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The role of oxygen in the uptake of deuterium in lithiated graphite
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(Received 19 September 2013; accepted 20 November 2013; published online 10 December 2013)

We investigate the mechanism of deuterium retention by lithiated graphite and its relationship to
the oxygen concentration through surface sensitive experiments and atomistic simulations.
Deposition of lithium on graphite yielded 5%—-8% oxygen surface concentration and when
subsequently irradiated with D ions at energies between 500 and 1000 eV/amu and fluences over
10'®cm 2 the oxygen concentration rose to between 25% and 40%. These enhanced oxygen levels
were reached in a few seconds compared to about 300 h when the lithiated graphite was allowed to
adsorb oxygen from the ambient environment under equilibrium conditions. Irradiating graphite
without lithium deposition, however, resulted in complete removal of oxygen to levels below the
detection limit of XPS (e.g., <1%). These findings confirm the predictions of atomistic
simulations, which had concluded that oxygen was the primary component for the enhanced
hydrogen retention chemistry on the lithiated graphite surface. © 20/3 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4841115]

. INTRODUCTION

Lithium has reached a pervasive position as an advanced
material interface in novel applications including: solid-state
batteries, hydrogen storage, reactive fuel cells, and nuclear
magnetic fusion plasma-facing materials.'~ In many of these
systems, it is lithium’s unique relationship with hydrogen
that provides advanced performance. Lithium has also had a
historical impact in its use in nuclear reactor systems includ-
ing fission and fusion applications. Recently, lithiated carbon
has emerged as an attractive plasma-facing material in mag-
netic fusion devices.* Lithium’s low ionization energy
(~5.4eV), low heat of evaporation, and high sticking coeffi-
cient make it an excellent plasma-facing surface with very
low risk of contaminating the core plasma.’ In tokamaks,
hydrogen isotopes (i.e., deuterium and tritium) are the pri-
mary fuel and their interaction with the device walls is criti-
cal in determining fusion reactor performance. The average
incident particle energy of D and T particles at the walls
varies between 10 and 200 eV/amu. Under these conditions,
the penetration depth is below 10 nm. Therefore, the large-
scale fusion plasma is, in principle, dominated by a very thin
surface layer at the plasma-wall interface. Deciphering the
physical chemistry between hydrogen and lithium-based
surfaces, and correlating it to the performance of these fusion
devices has been challenging. This lack of understanding is
primarily a result of the extreme, far-from-equilibrium® con-
ditions to which these material’s surfaces are exposed.
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Lithium wall coatings have improved plasma perform-
ance on a number of fusion devices including TFTR,’
CDX-U.* FTU,” TJ-IL" T-11M,'"" EAST,"? and NSTX.’
These improvements have come via a reduction in deuterium
recycling in addition to a reduction in oxygen and carbon
impurities in the plasma. In other words, plasma perform-
ance improves due to deuterium uptake and this uptake is
enhanced with lithiated graphite. Thus, conditioning the
walls of magnetic nuclear fusion devices with low-doses of
about 100-1000nm equivalent lithium thin-film thickness
has been correlated with a substantial improvement in the
plasma energy confinement time. Initially, experimentalists
began studying lithium in its liquid state undoubtedly with
hopes of maintaining a pure and controllable surface to sim-
plify interpretation of the results.'® These studies enhanced
understanding of plasma-surface interactions with lithium
and led to the conjecture that deuterium binds with pure lith-
ium by forming lithium-deuteride (LiD). As a result, these
findings have been freely extrapolated to environments
where lithium is present with other species, such as lithiated
graphite in fusion devices. This paper is an extension of
recently published work by Krstic et al. that demonstrated
the importance of complex interactions between lithium and
graphite substrates with enhanced oxygen surface concentra-
tions and their effect on the increased deuterium uptake and
suppressed carbon erosion.'* Here, we solidify and fully val-
idate these findings by extensive experimental study which
shows the mechanisms for accumulating oxygen at the sur-
face of the lithiated graphite.

