C 1s (b) photoemission spectra of
pristine SLG, lithiated sample, and the same sample during
oxygen exposure. (c) Minimal energy geometries for struc-
tures on bilayer graphene: (1) adsorbed oxygen on lithiated
graphene, (2) lithium oxide cluster, (3) lithium peroxide
cluster. Red, blue, and black spheres represent O, Li, and C
atoms, respectively.

multilayer lithiated graphitic samples (Figure 2e) dis-
cussed below.

The stoichiometry of Li,O and Li,O, is further con-
firmed by O 1s (Figure 3a) and Li 1s (Figure S6, Supporting
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TABLE 1. Summary of the Photoemission Spectral Features for Core Levels and Valence Band (VB)

Li,0, Li0
reference Li1s 01s \B Li1s 01s
this work 54.5 5315 8 115 535 5285
24 56.6 534 85,115 56.6 5312
13 54.5 532 53.6 528.6
25 56.4 533.1 13 55.6 530.6
26 533 85 530
27 55.6 5315
28 56.6 5327 55 5309

Information) core-level spectroscopy. For that purpose,
we had to additionally quantify the photoionization
O 1s/Li 1s cross-section ratio for photoelectron kinetic
energies below 200 eV as it cannot be properly calculated
from the theoretical atomic subshell photoionization
cross sections obtained with the Hartree—Fock—Slater
one-electron central potential model for low kinetic
energies® (Figure S8, Supporting Information). We be-
lieve that these data presented in the Supporting Infor-
mation can be useful for composition quantification, i.e.,
for those who investigate surface chemistry of lithium
and oxygen containing compounds.

As Li,O, and Li,O were prepared in situ in submo-
nolayer quantities, no contamination and charging
effects were observed, in contrast to some ex situ
experiments.'>?*%> The binding energies of the O 1s
level indicative for this system are estimated as
528.5 + 0.1 and 531.5 & 0.1 eV for oxide and peroxide,
correspondingly. Li 1s, O 1s, and valence band compo-
nent peak positions determined in our work are sum-
marized in Table 1 together with previously reported
data.'®**728 The experimental energy difference be-
tween Li,O, and Li,O O 1s spectra components of
2.5 4+ 0.1 eV is in a reasonable correlation with the
result of DFT calculations in the initial state approxima-
tion giving 2.8 and 3 eV differences for small clusters
and for bulk phases, correspondingly (see Table 2).

As expected, the relative amount of Li,O, grows
upon oxygen exposure. In the lack of oxygen at low
exposures, the surface layers have more lithium-rich
Li,O. This fact agrees with DFT calculations for small
clusters on a graphene surface (Table 2), suggesting
that oxide formation at the first stages is prevailing,
while, at higher oxygen exposure doses, peroxide,
which is more thermodynamically preferable in the
bulk (see Table S1, Supporting Information), is being
produced by the reaction Li,O + '/,0, = Li,O, (Figure 3a).

We further found that oxygen is being reduced via
the same route by lithiated multilayer graphene-based
materials, namely, multilayer graphene®® and carbon
nanowalls*® both comprising up to 10—15 layers. In
contrast to MLG, in which graphene layers are parallel
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binding energy, eV

Li Li,C0;
VB Li1s Li1s 01s C1s VB
6,8
56 57.8 5314 289.7 7,15,12
55.4 532 290
55
532 290.5
290.8

TABLE 2. DFT Calculated Formation Enthalpies (per Li Atom)
and O 1s Chemical Shifts in Initial State Approximation®

formation 0 1s chemical

structure enthalpy, eV shift vs 0,, eV
(1) Oxygen physically adsorbed at lithiated graphene  —0.20 —04
(2) Li,0 on graphene surface —2.01 —5.4
bulk Li,0 —48
(3) Li,0, on graphene surface —1.80 —26
bulk Li,0, —18

“Both chemical shifts and formation enthalpies are given relative to the LiC; + 0,
(at infinity) system (see Figure S8 for details).

to the substrate (Figure 4a), CNW represents freestand-
ing multilayer graphene flakes that are oriented nearly
vertically (Figure 4b; Figure S3, Supporting Information).
For both lithiated CNW and MLG, oxygen exposure
results in similar O 1s spectra evolution (Figure 4c). The
Li,O component detected at early stages is converted
into a single Li,O, component upon oxygen exposure.
As the freestanding flakes in the CNW films have a
random tilt, we were also able to record the angle
integrated valence band photoemission spectra pre-
sented in Figure 4d and demonstrating reasonable
agreement with the literature.®* The valence band
features for lithium oxide and peroxide are summar-
ized in Table 1 and compared with ARPES data for
these compounds formed at the surface of epitaxial
graphene in Figure 2e.

