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a b s t r a c t
Lithiated graphite and lithium thin ﬁlms have been used in fusion devices. In this environment, lithiated graphite
will undergo oxidation by background gases. In order to gain insight into this oxidation process, thin (b 15 monolayer
(ML)) lithium ﬁlms on highly ordered pyrolytic graphite (HOPG) were exposed to O2(g) and H2O(g) in an ultra-high
vacuum chamber. High resolution electron energy loss spectroscopy (HREELS) was used to identify the surface
species formed during O2(g) and H2O(g) exposure. Auger electron spectroscopy (AES) was used to obtain the relative
oxidation rates during O2(g) and H2O(g) exposure. AES showed that as the lithium ﬁlm thickness decreased from 15
to 5 to 1 ML, the oxidation rate decreased for both O2(g) and H2O(g). HREELS showed that a 15 ML lithium ﬁlm was
fully oxidized after 9.7 L (L) of O2(g) exposure and Li2O was formed. HREELS also showed that during initial exposure
(b0.5 L) H2O(g), lithium hydride and lithium hydroxide were formed on the surface of a 15 ML lithium ﬁlm. After
0.5 L of H2O(g) exposure, the H2O(g) began to physisorb, and after 15 L of H2O(g) exposure, the 15 ML lithium ﬁlm
was not fully oxidized.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The understanding of plasma material interactions and impurity
control within fusion devices is a necessary step towards the utilization
of fusion energy [1]. Lithium conditioning of the graphite ﬁrst wall
materials in the National Spherical Torus Experiment (NSTX) has been
shown to result in a reduction of deuterium recycling and impurities
resulting in improved plasma performance [2]. However, a complete
understanding of the mechanism by which lithium conditioning
improves deuterium recycling and impurity reduction has not yet
been achieved.
The ﬁrst step in understanding how lithium conditioning improves plasma performance is to develop a thorough understanding
of how lithium conditioned graphite initially reacts with trace gases
present in fusion experiments such as the NSTX. Oxygen containing
gas molecules such as CO(g) and H2O(g) readily oxidize metallic lithium and are expected to react with the lithium conditioned graphite
plasma facing components of fusion reactors. As a result, it is of interest to characterize these reactions and the chemical composition of
the lithium conditioned graphite in plasma facing components in fusion reactors.
Previous work, motivated by plasma material interaction research,
has probed how lithium conditioned graphite interacts with deuterium
ions. This research has provided information about the oxidation states
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of the chemical elements on the surface and has shown that oxygen is
present on the lithium conditioned graphite surface [3]. However, the
assignment of oxide and hydroxide species at the surface has not been
fully accomplished. Skinner et al. exposed lithium ﬁlms to CO(g),
H2O(g), and O2(g), ﬁnding that a 6.8 ML lithium ﬁlm on polycrystalline
molybdenum fully oxidized after 5 L of H2O(g) or O2(g) exposure, and
that the oxidation rate is four times slower for CO(g) than for H2O(g)
and O2(g) [4]. Other studies have explored lithium oxidation by exposing
clean lithium ﬁlms to H2O(g), and O2(g) [5,6]. They have found a coverage
of 1 ML Li2O resulted after exposure of the lithium surface to 6 to 7 L for
O2(g) and 11 to 12 L for H2O(g). While the work of these authors has
provided a solid initial foundation, further work is required to
gain a full understanding of the initial oxidation of lithium ﬁlms,
and how a graphite substrate affects the initial lithium oxidation
process. Additionally, information about the chemical bonds present
at the surface of lithium conditioned graphite remains uncertain and
no studies have used vibrational spectroscopy to probe this oxidation process.
This paper presents the results of HREELS studies of thin ﬁlms of lithium on HOPG at 100 K exposed to H2O(g) and O2(g). It also presents the
results of AES studies of the oxidation of lithium conditioned graphite by H2O(g) and O2(g). Both HREELS and AES are surface sensitive
spectroscopic techniques that allow for the identiﬁcation of chemical bonds and elemental species present on surfaces. When used to
study the oxidation of lithium conditioned graphite, a more complete picture of the oxidation process and the substrate effects can
be obtained.
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2. Experimental
A 10 mm × 10 mm × 1 mm HOPG grade A sample (Structure Probe,
Inc.) was used as the graphite substrate in these experiments. The
HOPG was mechanically exfoliated using scotch tape, mounted in the
chamber, then annealed to 1000 °C in ultra-high vacuum (UHV) for
10 min in order to produce a clean sample. The annealing was repeated
prior to each experiment to produce the clean sample as determined by
AES.
The experiments were conducted in a stainless steel UHV chamber
with a base pressure of 6.2 × 10− 11 Torr. It includes an introduction
chamber, preparation chamber and HREELS chamber. The preparation
chamber contains a PHI Model 10-155 cylindrical mirror analyzer
Auger electron spectrometer with an electron take-off angle of 42.5°,
used to obtain the AES data. There are multiple Varian leak valves for introducing gases to the system, an RBD 04-172 Ion Gun, and a Stanford
Research Systems RGA 200 mounted on this chamber. The HREELS
chamber houses an LK Technologies ELS 3000, which was used to obtain
the HREEL spectra in these experiments.
After the HOPG sample is mounted in the chamber and cleaned, lithium was deposited on the sample using a lithium metal dispenser purchased from SEAS Getters [7]. In order to reduce the amount of lithium
intercalating into the HOPG and to study the nascent chemical reactions
on the surface, the HOPG sample was cooled to 100 K using liquid nitrogen before Li deposition. At this temperature, intercalation of Li into the
graphite sample is limited, as indicated both by the constant Li AES
signal following deposition, and the measured diffusion constant of Li
perpendicular to the basal plane of graphite as determined by Itou,
et al. [8]. Based on the measured diffusion constant, it is estimated to
take longer than 1 h for one ML of Li to intercalate into the graphite sample at 100 K. Dosing with oxygen or water, and subsequent spectroscopic analysis takes less than 40 min typically. The amount of lithium
deposited on the surface of the HOPG at 100 K was observed by monitoring the suppression of the carbon Auger electron signal from the
HOPG after lithium deposition. One ML of lithium corresponds to
8.3 × 1014 atoms/cm2, based on the density of bulk lithium.
AES kinetic data was collected, in the derivative mode, by using the
Auger spectrometer to repeatedly scan over the energy region 480 to
530 eV, which contains the oxygen Auger peak at 510 eV, during the
controlled gas exposure at a pressure of 1 × 10−8 Torr. This peak position does not change during the data collection. The Auger spectrometer
was scanned at a rate of 5 eV/s, resulting in the acquisition of an Auger