Lithiated graphite exhibits a complex and rich surface
chemistry. X-ray photoelectron spectroscopy (XPS) of virgin
AT]J graphite (cut and polished, but in an otherwise unaltered
state) reveals two spectral peaks at 284.5eV and 532 ¢V that

© 2013 AIP Publishing LLC
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correspond to C(1s) and O(ls) core electrons, respectively,
as shown in Figure 1. On average, oxygen accounts for ~5%
of the atomic surface concentration. Evaporating lithium
onto the graphite also readily introduces Li-O interactions in
the form of oxides, super-oxides, and peroxides.15

After depositing a 2-um lithium dose, the lithium imme-
diately begins to bind with oxygen present in the graphite,
and in addition, adsorbs oxygen from the ambient vacuum
(<1077 mbar in laboratory experiments).'®!” Unlike depos-
iting lithium films on a flat impermeable substrate, lithium
promptly intercalates into graphite.'’ Furthermore,
multi-scale micron and nanometer sample roughness
increases the sample surface area resulting in further devia-
tion from the nominal lithium dose that would be deposited
on a perfectly flat surface.'*

Depositing lithium typically increases the oxygen sur-
face concentration by a factor of two (up to ~10% oxygen
concentration) within 30 min following lithium deposition.
Subsequent deuterium bombardment further increases the
surface oxygen concentration to relative amounts reaching
40% in some samples. Deuterium bombardment results in
additional chemical interactions which are visible in both the
O(1ls) and C(1s) photoelectron ranges from XPS data in
Figure 1. These resultant Li-O-D and Li-C-D interactions
only appear when exposing lithiated graphite to deuterium
bombardment. The analyses exploit an indirect method of
observing deuterium interactions on lithiated graphite since
deuterium atoms do not emit sufficient photoelectrons to be
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FIG. 1. X-ray photoelectron spectra of lithiated graphite. Un-treated “virgin”
graphite (black) has two primary photoelectron peaks whose binding ener-
gies are characteristic of the presence of carbon C(1s) (~284eV), and oxy-
gen O(1s) (~532¢eV). Depositing lithium (red) on virgin graphite results in
the formation of a second peak in the O(1s) region (detail shown in O(1s)
inset), which is indicative of new chemistry. Deuterium ion bombardment
(blue) of lithiated graphite results in further enhanced chemistry in the O(1s)
energy range as well as the formation of a new peak (i.e., new chemistry)
observable in the C(Is) region (291.2eV). The latter peaks represent
deuterium-oxygen and deuterium-carbon bonds that are catalyzed by the
presence of lithium on graphite. Furthermore, oxygen surface concentration
of the lithiated graphite is greatly increased by deuterium bombardment.

J. Appl. Phys. 114, 223301 (2013)

detected via XPS. Further details can be found in previous
publications.'”!

Figure 2 shows the mean oxygen concentration after
deuterium irradiation for eight samples at various stages. Six
of the samples had a nominal lithium dose of 2 um deposited.
The variance in the data is a result in part due to the intrinsic
surface morphology of the ATJ graphite samples. In the con-
text of this paper, this issue is not examined and left for
future work. As one would expect, the reactive and electro-
negative nature of lithium attracts oxygen and modestly
increases the oxygen surface concentration. Deuterium ion
bombardment further increased the oxygen concentration.
Interestingly, irradiating the two samples where lithium was
not deposited (triangles) actually depletes the oxygen surface
concentration.

The startling result from Figure 2 is that the oxygen con-
centration increases dramatically during deuterium ion irra-
diation. Ion bombardment triggers a dynamic mechanism
that drives oxygen within the probing depth of XPS
(<8 nm). Moreover, there is a non-trivial oxygen concentra-
tion in the deposited lithium. Potential oxygen sources and
their contribution to the oxygen surface concentration is con-
voluted and is the focus of current investigations.