Although CNWs have more edge atoms, which are
often believed to be catalytically active,*' the overall
oxygen reduction rate was surprisingly found to be
similar in the case of lithiated CNW and MLG samples.
Conversion of oxygen to reduced oxygen species is
plotted vs exposure dose in Figure 5a and shows no
significant difference between the samples. In contrast,
the lithium amount on the surface quantified as the Li:
C ratio in Figure 5b significantly differs. Because of the
much higher lithium diffusivity in the plane of graphite
in comparison to that in the perpendicular direction
(1078 vs 107" cm?/s),*? lithium surface concentrations
grow much faster in the CNW sample. In addition, from
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Figure 4. Top-view SEM images of the MLG (a) and CNW (b)
samples. (c, d) O 1s and valence band photoemission
spectra of pristine CNWs, lithiated CNWs, and the same
sample during oxygen exposure.
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Figure 5. Oxygen to reduced oxygen species conversion (a)
and Li:C ratio (b) vs oxygen exposure dose for lithiated MLG
(green) and CNW (red). o. was calculated as o = (I — Iin)/
(Imax — Imin), Where I, Iin, and I ,a, correspond to O 1s peak
integral intensity at the current exposure point, at the
beginning, and at the end of oxygen exposure, respectively.
Dotted lines are shown for eye guidance. (c—f) Maps of the
background signal intensity (c, e) associated with morphol-
ogy and of the background-corrected Li 1s intensity (d, f),
which represents reaction product distribution of oxygen
exposed lithiated MLG (c, d) and CNW (e, f) samples.

spectromicroscopic data shown in Figure 5c—f, we
found that, in micron scale, the coverage by reduction
products is more uniform for carbon nanowalls than
for multilayer graphene. In the latter case, lithium
most probably goes to the surface via the defects
and domain boundaries, thus leading to a formation
of large product particles, nonuniformly distributed
across the surface. As such particles can grow, leaving
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Figure 6. (a) C 1s photoemission spectra obtained after
oxygen exposure of lithiated CNW (256 L, red points), MLG
(320 L, green points), and SLG (350 L, black points) samples.
(b—c) O 1s (b) and C 1s (c) photoemission spectra of pristine
graphene, potassium intercalated sample, and the same
sample during oxygen exposure. Experimental data are
shown as circles; black curves represent the fitting results.
Insets in (a) and (c) reveal the 292—288 eV range with fitted
background subtracted and 20-fold increased intensity
scale.

the carbon surface partially uncovered, we observe a
maximum in Li:C ratio dependence on oxygen exposure.

In all materials under consideration (SLG, MLG, and
CNW), lithium peroxide was identified as the final re-
duction product. In this study, we saw no evidence of
its reactivity toward carbonaceous materials, although
such a reaction is thermodynamically permitted for
bulk substances (see Table ST and work by McCloskey
et al)® DFT calculations on small clusters (Table S2,
Supporting Information) yielded negative formation
enthalpies as well; however, even a day-long observa-
tion of lithium peroxide on the surfaces of the materials
under study did not reveal any carbonate signal in C 1s
spectra (Figure 6a). As the CNW samples are expected
to be the most reactive due to the large amount of
defects (see Raman spectra in Figure S5, Supporting
Information), we heated lithiated and oxygen exposed
CNWs with Li,O, formed on its surface up to 500 °C, but
still no C 1s evolution was observed up to the Li,O,
thermal stability limit, which is estimated to be about
450 °C. At this temperature, thermal decomposition
of lithium peroxide occurs (Li»O, = Li;O + '/,0,) and
lithium oxide is being formed (see O 1s and valence
band spectra in Figure S11, Supporting Information).
We have also probed the reactivity of lithium peroxide
with carbon dioxide. Although Li,0, is known as a CO,
scavenging agent, we found that dry CO, does not
react with lithium peroxide rapidly even at the surface,
as most probably such a reaction can be strongly
promoted by humidity.*®

In contrast to oxygen exposure of lithiated gra-
phene, in the case of the epitaxial graphene interca-
lated with potassium, carbonate is produced after
treatment with oxygen. Along with the formation of
oxide (K,0) and peroxide (K,0,), oxygen exposure of
potassium-intercalated graphene results in the gen-
eration of superoxide (KO,) that is thermodynamically
stable at room temperature and can be identified in O
1s spectra in Figure 6b.2%** At the same time, we detect
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carbonate in the C 1s spectrum (Figure 6¢). The carbon-
to-carbonate conversion is estimated to be around
3%. Interestingly, that this value is roughly the same
as the fraction of defects in the pristine graphene,
grown at 600 °C (see Figure S2, Supporting Information).
This finding leads us to a supposition that these are the
oxygen-free imperfections in sp® carbon, which are
responsible for the reactions with superoxide species.
That agrees with our previous hypothesis on carbon
reactivity toward superoxide intermediates produced in
lithium—air batteries;'® however, further detailed studies
are required to find a reliable way toward stable elec-
trode materials for oxygen reduction in aprotic media.

CONCLUSIONS

In conclusion, we have shown that oxygen reduction
on the surface of lithiated graphene and graphene-based

METHODS

Single layer graphene was prepared in situ under UHV
conditions by CVD on Ni(111) single-crystalline film3°> A
10 nm thick Ni film was grown epitaxially on a W(110) single
crystal; then graphene was grown by exposure to 1 x 107°
mbar of propylene (C3Hg) at 590 or 600 °C for 5 min. Under these
conditions, propylene decomposition reaction is self-limited to
provide the formation of a single graphene layer. After each step
of the preparation, sample quality was controlled using LEED.