Fig. 1. An example oxygen uptake experiment conducted using AES to continuously scan
over 480 to 530 eV in order to monitor the increase in the oxygen Auger electron signal
during exposure to O2 at 1 × 10−8 Torr. Red data points indicate oxygen peak positions
and the blue points represent peak-to-peak oxygen Auger intensity.

121

oxygen peak scan every 10 s. A Python script was written to ﬁnd
the peaks and calculate the peak-to-peak height. An example oxygen
uptake spectrum is shown in Fig. 1.
AES was also used to determine the relative concentrations of elements on the surface. The handbook of Auger Electron Spectroscopy
and the software AugerScan made by RBD [9,10], provide relative sensitivity factors (RSFs) for primary beam energies of 3, 5, and 10 keV but
not 1.5 keV. As a result, the RSFs were adjusted using equations for
the ionization cross-section [11] and the backscatter correction factor
[12]. More information about this correction procedure can be found
in the Supplementary Information.
3. Results and discussion
3.1. Auger measurements of Li deposition
AES was used to follow the suppression of the HOPG carbon Auger
electron signal during lithium deposition. This data is presented below
in Fig. 2 along with plots from theoretical models describing various
common thin ﬁlm growth modes.
The data in red in Fig. 2 represents actual data collected during lithium
deposition using the Saes alkali metal dispenser (AMD). The SAES Getters
AMD is capable of producing a well controlled and constant deposition
rate [12]. Therefore, the deposition time is directly proportional to the
amount of lithium being deposited on the surface. The four other curves
in Fig. 2 show what the HOPG carbon Auger electron intensity decrease
would be as a function of deposition time if the lithium ﬁlm grows according to one of four common thermodynamic growth modes. These growth
modes are the Volmer–Weber (VW), Stranski–Krastanov (SK), Frank–
Van der Merwe (FM), and simultaneous multilayer (SM). All four of
these growth modes assume sufﬁcient mobility of Li at the deposition
temperature, that the growth is not kinetically limited over the time of
the measurement. Both the VW and SK modes involve the deposited
lithium atoms, coalescing and growing as islands. The difference between
the VW and SK modes is that in the SK mode, an atomically smooth, uniform, and complete initial ML is ﬁrst grown followed by island growth,
but in the VW mode, island growth occurs from the beginning without
the formation of an atomically smooth, uniform, and complete initial
ML. The FM mode involves a layer-by-layer growth, where the deposited