In this follow on of recently published work,"* the pri-
mary objective is to expand our understanding of oxygen
surface evolution and to detail its correlation to deuterium
retention from our recent atomistic simulations and in-situ
surface characterization of lithiated graphite exposed to low-
energy deuterium ions. In particular, we investigate the dra-
matic enhancement of oxygen accumulation on the lithiated
graphite surface and its role on deuterium retention. The
studies here focus on the dynamic behavior of irradiated
lithiated graphite under conditions both in thermodynamic
equilibrium and far-from thermodynamic equilibrium
(resembling extreme conditions such as plasma irradiation in
fusion devices). Specifically, in Sec. Il A we consider the
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FIG. 2. Oxygen surface concentration after deuterium irradiation with and
without lithium pre-conditioning. The x-axis represents experimental steps
and connecting lines are shown to track individual samples. The dotted lines
represent the average oxygen concentrations for the two processes and the
wide bands represent the extent of scatter in the data.
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oxygen concentration (1) as a function of time following lith-
ium deposition, (2) as a function of lithium dose, and (3) as
deuterium irradiation fluence increases. Atomistic simula-
tions are discussed in Sec. III B and confirm deuterium reten-
tion is primarily due to the oxygen within the simulated
matrix. The implications of this work directly affect wall-
conditioning techniques in nuclear fusion devices, as well as
lithium-based systems used in hydrogen storage, lithium bat-
teries, and semiconductor development.

Il. EXPERIMENTAL SETUP
A. Equipment and techniques

Experiments were conducted in the PRIHSM (Particle
Radiation Interaction of Hard and Soft Matter) and Omicron
facilities in the Birck Nanotechnology Center (BNC) at
Purdue University described in detail in Refs. 17 and 22,
respectively. GrafTech ATJ graphite samples are cut,
mechanically polished, and used in all experiments. In both
facilities, lithium evaporation is achieved using a custom-
built thermal evaporator. Lithium deposition rate is measured
using a quartz crystal microbalance (QCM) and nominal lith-
ium film thickness has been cross calibrated using cross sec-
tional scanning electron microscopy showing a 6% error in
depositing a 2 um film. Evaporating lithium on graphite,
however, does not result in epitaxial films due to intercala-
tion'”'? and substrate surface morphology; therefore, lithium
depositions are referred to as nominal doses. Ion irradiation
is typically conducted at 1000eV, but ion energy, flux, and
fluence vary according to experimental requirements. A
quadrupole mass spectrometer with a line-of-sight collection
of emitted species during irradiation measures the ion-
induced emission from the irradiated samples surface.
Coupling the QMS data with XPS data taken in-situ, the
effect of any contamination from either the evaporation or
irradiation sources can be determined. A separate experiment
used two different substrates to assess the effect of contami-
nation from the low-flux, low-energy ion source. First, a ma-
terial sample, GaSb, with high affinity for oxygen was used.
The native oxide layer was measured by analyzing the Sb-4d
and Ga-4d peaks. The irradiation with Ar+ ions yielded a
nominal 10'®cm 2 fluence to remove the thin native oxide
layer with no sign of an increase in the oxide suggesting any
ion-gun induced impurity. Further, a GaSb sample with no
native oxide layer was also irradiated. This also resulted in
no oxide formation. A gold sample was also irradiated and
both XPS and LEISS used to measure any sign of ion-beam
contamination from three different ion-based sources. None
of the irradiations yielded any sign of oxide formation on the
surface during irradiation. Fluence dependence was meas-
ured by sequence of identical irradiations, with intermittent
analysis performed between irradiation steps. Nominally,
deuterium irradiation consists of a beam with about 75% D,
and 25% D composition. Therefore, energies can range
between less than 100 eV/D up to 500 eV/D. Previous studies
found that the surface chemistry is independent of implanta-
tion energy.'*

XPS uses a dual anode, non-monochromatic X-ray
source where Al Ko anode is selected when analyzing

J. Appl. Phys. 114, 223301 (2013)

lithiated graphite.>> Photoelectron energy is analyzed using a
VG Scienta hemispherical analyzer. Scofield cross sections®*
are used to determine relative sensitivity factors for quantify-
ing relative atomic concentrations using the CasaXPS soft-
ware. In calculating atomic surface concentrations, educated
objectivity based on the spectrum peaks and any a priori
knowledge of the sample is use in determining which ele-
ments should be included in the analysis. The sum of each
surface concentration from individual constituents is con-
strained to equal 100%. Occasionally, multiple peaks are
contained within a single elemental characteristic photoelec-
tron energy range (e.g., the two peaks in the O(1s) range af-
ter deuterium bombardment). In these instances, the surface
concentration is the sum aggregate of all peaks within that
range. Due to the low probability of electron emission, deu-
terium cannot be detected directly using XPS. Instead, deute-
rium must be examined indirectly as it interacts with other
species, such as oxygen, thus providing a useful technique
for examining deuterium retention chemistry.