The CNW films were grown ex situ in the DC glow discharge
plasma in a mixture of hydrogen and methane, as described
elsewhere3° Substrate temperature was held at 800 °C. The
duration of the film deposition was 25 min. MLG samples were
fabricated ex situ by CVD on nickel polycrystalline 25 um thick
foils according to a procedures described previously.>® Synthe-
sis was performed in two steps, including annealing of nickel foil
and further film growth at 815 °Ciin a methane/hydrogen/argon
mixture for 20 min. For cleaning, CNW and MLG films were
annealed at 400 °C for 30 min and “flashed” three times at
550 °C for short periods of time to remove surface contaminations.

Lithium was deposited using the Li dispenser (SAES): 3 A for
SLG, 6 A for MLG and CNW. The amount and deposition rate
were controlled by a quartz microbalance and was set to
0.2 A/min. After lithium deposition, samples were heated at
150 °C for 15 min to facilitate Li intercalation. Lithiated carbon
samples were exposed to oxygen at 1 x 10~ mbar.

ARPES experiments were performed using a photoelectron
spectrometer equipped with a Scienta SES-200 hemispherical
electron energy analyzer and a high flux He resonance lamp
(Gammadata VUV-5010) in combination with a grating mono-
chromator. All ARPES spectra were acquired at room tempera-
ture and a photon energy of 40.8 eV (He llat), with an angular
resolution of 0.2° and a total energy resolution of 50 meV. Electron
band dispersions were measured along the I'-K—M direction of
the Brillouin zone by varying the polar-emission angle.

X-ray photoelectron spectroscopy (XPS) experiments were
performed in Helmholtz Zentrum, Berlin, at RGBL beamline.
Photoemission spectra were acquired using a SPECS Phoibos
150 electron energy analyzer at a base pressure better than
5 x 107 '° mbar. Total energy resolution was not worse than
0.1 eV. Photon energy was calibrated using second-order
reflection of the diffraction from the plane grating. The energy
scale of the electron analyzer was calibrated using the Au 4f
line. The reproducibility of binding energy determination was
estimated to be better than 0.05 eV. Spectra were fitted
by Gaussian/Lorentzian convolution functions using a Unifit
2014 data processor. Asymmetry of the sp? component in C 1s
core-level spectra was described with Doniach—Sunjic

KATAEV ET AL.

materials is accompanied by Li deintercalation and
consequent lithium oxide and peroxide formation.
We did not observe any reaction of graphitic carbons
with peroxides and oxides produced in situ, while the
appearance of superoxide species that were formed on
potassium-intercalated graphene samples after oxy-
gen exposure resulted in carbonate generation even
for oxygen-free graphene. These findings reveal that it
is the superoxide species that cause carbon-to-carbo-
nate transformation, but it is still not completely clear
what are the active sites in oxygen-free carbonaceous
materials that are vulnerable to superoxide attacks. We
believe that further investigation of graphene redox
chemistry can shed light on this problem and facilitate
the search for stable electrode materials for oxygen
redox in aprotic media, thus enabling sustainable high-
energy lithium—air batteries.

functions. Spectral background was optimized using a combi-
nation of Shirley and Tougaard functions simultaneously with
spectral fitting. Atomic fractions were calculated from peak
intensities obtained at fixed kinetic energy (more than 150
eV) normalized by photoionization cross sections and photon
flux (see the Supporting Information for details).

The Li 1s photoemission and background intensity maps
were acquired at Spectromicroscopy beamline of Elettra
Sincrotrone in Trieste with 74 eV photon energy and 500 nm
spatial resolution. The background was mapped using the
integral intensity of signal in the 23.8—26.3 eV kinetic energy
range. To obtain chemical contrast, the maps were recorded
centering the kinetic energy window at 15 eV. The background
intensity was then subtracted from the Li 1s intensity to obtain
the Li 1s intensity lateral distribution.

DFT calculations were performed using a generalized gradi-
ent approximation (GGA) using the VASP package with projec-
tor augmented waves (PAW) functional to optimize the atomic
structures. 5 x5 k-points mesh of the first Brillouin zone and a
2v/3 x 2v/3 supercell of the bilayered graphene were used for
calculations. For the first approximation, we used clusters of
minimal that allow maintaining a proper stoichiometry. All three
calculated structures were isomeric. For the reference structure
of LiCs + O, and for all other structures with excessive oxygen,
oxygen in a form of an O, molecule was placed at infinity, i.e., far
enough from the graphene surface to avoid any interaction. The
geometry was fully optimized. For comparison, we modeled
bulk structures of Li,O and Li,O, using the same calculation
conditions. The chemical shift in XP spectra for an atom of interest
was calculated in initial state approximation as a variation of
electrostatic potential taken in the center of the atom.>
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