Fig. 2. HOPG carbon AES signal suppression versus lithium deposition time. IC∞ is the
carbon AES signal from clean HOPG and IC is the carbon signal after lithium deposition.
The Li on HOPG data (red) is the experimental data collected during lithium deposition
at 100 K. The SM (simultaneous multilayer) mode, the FM (Frank–Van der Merwe)
mode, the SK (Stranski–Krastanov) mode, and the VW (Volmer–Weber) mode are
theoretical data points calculated from models describing these modes. The lithium
deposition rate is 1 ML of Li per 19 s and the percentage of island coverage on the
surface is chosen to be 50.
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lithium atoms form atomically smooth, uniform, and complete monolayers before the subsequent layer begins to form in the same fashion.
The SM mode results from deposited atoms sticking to the surface
where they initially land. The SM mode can best be described as stacks
of lithium atoms covering the surface. The heights of the lithium atom
stacks are expected to obey a Poisson distribution centered on the average
thickness of the lithium ﬁlm.
It was not possible to predict by which of these growth modes lithium
deposition would occur, nor has any previous research determined the
growth mode of lithium on HOPG. Therefore, to obtain an understanding
of how the lithium thin ﬁlms grew on the HOPG surface, it was necessary
to compare the actual lithium deposition data to the models describing
the VW, SK, FM, and SM growth modes. The shape of the plot of carbon
Auger electron intensity decrease versus deposition time resulting from
the VW, SK, FM, and SM models, will depend on the deposition rate and
the percentage of island coverage on the surface. The deposition rate, in
monolayers (ML) of lithium per second, and the percentage of island
coverage on the surface were varied from 1 ML per 10 s to 1 ML per
30 s and from 25% to 75% island coverage in order to see which growth
mode ﬁt the actual data the best. Deposition rates less than 1 ML per
15 s and more than 1 ML per 25 s resulted in curves that decreased too
rapidly and too slowly, respectively, and did not ﬁt the actual deposition
data. Additionally, the actual data did not ﬁt the two VW or SK models
involving island growth unless the percentage of island coverage was
greater than 95, and at this limit the VW and SK modes become the FM
mode. Therefore, it was concluded that the lithium was not growing
according to either the VW or SK modes. However, as Fig. 2 shows, the
actual data closely ﬁt the FM and SM growth modes. When the lithium
deposition rate was chosen to be 1 ML per 20 s, the actual data closely
matched the FM mode, and when the lithium deposition rate was chosen
to be 1 ML per 18 s, the actual data closely matched the SM mode. The
SM and FM modes produce very similar curves in general, as seen in
Fig. 2, and with the data collected during the lithium deposition, it
was not possible to distinguish between the FM and SM growth
modes. As a result, a lithium deposition rate of 1 ML per 19 s was chosen
to represent the actual rate of lithium deposition used in the following
experiments. This rate of 1 ML per 19 s was used to deposit controlled
and calibrated amounts of lithium on HOPG during the experiments
reported here.
Eq. (1) describes the layer-by-layer FM growth mode used in the
previous discussion.
"
ICðHOPGÞ ¼ ICðHOPGÞ∞ exp −

x
cosðϕÞλLið272 eVÞ

#
ð1Þ

where IC(HOPG)∞ is the intensity of the carbon Auger signal from clean
thick HOPG, ϕ is the takeoff angle of the electrons from the surface
relative to the surface normal, λLi (272eV) is the inelastic mean free path
(IMFP) of the carbon Auger electron through the lithium ﬁlm, and x is
the thickness of the lithium overlayer in Å. The value for λLi (272 eV)
was taken from the NIST electron IMFP database [13].

Fig. 3. O2(g) AES oxygen uptake curves for 1 (red), 5 (green), and 15 (black) ML lithium
ﬁlms on HOPG at 100 K. The O2(g) partial pressure was 1 × 10−8 Torr during the oxygen
uptake experiments.

the initial sticking coefﬁcients for O2(g) on clean lithium ﬁlms and are
presented in Table 1.
In order to determine why the oxygen uptake curve for the 15 ML
lithium ﬁlm saturates after approximately 9.5 L of O2(g) exposure,
three scenarios can be considered. These three scenarios all assume
that O2(g) reacts with the lithium ﬁlms to form Li2O. The ﬁrst scenario
suggests that the Li2O ﬁlm has grown beyond the AES probe depth.
The probe depth for AES is deﬁned as three times the IMFP of an oxygen
Auger electron. The IMFP of an oxygen Auger electron is 16.2 Å in Li2O,
giving a probe depth of approximately 48.6 Å. Again, all IMFP values are
taken from the NIST electron IMFP database [13]. A 15 ML lithium ﬁlm
contains approximately enough lithium to produce 6.7 ML of Li2O if
the lithium fully reacts to form Li2O, assuming that the 15 ML lithium
ﬁlm has the density of lithium metal. A 6.7 ML ﬁlm of Li2O has a thickness of only 18.4 Å. This value is less than half of the AES probe depth.
As a result, the AES oxygen uptake curve saturation is not a result of
the Li2O ﬁlm growing beyond the AES probe depth.
The second scenario proposes that the 15 ML lithium ﬁlm has passivated and O2 can no longer diffuse through the lithium oxide ﬁlm and
oxidize the underlying lithium metal. AES survey scans taken after the
O2(g) oxygen uptake experiment show that there is no lithium metal
Auger electron signal, suggesting that there is no unreacted lithium
metal on the surface. Metallic Li has an Auger electron peak at 52 eV
and 40 eV [14,15] Therefore, the saturation level in Fig. 3, above, is not
the result of the lithium ﬁlm passivation, leaving the bottom-most
lithium monolayers unreacted.

3.2. Thin Li ﬁlms on HOPG exposed to O2
3.2.1. O2 auger electron spectroscopy oxygen uptake experiments
Auger electron spectroscopy (AES) was used to follow the oxygen
uptake of 1, 5 and 15 ML lithium ﬁlms on highly ordered pyrolytic
graphite (HOPG) at 100 K during O2(g) exposure at a constant pressure
of 1 × 10−8 Torr. These oxygen uptake curves are shown in Fig. 3.
From Fig. 3, it can be seen that as the initial lithium ﬁlm thickness
increases from 1 to 5 to 15 ML, the oxygen uptake curves saturate at
higher oxygen AES signal intensities and at longer O2(g) exposures.
Additionally, the initial slopes of the oxygen uptake curves decrease
from 15 to 5 to 1 ML initial Li ﬁlm thickness. These initial slopes provide

Table 1
Sticking coefﬁcients determined by linear regression ﬁts to the initial slope data for oxygen
AES signal vs O2 exposure curves from Fig. 3. The sticking coefﬁcients have been normalized to the sticking coefﬁcient from the AES oxygen uptake curve for the 15 ML lithium
ﬁlm.