B. Surface conditioning

Physical vapor deposition of metals typically results in
layer film growth on the substrate. Lithium deposition on
graphite, however, does not fit this representation for two pri-
mary reasons. First, lithium and other alkalis intercalate into
graphite (as well as other carbon allotropes). The second rea-
son consists of the substrate morphology. Epitaxial thin-film
growth is generally associated with deposition of ultra-smooth
films, such as in semiconductor device applications. The result
is that most films are grown on relatively flat substrates. The
graphite used in the experiments discussed throughout this
paper is mechanically polished, yet still has micron and
nano-scale roughness as illustrated and shown in Figure 3.

The graphite used in fusion devices typically is not pol-
ished and roughens significantly throughout an experimental
campaign due to plasma bombardment. During plasma expo-
sure, carbon atoms are displaced from their lattice sites and the
surface quickly becomes amorphized. In addition, sputtered
carbon redeposits on surfaces throughout the device.
Consequently, surface area increases with roughness, which
effectively prevents the deposited lithium from building a com-
plete epitaxial film on top of the graphite tile surface. These
two phenomena illustrate that it is more accurate to quantify
lithium depositions as a “dose” or “nominal thickness” rather
than a “thickness” as obtained on a flat surface. Therefore a
“l um” deposition quoted in this work is associated with a
dose of 4.63 x 10'® cm~? lithium atoms (assuming a flat sur-
face with an area of 1 cm?” and lithium density of 0.534 g/cm”).

lll. RESULTS AND DISCUSSION

A. Oxygen surface concentration dependence
on lithium conditioning of ATJ graphite

Our previous work'® considered deuterium evolution
during hydrogen bombardment of oxidized and lithiated
graphite. Here, we study the parameters, which influence the
surface concentration of oxygen in the lithiated graphite sur-
face. Specifically, in this section, we consider the oxygen
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FIG. 3. Illustration of the dynamics in lithiated graphite. Polished graphite samples have surface height variations of >1 um (for a 100 x 100 um domain) in
addition to local height variations on smaller domains, as shown in the inset atomic force micrographs (AFM) in (b-c). When depositing lithium films on such
rough surfaces, the effective film “thickness” is significantly less than the nominal dose due to the increased effective surface area. Furthermore, lithium rap-
idly intercalates into graphite following deposition. Highly electropositive lithium (0.95, Pauling®) attracts electronegative oxygen (3.4, Pauling) from the pol-
ished graphite (~6% O, concentration) as well as from the ambient vacuum (O, partial pressure of ~10~'" mbar during lithium deposition). Lithium
deposition causes a modest average rise in surface oxygen concentration to approximately 10%. For some samples, experiments show that deuterium ion bom-
bardment dramatically increases the surface oxygen concentration to as much as 45%.

concentration as a function of (1) time after deposition, (2)
lithium dose, and (3) deuterium fluence.

1. Time after deposition

The sequence of surface treatment typically begins with
lithium evaporation on graphite followed by ion irradiation.
Evaporating lithium onto virgin graphite immediately ini-
tiates two phenomena: intercalation and oxygen adsorption
(gettering). Intercalation in the context of fusion wall condi-
tioning has been studied elsewhere in extensive detail.'>'®1°
Intercalation consists of lithium diffusing away from the sur-
face to regions between graphite basal planes. Concurrently,
upon deposition, the lithium begins to getter ambient oxy-
gen. Lithium gettering26’27 can be partially described by con-
sidering the electronegativity of lithium and oxygen.
Lithium has a low electronegativity (0.94 Pauling-scale) and
readily polarizes in the higher electronegativity environment
(carbon, 2.4, hydrogen, 2.2, oxygen 3.4,20), thus attracting
highly electronegative oxygen.”® Even in ultra-high vacuum
(UHV), residual oxygen can oxidize the lithium surface.*

Three graphite samples remained in UHV (~10"'°
mbar) for nearly 2 weeks following lithium evaporation.
During this period, XPS was performed periodically and the
surface concentrations were quantified as presented in Figure
4. The average oxygen concentration of the virgin graphite
samples was 5.4 £ 0.4%. An exponential fit applied to the
data suggests a possible trend. Over the course of up to
300 h, the average oxygen concentration increased above
20%. This diffusion-limited process relies on the surface
achieving thermodynamic equilibrium with the ambient vac-
uum. Exposure to ~10 'Y mbar for 100h corresponds to
~36 Langmuirs (where 1 Langmuir is defined as an exposure
of 1 x 10 Torr (1.33 x 10~* Pa) for 15s). This corresponds
well to Ref. 29 where lithium within the probing depth of
XPS was found to oxidize between 20 and 40 Langmuirs.

2. Lithium dose

Initial laboratory studies used 2 ym lithium doses as this
number approximated the mid-cycle average accumulated
lithium dose during a NSTX lithium campaign. Since a given
lithium dose gradually increases, the oxygen concentration
as shown in Sec. II A 1, we tested smaller lithium doses to
determine if they would have a lesser gettering effect than
larger lithium doses. Nominal lithium doses of 50, 100,
1000, 2500, and 5000 nm were deposited on separate ATJ
graphite samples with XPS performed prior to and following
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FIG. 4. The oxygen surface concentration of lithiated graphite slowly
increases from ~5% to more than 20% as the samples sit in 10~ '° mbar
UHYV over the course of 100 s of hours. The exponential fit of the adsorption
behavior is representative of the Langmuir isotherm, where the oxygen sur-
face coverage 0 approaches a steady-state concentration dictated by a local-
ized thermodynamic equilibrium.’® Error bars represent computational
propagation of uncertainty in surface quantification.
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lithium deposition. The oxygen surface concentration before
and after lithium depositions was calculated and shown in
Figure 5. Surprisingly, in the absence of irradiation, the
prompt surface oxygen concentration is not clearly linked to
lithium dose.

Other gettering systems have shown a strong depend-
ence on surface porosity, morphology, and consequently sur-
face area.’! Since the graphite samples used in the present
experiments were prepared identically, each has a nominally
equivalent surface area for adsorbing oxygen (~1 cm?).
After lithium deposition, regardless of lithium dose, each
sample oxidizes at a rate proportional to its surface area. The
large observed variations in Figure 5 outside of the error bars
can be attributed to variations in surface roughness and devi-
ations in the time elapsed between lithium deposition and
XPS (~30 min for each sample).

3. Deuterium fluence

Figure 2 showed the oxygen concentration of many sam-
ples after a prescribed lithium and deuterium dose, and in
each case, the oxygen concentration increased most dramati-
cally during deuterium irradiation. In order to resolve time
dependence of the oxygen uptake during deuterium irradia-
tion, we performed XPS at much shorter fluence intervals.
Figure 6 shows the fluence-dependent oxygen concentration
during D* bombardment. After deposition of a nominal lith-
ium dose of 2 um, the oxygen concentration was about 6.0%.
Subsequently, the lithiated graphite sample was bombarded
with deuterium ions for 1 min (3.9 x 10" cmfz). After this
I min irradiation, the oxygen concentration increased to
21.3%! Advancing the irradiation an additional 1min, to a
cumulative fluence of 8.2 x 10" cmfz, further increased the
surface oxygen concentration to 27.3%. Irradiation incre-
mentally continued to a total fluence of 5 x 10" cm 2 (2 h)
and the oxygen surface concentration peaked at 40.4%.
Surface impurities were taken into consideration but did not
have a significant contribution, where nitrogen reaches a
maximum concentration of 2.8%.

156 Il Virgin graphite i
[ Post Li

Oxygen surface concentration (%)

50 100
Post Li-deposition dose (nm)

1000 2000 2500 5000

FIG. 5. Surface oxygen concentration for nominal lithium doses of 50, 100,
1000, 2000, 2500, and 5000 nm deposited on separate ATJ graphite samples.
The data indicates that prompt gettering rate is more strongly influenced by
surface area than lithium dose. Error bars represent computational propaga-
tion of uncertainty in surface quantification.
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FIG. 6. Oxygen concentration during 500 eV/amu deuterium bombardment.
Data points in the left-hand gray panel represent the graphite sample in its
virgin state; data in the adjacent red panel are taken after depositing lithium.
Next, a 1-min irradiation commenced (3.9 x 10" cm’z) and increased the
oxygen surface concentration from 6.0% to 21.3%. Subsequent irradiation
steps further increase the oxygen surface concentration to 40.4%.