Relative initial sticking coefﬁcients

15 ML Li

5 ML Li

1 ML Li

1.00 ± 0.09

0.82 ± 0.07

0.78 ± 0.06
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The most likely scenario to explain the 15 ML lithium oxygen uptake
curve saturation is that the whole 15 ML lithium ﬁlm has been oxidized
by the O2(g). With the saturation value from the oxygen uptake curve of
the 15 ML lithium ﬁlm corresponding to the AES oxygen signal intensity
from a 6.7 ML Li2O ﬁlm (since a 15 ML lithium ﬁlm contains approximately enough lithium to produce 6.7 ML of Li2O) and using a layer
by layer oxide growth model, it is possible to calculate the AES oxygen
signal intensity corresponding to the formation of the 1st, 2nd, 4th,
and 6.7th MLs of Li2O using Eq. (2) below:
"
I6:7 ML
¼
InML

1− exp −
"
1− exp −

6:7 ML
cosðϕÞλLi2 Oð510eVÞ
nML
cosðϕÞλLi2 Oð510eVÞ

#
#

ð2Þ

where I6.7 ML is the oxygen AES signal corresponding to 6.7 ML of Li2O;
InML is the AES oxygen signal intensity corresponding to the nth ML of
Li2O; ϕ is the takeoff angle of the electron from the surface relative to
the surface normal; and λLi2O(510eV) is the IMFP, in units of Li2O MLs, of
the oxygen Auger electron through the Li2O layer. Using Eq. (2) and
the data from Fig. 3, the exposures at which the formation of 1, 2, 4,
and 6.7 ML of Li2O occur can be calculated. These values are presented
in Table 2, below.
Under the conditions of these experiments, it can be seen that 1 ML
of Li2O is formed after just 0.36 L of O2(g) exposure and the 15 ML of lithium ﬁlm is fully oxidized after 9.70 L of O2(g) exposure.
As mentioned above, Fig. 3 shows a decrease in the initial sticking
coefﬁcients as the initial lithium ﬁlm thickness decreases from 15 to 5
to 1 ML. These initial sticking coefﬁcient values are presented in Table
1, above. Previous studies have shown that lithium transfers its valance
electron to the conduction band of graphite [14]. This electron transfer
can make the lithium less reactive towards electronegative molecules
such as O2(g). The effect of this electron transfer process would be strongest for the lithium monolayer closest to the HOPG substrate, and this
trend is seen in the data as a decrease in the initial sticking coefﬁcients
as the lithium ﬁlm gets thinner from 15 to 5 to 1 ML. However, this
decrease in the initial sticking coefﬁcient could also be the result of an
SM growth mode of the lithium thin ﬁlm on graphite, since 5 and
15 ML lithium ﬁlms grown according the SM growth mode would likely
exhibit kinks and step edges, providing sites of relatively high reactivity
and resulting in a higher initial sticking coefﬁcient than the case for a
1 ML lithium ﬁlm.
3.2.2. O2 HREELS
In addition to AES, HREELS was used to follow the oxidation by O2(g)
of a 15 ML Li ﬁlm on HOPG at 100 K. The results of these experiments are
presented in Fig. 4.
HREEL spectra were taken at 0.25, 0.5, 0.75, 1, 3, and 5 L of sequential
O2(g) exposure. At 0.25 L O2(g) exposure, a small broad peak is seen at
600 cm−1. As the O2(g) exposure increases from 0.25 to 5 L, this peak
gradually shifts to 705 cm−1 and increases in intensity, suggesting this
peak is a result of the reaction between O2(g) and lithium. Additionally,
in the HREEL spectrum taken after 0.5 L of O2(g), the lack of a peak at
3700 cm−1 indicates the peak at 705 cm−1 is not the result of H2O(g)
contamination from the vacuum chamber's background gas forming
LiOH, which has a υ(O\\H) peak around 3700 cm−1. Rather, this peak
at 705 cm−1 must be a result of the interaction between O2(g) and the

Fig. 4. HREEL spectra of a 15 ML lithium ﬁlm on HOPG at 100 K after 0.25, 0.50, 0.75, 1.00,
3.00, and 5.00 L of O2(g) exposure. O2(g) partial pressures used during these exposures
were 1 × 10−8 Torr. The typical resolution and elastic peak intensity of the spectra was
40 cm−1 fwhm and 20,000 cts/s.

lithium ﬁlm. The absence of a peak between 850 and 1200 cm−1, due
to the presence of molecular O2(g) adsorbed on the surface, suggests
the O2(g) dissociates upon adsorption on the lithium surface [15,16].
Off-specular HREEL spectra also do not show a peak between 850 and
1200 cm− 1. This conﬁrms that the O2(g) dissociates upon adsorption
on the lithium surface. There is also a small peak at 1400 cm−1.
This peak is the result of a double scattering event for the peak at
700 cm− 1. After higher exposures (above 3 L O2(g)), another peak is
seen around 3700 cm− 1 in the HREELS data. After long exposure,
background H2O(g) exposure is large enough to result in the formation of LiOH. This peak is the result of the lithium oxide reacting
with trace amounts of H2O(g) in the vacuum chamber to form LiOH.
Previous reﬂection infrared spectroscopic studies have shown that
Li2 O exhibits a longitudinal phonon mode at 737 cm− 1 [17]. The
705 cm− 1 peak seen is Fig. 3 is most likely the result of the phonon
mode of Li2O, suggesting the 15 ML lithium ﬁlm reacts with incident
O2(g) to form Li2O.
HREEL spectra were recorded immediately after the AES oxygen
uptake experiments for the 1, 5, and 15 ML Li ﬁlms on HOPG at 100 K
exposed to 15 L O2(g). These spectra are shown in Fig. 5.
Fig. 5 shows that as the initial lithium ﬁlm thickness increases, which
results in the formation of thicker Li2O ﬁlms, the peak at 600 cm−1
grows in intensity and shifts towards a higher energy of 700 cm−1.
Again, Li2O is known to have a longitudinal phonon mode at
737 cm−1 [17]. Another feature seen in Fig. 5 is υ(O-H) at 3700 cm−1.
This feature suggests that the Li2O ﬁlm experiences terminal hydroxylation for lithium ﬁlm thicknesses of 5 ML lithium or larger. Again, the

Table 2
O2(g) exposures at which 1, 2, 4 and 6.7 ML of Li2O are formed.

O2 exposure (L) (l(L)

1 ML Li2O

2 ML Li2O

4 ML Li2O

6.7 ML Li2O

0.36

0.82

2.11

9.70

Fig. 5. HREEL spectra taken after the 15 L of O2(g) exposure from the AES oxygen uptake
experiments for 1, 5, and 15 ML lithium ﬁlms on HOPG at 100 K. The typical resolution
and elastic peak intensity of the spectra was 35 cm−1 fwhm and 50,000 cts/s.
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peak around 1400 cm−1 seen in the HREEL spectrum from an oxidized
15 ML lithium ﬁlm, is attributed to a double scattering event related to
the peak around 700 cm− 1. The data suggests that as the Li2O ﬁlm
increases in thickness, the HREEL spectra corresponds to spectra consistent with Li2O. Also, as the oxidized lithium ﬁlm thickness increases, it
becomes more susceptible to terminal hydroxylation.
Auger spectroscopy survey scans were taken after the AES oxygen
uptake experiments for the 1, 5, and 15 ML lithium ﬁlms on HOPG at
100 K exposed to 15 L O2(g). Using Auger sensitivity factors, these
scans allow for the calculation of the ratios of the atomic concentrations
of lithium to oxygen, assuming a homogenous ﬁlm composition. These
ratios are presented in Table 3, below.
Table 3 shows that as the initial lithium ﬁlm thickness increases, the
ratio of lithium to oxygen decreases and approaches 2 to 1, the ratio
expected for Li2O. This trend in the AES lithium to oxygen ratios,
combined with the trends seen in the HREELS data, suggests that as
the oxidized lithium ﬁlm thickness increases, it exhibits properties
that are characteristic of Li2O and grows into bulk Li2O.
3.3. Thin Li ﬁlms on HOPG Exposed to H2O
3.3.1. H2O exposure oxygen uptake experiments
AES was used to follow the oxygen uptake by 1, 5 and 15 ML lithium
ﬁlms on highly ordered pyrolytic graphite (HOPG) at 100 K during
H2O(g) exposure at a constant pressure of 1 × 10− 8 Torr. These AES
oxygen uptake curves are shown in Fig. 6.
From Fig. 6, it can be seen that as the initial lithium ﬁlm thickness
increases from 1 to 5 to 15 ML, the oxygen uptake curves saturate at
higher oxygen AES intensities and at longer H2O(g) exposures. Additionally, the initial slopes, from 0 to 0.5 L exposure, obtained by linear
regression ﬁts of the initial exposure data from these oxygen uptake
curves, decrease from 15 to 5 to 1 ML, as can be seen in Table 4,
below. This decrease in the initial sticking coefﬁcient for H2O(g) is very
comparable to the decrease seen for O2(g), which decreased from 1.0
to 0.78 as the initial lithium ﬁlm thickness increased.
Control experiments were conducted to identify any electron beam
effects during the AES oxygen uptake experiments. It was found that
turning off the electron beam at any point between 0 and 5 L of H2O(g)
exposure during the AES oxygen uptake experiments did not affect
the oxygen uptake curve. However turning off the electron beam after
5 L of H2O(g) exposure during the AES oxygen uptake experiments did
affect the oxygen uptake curve by allowing H2O(g) to condense on the
surface and increasing the oxygen AES signal. This indicates that the
electron beam stimulated the desorption of multilayer H2O(g). This condition also explains why the oxygen uptakes curves for H2O(g) exposure
saturate, rather than continue to increase from H2O(g) condensation.
However, in spite of the electron stimulated desorption, the saturation
values increase with increasing initial lithium thickness. This indicates
that an initial 15 ML lithium ﬁlm is able to react with more H2O(g)
than a 5 ML lithium ﬁlm and a 5 ML lithium ﬁlm is able to react with
more H2O(g) than a 1 ML lithium ﬁlm. Additionally, AES survey scans
taken after the oxygen uptake measurements show a small lithium
metal peak for the 15 ML lithium ﬁlm indicating that not all the lithium
has oxidized, unlike the analogous O2(g) oxygen uptake experiments
that show no lithium metal AES peaks.
When the relative initial sticking coefﬁcient of the O2(g) oxygen
uptake curve of a 15 ML lithium ﬁlm is compared to the H2O(g) oxygen
Table 3
Ratios of lithium to oxygen atoms in the 1, 5, and 15 ML lithium ﬁlms on HOPG at 100 K
after the 15 L of O2(g) exposure from the AES oxygen uptake experiments.
Atomic Conc.