The time scales required to increase the surface oxygen
concentration to ~20% in Figures 4 and 6 are striking. A
lcm? sample has ~5.4 x 10'® atoms within the probing
depth of XPS (assuming a probing depth of 5nm). The
increase from 6% to 21% during a 1 min irradiation corre-
sponds to an oxidation rate of ~5 x 10'7 atoms/hour, or
monolayer coverage in 1.16 min. In Figure 4, with an O, par-
tial pressure of ~5 x 10~ '° mbar, the oxygen-surface colli-
sion rate is 1.8 x 10" em 25!, At this rate, it would take
approximately 2 h to achieve monolayer coverage, assuming
the substrate has 1.3 x 10'° initial surface sites, 1:1 uptake
efficiency, and the sample and chamber are at room tempera-
ture.? Contrasting these two mechanisms, the ion-induced
oxygen enhancement is about 100 times faster than ambient
oxygen adsorption.

Interestingly, the Li 1s concentration increases along
with the O 1s signal during the beginning of the deuterium
irradiation sequence. This indicates that irradiation drives
lithium and oxygen to the surface. The precise mechanism
responsible for this phenomenon is unclear and is under
investigation. It should be noted that the quantification soft-
ware constrains the sum total of all surface concentrations to
equal 100%. Therefore, the rise in the oxygen and lithium
concentrations, for example, must correspond to a decrease
in another constituent (e.g., carbon). After depositing a nom-
inal lithium dose of 2 um, one would expect the carbon to
become buried and not detectible through XPS. The graphite
surface morphology effectively thins the deposited lithium
and intercalation rapidly diffuses lithium into the graphite
(see Figure 3 and surrounding discussion).

Although oxygen is found to vary dramatically in Figure
6 as well as in the previous sections, XPS cannot conclu-
sively isolate the enhanced deuterium retention to the
increased oxygen concentration. Atomistic simulations are
particularly useful since matrices that are difficult or
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impossible to prepare in the laboratory can be simulated
(i.e., carbon and lithium without any oxygen). Accordingly,
matrices of pure carbon, carbon with only lithium, carbon
with only oxygen were modeled and the results are presented
in the following section.

B. Molecular dynamics simulations of deuterium
binding chemistry in lithiated graphite bombarded
by deuterium

Atomistic simulations of the Li, C, O, and D system show
that oxygen is the preferred channel for deuterium binding.'*
The details of these simulations were not included in our pre-
vious work,'*?® but are presented herein. We also present new
analyses that strengthen our previous conclusions.

The equilibrium partial charges of the atoms that take
part in polar interactions between hydrogen and other matrix
materials depend on coordinates of all atoms in the system.
The coordinates typically change in each simulation step,
enforcing a need to accurately calculate the charge dynamics
during the system evolution. Semiempirical methods such as
the Electronegativity Equalization Method (EEM),*® besides
having questionable accuracy, might put an unreasonable
time lag on calculations with classical molecular dynamics.**
We chose a quantum-classical molecular dynamics
approach,® treating nuclei of the system as classical par-
ticles but performing adiabatic quantum mechanical calcula-
tions for electronic motion at each time step. Note that
lithium has a very low electronegativity (~0.94, on the
Pauling scalezs), in comparison to hydrogen (2.2), carbon
(2.4), and oxygen (3.4). In effect, in the process of binding,
lithium will easily become electropositive and oxygen elec-
tronegative while hydrogen and carbon will find their place
somewhere in between.