Li

O

1 ML Li
5 ML Li
15 ML Li

3.6
2.7
2.4

1.0
1.0
1.0

Fig. 6. H2O(g) AES oxygen uptake curves for 1 (red), 5 (blue), and 15 (black) ML lithium
ﬁlms on HOPG at 100 K during H2O exposure. The H2O(g) partial pressure was
1 × 10−8 Torr during the oxygen uptake experiments.

uptake curve of a 15 ML lithium ﬁlm, it is found that O2(g) has a relative
initial sticking coefﬁcient of 0.95 and H2O(g) has a relative initial sticking
coefﬁcient of 1.00. These values have been normalized for the oxygen
stoichiometry of the adsorbing gases. These relative sticking coefﬁcients
of O2(g) and H2O(g) are in agreement with those found in previous
research work [5].
3.3.2. H2O HREELS
In addition to AES, HREELS was used to follow the oxidation by
H2O(g) of a 15 ML lithium ﬁlm on HOPG at 100 K. The results of these
experiments are presented in Fig. 7.
The HREEL spectrum taken after 0.0625 L H2O(g) shows peaks at 600
and 3688 cm−1. These peaks correspond to the υ(Li-OH) vibration and
the υ(LiO-H) vibration, respectively [18]. The spectrum taken after 0.5 L
of H2O(g) exposure, shows new peaks begin to grow in at 220, 800, 1600,
and 3400 cm−1, these peaks correspond to the frustrated translation,
frustrated rotation,
δ (O-H), and H-bonded υ(O-H) vibrations of adsorbed H2O(g) [19].
Fig. 6 shows that H2O(g), at a pressure of 1 × 10−8 Torr, will begin to
convert a 15 ML lithium ﬁlm on HOPG at 100 K into LiOH. However,
after approximately 0.5 L of H2O(g) exposure, H2O(g) begins to physisorb
on the surface indicating that the LiOH layer formed has passivated the
surface, slowing down and possibly preventing further oxidation. This
observation is in agreement with Zavadil et al. [5] who found that
after exposing bulk clean lithium to 66 L H2O(g) at 143 K, there were
XPS peaks in the oxygen region corresponding to hydroxide and
condensed H2O(g). However, over the course of two hours after the
66 L H2O(g) exposure, there was no evidence for further oxidation of
the lithium by the condensed H2O(g).
In Fig. 7, there is one peak that is not readily assigned. This is the
peak located at 952 cm− 1 and seen in the HREEL spectra taken after

Table 4
Sticking coefﬁcients determined by linear regression ﬁts to the initial slope data for oxygen
AES signal vs water exposure curves from Fig. 6. The sticking coefﬁcients have been normalized to the sticking coefﬁcient from the AES oxygen uptake curve for the 15 ML lithium
ﬁlm.

Relative Initial Sticking Coefﬁcients

15 ML Li

5 ML Li

1 ML Li

1.00 ± 0.09

0.86 ± 0.07

0.81 ± 0.07
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Fig. 7. HREEL spectra of a 15 ML lithium ﬁlm on HOPG at 100 K after 0.0625, 0.125, 0.25,
0.50, 0.75, 1.00, 3.00, and 5.00 L of H2O(g) exposure. H2O(g) partial pressure used during
these exposures was 1 × 10−8 Torr. The typical resolution and elastic peak intensity of
the spectra was 40 cm−1 fwhm and 20,000 cts/s.

0.0625 to 0.50 L H2O exposures. Hydrogen and deuterium isotopic
substitution experiments were conducted to determine the molecular
identity of this peak. The results of these experiments are shown in
Fig. 8.
Fig. 8 shows HREEL spectra after 15 ML lithium on HOPG at 100 K
was exposed to 0.125 L of D2O(g) and after 15 ML lithium on HOPG at
100 K was exposed to 0.125 L of H2O(g). As expected the peak at 3688
is shifted to 2716 cm−1, but the peak at 952 is shifted to 721 cm−1, indicating that the mode which gives rise to the peak at 952 cm− 1 involves an H atom. Two possibilities exist as to what mode produces
this peak: an Li-H stretch or an O–H bend from LiOH. The Li\\H bond
could have been formed during the initial reaction of H2O(g) with lithium producing LiOH and LiH. The expected frequency ratio for υ(Li–H)
to υ(Li-D) is 1.333. This would result in the peak at 952 cm− 1 in the
H2O exposed surface to be shifted down to 714 cm−1 in the D2O exposed surface if it is due to the υ(Li-D) peak. This is very close to the
peak's observed position of 721 cm−1. However, the frequency ratio
for δ(O–H) to δ(O–D) is 1.375. This would result in the peak at 952
shifting down to 692 cm−1, which is still close to the peak's actual position of 721 cm−1. Based on the observed isotopic shifts, it is likely that

Fig. 8. An HREEL spectra of a 15 ML lithium ﬁlm on HOPG at 100 K exposed to 0.125 L
H2O(g) (top) and an HREEL spectra of a 15 ML lithium ﬁlm on HOPG at 100 K exposed to
0.125 L D2O(g) (bottom). Both the H2O(g) and D2O(g) partial pressures used during these
exposures were 1 × 10−8 Torr. The typical resolution and elastic peak intensity of the
spectra was 25 cm−1 fwhm and 30,000 cts/s.
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this peak is the result of a υ(Li-H) vibration. Unfortunately the
24 cm−1 difference between the two predicted shifts is too small to
make a conclusive determination, given the resolution and signal
to noise ratio of the HREEL spectra seen in Fig. 8. Thus, consideration
of other related spectroscopic studies is needed to conﬁrm the assignment of this peak.
Previous infrared vibrational spectroscopic studies of metal hydroxides have found that the δ(O-H) of metal hydroxides typically are in the
range of 190 to 650 cm−1 [20–22]. Speciﬁcally, Wang and Andrews [20]
found that the δ(O-H) for matrix isolated NiOH, CoOH, FeOH, and MnOH
were 645, 450, 352, and 193 cm−1, respectively. They also found that for
every metal hydroxide the δ(O–H) was at a lower wavenumber than
the metal oxygen stretch. In addition to these studies, Acquista and
Abramowitz [21] performed similar work using alkali metals and
found that matrix isolated CsOH, RbOH, and NaOH had δ(O–H) frequencies of 302, 309, and 337 cm−1, respectively. Again, they also found that
for every metal hydroxide the δ(O–H) was at a lower frequency than the
metal oxygen stretch. While there have been no matrix isolation studies
of LiOH, Buchanan [22] and Yoshida and Hase [18] found, using IR spectroscopy on bulk LiOH(s), that LiOH has a δ(O–H) frequency of 426 and
421 cm− 1, respectively. In all these infrared vibrational studies of
metal hydroxides, it was found that the δ(O-H) was at a lower frequency
than the metal-oxygen stretch. The results of this work suggests that the
peak at 952 cm−1 is not a result of a δ(O–H) mode of LiOH, but most
likely the result of a υ(Li–H) stretching mode.
Another clue as to the nature of the peak at 952 cm−1 can be found
in the intensities of the peaks in the spectra taken after 0.0625, 0.125,
0.25 and 0.50 L H2O exposures, as seen in Fig. 7. At 0.0625 L H2O(g)
exposure, the HREEL spectrum shows a peak at 600 cm−1, corresponding to the Li-OH stretch and a peak at 952 cm−1, at half the intensity of
the 600 cm−1 peak, and a peak at 3688 cm− 1 corresponding to the
υ(LiO-H). As the H2O(g) exposure increases to 0.125 L, the 600 cm−1,
952 cm−1, and the 3688 cm−1 peaks increase in intensity proportionally
with exposure, and their relative intensities remain the same. However,
as the exposure increases to 0.25 L, the peaks at 600 and 3688 cm−1
increase in intensity proportionally to the H2O exposure, but the peak
at 952 cm−1 does not further increase in intensity. Its intensity remains
the same as in the HREEL spectrum for 0.125 L exposure. This can be
explained by the fact that at low H2O(g) exposures, when much of the
topmost lithium layer has not yet been oxidized to LiOH, H2O(g) reacts
with lithium to form LiOH and LiH. Then as H2O(g) exposure increases
up to 0.5 L, there are no longer free lithium atoms to react with an H
atom from an adsorbed H2O molecule preventing it from reacting to
form LiOH and LiH. This would also explain the passivation of the lithium
ﬁlm after about 0.5 L of H2O(g) exposure. If this peak were the result of an
O-H bend from LiOH, it would be expected to increase in intensity just as
the peaks at 600 and 3688 cm−1 increase in intensity. Thus, again it is
more likely the peak at 952 cm−1 is a result of an Li-H stretch rather
than an O-H bend from LiOH.
HREELS spectra where taken immediately after the AES oxygen
uptake experiments for the 1, 5, and 15 ML lithium ﬁlms on HOPG at
100 K exposed to 15 L H2O(g). These spectra are shown in Fig. 9.
Fig. 9 shows that as the initial lithium ﬁlm thickness increases, the
intensity of the LiOH peaks around 600 and the peaks at 3700 cm− 1
increase in intensity. This would be expected since a thicker initial lithium ﬁlm should produce a thicker LiOH ﬁlm. However, the υ(LiO-H) at
3700 cm−1 is only discernable in the HREEL spectrum for the 15 ML lithium surface. This could be the result of this small peak at 3700 cm−1
being obscured by the H-bonded υ(O–H) produced by adsorbed H2O.
Additionally, it is difﬁcult to discern a peak around 600 cm−1, corresponding to the υ(Li-OH), for the spectrum recorded after oxygen
uptake by a 1 ML lithium ﬁlm. As a result, it is not possible to conclude
that the 1 ML lithium ﬁlm produces LiOH after exposure to 15 L of H2O
during the AES oxygen uptake experiment. All three spectra show
similar intensities for the peaks corresponding to adsorbed H2O,
which are around 220, 800, 1600, and 3400 cm−1.
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4. Conclusions

Fig. 9. HREEL spectra taken after the 15 L of H2O(g) exposure from the AES oxygen uptake
experiments for 1, 5, and 15 ML lithium ﬁlms on HOPG at 100 K. The typical resolution and
elastic peak intensity of the spectra was 35 cm−1 fwhm and 50,000 cts/s.