The critical issue in our approach is the solution of the
Schrodinger equation for valence electrons of the system in
each time step (1 fs). We employ the Self-Consistent-Charge
Density Functional Tight Binding (SCC-DFTB) method,
developed by the Bremen Center for Computational Material
Sciences.’®?” This is an approximation to Density
Functional Theory (DFT), in which only valence orbitals and
a minimal basis set are considered and the difficult density
integrals are parameterized and fitted in advance. Thus, the
method is faster, up to 10* times, than first principles DFT,
fitting well into the range of the current computational capa-
bilities. The DFTB pair-parameters for the Li-C-O-H system
developed by Maeda and Morokuma in 2010 (Refs. 14 and
28) were employed. This method was adapted for high
throughput Monte Carlo calculation of 5004 random trajec-
tories on the petascale supercomputer environment™ using
embarrassing parallelization (one core per trajectory). Using
5004 processors at the Kraken Cray xt5 computer, the calcu-
lation required more than 30000 CPU hours per mixed sys-
tem matrix, with 264 atoms per matrix. The trajectories have
a random point of impact at the simulation surface interface,
otherwise they are initially parallel. The impact energy of
the deuterium atoms is 5 eV, being limited by the size of the
simulation cell, i.e., the number of atoms considered in this
quantum-classical approach. However, as illustrated by
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experiments in Ref. 14, qualitatively, this does not influence
the studied uptake results, which is determined by the bind-
ing chemistry of deuterium. The chemistry evolves when the
impact cascade almost thermalizes with the surface environ-
ment, irrespective of the deuterium impact energy.

The histogram in Figure 7 presents the resulting inte-
grated distribution of retained deuterium nearest neighbors.
The table in Figure 7 summarizes the compositions of five
different simulations matrices used for deuterium bombard-
ment. Notably, 20% lithium in carbon (Matrix Q) leads to
only 9% of lithium-deuterium nearest neighbors. In contrast,
a matrix comprised with 20% oxygen in carbon leads to 30%
of oxygen-deuterium nearest neighbors. Matrix R is com-
prised of 20% oxygen and 20% lithium, and results in deute-
rium having 27% oxygen and 5% lithium as its nearest
neighbor. Thus, when oxygen is present in the matrix, deute-
rium prefers to be near oxygen rather than lithium. The
prominence of carbon nearest neighbors is a result of its abil-
ity to retain deuterium,”® and its large atomic concentration
in the prepared matrix. Future simulations will test matrices
with trace concentrations of carbon and oxygen in lithium in
order to quantify the role of carbon-oxygen retention.

The conclusions in Figure 7 are obtained through a
“nearest neighbor” analysis in Figure 8, which assumes that
binding is more likely to occur between two neighboring
atoms rather than distant atoms. Accordingly, we determined
the final rest location of the deuterium projectiles in relation
to other elements in the matrix and tabulated the nearest
neighbors of the D atom. Even when there is an equal quan-
tity of O and Li in the carbon, as seen in Figure 8 case R (e)
and (f), the oxygen by far dominates as the nearest bonding
neighbor where >20% of the implanted deuterium ions have
oxygen as their closest neighbor and <5% have lithium. In
case T (i,j), where the carbon matrix is void of lithium and
has 20% of oxygen, implanted deuterium atoms have oxygen

Matrix Composition

P Q R S T
Cc 100% 80% 60% 52% 80%
Li 20% 20% 16%
o 20% 16% 20%
H 16%

Nearest Neighbor Occurrence (

P Q R S T

FIG. 7. The composition of each matrix used as input in the simulations is
shown in the table. The results of the simulation are shown in the histogram.
The percent-integrated distribution of deuterium nearest neighbors after deu-
terium ion bombardment for various matrix compositions is reported. When
oxygen is present in the matrix, it becomes the predominant nearest neighbor
to deuterium, an indication of binding pairs.
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FIG. 8. Distribution of nearest neighbors. Calculation of the final rest location of the projectile deuterium in relationship to other elements in the matrix was
performed with 5004 random trajectories per matrix. The distance (horizontal axis) of nearest neighbor species to retained deuterium, within the simulation
matrix following D-atom bombardment, is used to indicate the frequency of elemental binding pairs. The deuterium bombardment was conducted in the five
different matrix compositions P, Q, R, S, and T. The distances from deuterium to carbon are shown in black, to lithium in red, to oxygen in green, and to
sample-preloaded deuterium in purple. The top panes represent the integrated distributions of the nearest neighbors, shown in the bottom panes.

as their nearest neighbor 30% of the time. Importantly, if the
matrix is prepared with “cumulated” deuterium so that Li, O,
and D have the same, 16%, atomic fraction in carbon, case
S, the qualitative conclusions are the same.