Auger spectroscopy survey scans were also recorded after the AES
oxygen uptake experiments for the 1, 5, and 15 ML lithium ﬁlms on
HOPG at 100 K exposed to 15 L H2O(g). Using Auger sensitivity factors,
this data allows the calculation of the ratios of the atomic concentrations
of lithium to oxygen following saturation. These ratios are presented in
Table 5.
For the 1 ML lithium ﬁlm, AES survey scans show a lithium to oxygen
ratio of 3 to 1. The HREEL spectrum taken after the AES oxygen uptake
experiment of a 1 ML lithium ﬁlm, seen in Fig. 9 shows adsorbed H2O
on the surface. This HREEL spectrum would suggest that the AES lithium
to oxygen ratio of 3 to 1 is too high, since the 1 ML lithium ﬁlm HREEL
spectrum in Fig. 9 shows excess oxygen in the form of physisorbed
H2O. However, the HREEL spectrum was taken 30 min after the AES
survey scan was taken, and the H2O(g) background gas pressure was
an average of 1 × 10−9 Torr during those 30 min as a result of residual
H2O(g) from the AES oxygen uptake experiment. This would result in
an H2O(g) exposure of approximately 2 L and could explain the presence
of adsorbed H2O on the surface seen in the HREEL spectrum and the lithium to oxygen ratio of 3 to 1 found immediately after the H2O(g) oxygen
uptake experiment. Additionally, the lithium to oxygen ratio of 3 to 1
also provides evidence for the formation of LiH during the initial oxidation of the lithium ﬁlm by H2O(g). For the 5 and 15 ML lithium ﬁlms, the
formation of LiH and the passivation of the lithium ﬁlm, preventing the
oxidation of the deeper lithium layers, would result in a high lithium to
oxygen ratio that increases when going from initial lithium ﬁlms of 5 ML
to 15 ML. These high lithium to oxygen ratios are observed in the Auger
data to be 3.5 to 1 and 3.8 to 1 for the 5 ML and the 15 ML, respectively.

Table 5
Ratios of lithium to oxygen atoms in the 1, 5, and 15 ML lithium ﬁlms on HOPG at 100 K
after the 15 L of H2O(g) exposure from the AES oxygen uptake experiments.
Atomic conc.

Li

O

1 ML Li
5 ML Li
15 ML Li

3.0
3.5
3.8

1.0
1.0
1.0

The oxidation of lithium thin ﬁlms on HOPG by O2(g) and H2O(g) has
been studied using AES and HREELS. The AES oxygen uptake experiments have shown that as the initial lithium ﬁlm thickness on HOPG
decreased from 15 to 5 to 1 ML, the rate of oxidation by O2(g) decreased.
AES measurements also showed that a 15 ML lithium ﬁlm was fully
oxidized by O2(g) after 9.7 L of O2(g) exposure. HREEL spectra showed
that the 15 ML lithium ﬁlm exhibited peaks that were characteristic of
Li2O, and as the initial lithium ﬁlm thickness on HOPG increased from
1 to 5 to 15 ML, the HREEL peak positions moved closer to the positions
expected by the formation of Li2O. Additionally, HREEL spectra showed
that, even at 100 K and low exposures (b 0.5 L), O2(g) fully dissociated
upon reacting with the lithium thin ﬁlms.
AES oxygen uptake experiments have shown that as the initial
lithium ﬁlm thickness decreased from 15 to 5 to 1 ML, the rate of oxidation by H2O(g) decreased. However, this effect was less pronounced for
H2O(g) than for O2(g). This suggests that the HOPG substrate has a stronger effect on the oxidation of the lithium thin ﬁlms by O2(g) than by
H2O(g). AES measurements also showed that the 15 ML lithium ﬁlm
did not fully oxidize after 15 L of H2O(g) exposure, but the 5 and 1 ML
lithium ﬁlms did fully oxidize. HREEL spectra showed that the lithium
thin ﬁlm initially reacted with H2O(g) to form lithium hydride and lithium
hydroxide, but after 0.5 L of H2O(g) exposure, H2O(g) began to physisorb
on the lithium surface.
These results demonstrate how a graphite substrate can affect the
rate of oxidation of lithium thin ﬁlms, and what products were formed
during oxidation of lithium thin ﬁlms by O2(g) and H2O(g). This work
has provided insight into the initial oxidation processes of lithiated
graphite products, which are used in ﬁrst wall materials for thermonuclear fusion reactors, and also in lithium battery applications [23]. Additionally, the HREELS studies of the initial oxidation of lithium thin ﬁlms
by H2O(g) have provided a unique insight into the dissociation mechanism of H2O(g) on a lithium surface by showing vibrational evidence
for the formation of lithium hydride along with lithium hydroxide
surface species.
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