In Figures 8(c) and 8(d), the sample matrix contains
20% lithium and 80% carbon; after deuterium bombardment,
less than 10% of the implanted deuterium finds lithium as its
nearest neighbor. The case where the carbon matrix contains
both 20% lithium and oxygen (e,f) also shows that deuterium
has ~30% oxygen as its nearest neighbor with minimal lith-
ium nearest neighbors. Thus, even when lithium is present in
the carbon matrix, deuterium preferentially chooses the

Matrix
composition: P

—_
o

vicinity of oxygen for its final bonding. This result corrobo-
rates the XPS spectral shifts correlated to the presence of
lithium and deuterium where the effect is predominantly in
the electronic band states of oxygen atoms after irradiation
with D ions.

Figures 9(a)-9(d) show the post D bombardment aver-
age distributions of charges of all atoms in the matrix, which
corroborate the conclusion in Figures 7 and 8. These matrix
atoms include only those cases where D was retained. The
surfaces of amorphous carbon (a-C) as well as a-C:Li/O with
various concentrations of Li and O are considered. The dis-
tributions of charges in the bottom panels of Figure 9 for C,
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FIG. 9. Distribution of charges following D bombardment by 5004 independent random trajectories. The top panes represent the normalized integrated distri-
bution of charges shown in the bottom panes. The species charge distribution within the simulation matrix following deuterium bombardment is used to easily
identify the strength of the elemental binding pairs. Contributions from carbon are shown in black, lithium in red, oxygen in green, sample-preloaded with
hydrogen in purple, and impacting deuterium in blue. For convenience in showing what species neutralize deuterium, the deuterium-integrated distribution is

also shown flipped (dashed lines), where the x-axis is multiplied by —1.
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Li, and O (the atoms in the target cell) were calculated as the
average charge of all atoms of a particular element in the
final instant of time for each trajectory, resulting in one value
for each of C, Li, and O per trajectory. The charges of the
target-cell atoms change mainly for those atoms that are
along the trajectory of impact D, and this effect is well amor-
tized by the averaging over the whole cell, leading in sharp
peaks of the C, Li and O distributions. However, since there
is no averaging of charges over impact D (there is only one
D per trajectory) the charge distributions of D reflect the
actual (non-averaged) partial charges of the impinging D,
which may significantly vary from trajectory to trajectory,
explaining why the charge distributions for D are much
wider than those of the target atoms.

The top panes in Figure 9 show the integrated and nor-
malized charge distributions of the bottom panes. The
impacting D adapts to the charges of the target, in particular
at its bonding site, so its partial charge neutralization indi-
cates to what atom(s) it is bonding, keeping the system
quasi-neutral (within numerical error). For that reason, in
order to see which matrix atom (i.e., carbon, oxygen, or lith-
ium) neutralizes the incident deuterium ion, the integral dis-
tribution of charges of the impacting D is shown multiplied
by —1 (negative-one). Thus, in (f), oxygen at —0.33 e is neu-
tralizing the deuterium at 40.34 e, lithium at +0.26 ¢ neu-
tralizes the small deuterium peak at —0.26e, and the
remaining deuterium at 4-0.1 e is counterpoised by the highly
neutral carbon. Panes (e-f) quantitatively show the neutraliz-
ing effect of lithium and oxygen together. Oxygen neutral-
izes ~25%, carbon neutralizes ~68% of the deuterium, and
lithium is responsible for ~7% deuterium neutralization. The
partial charges analysis is indicative of the underlying chem-
istry. Thus, as seen in (c-d), where only 20% of Li is mixed
with carbon, by comparison with (a-b) containing only C, it
follows that less than 15% of D atoms are interacting with Li
atoms or Li-C compounds. But Figures 9(i) and 9(j), where
the sample is loaded with 20% O in carbon and no lithium,
shows that about 30% of D is neutralizing O and even more
by C-O compounds. The role of oxygen is even more
strongly confirmed in the case shown in Figures 9(e) and 9(f)
where there is an equivalent, 20% concentrations of O and
Li in the carbon. Apart from the less than 10% of D that is
bound to Li-C, about 40% is interacting with O or C-O com-
pounds, indicating that when there is a sufficient amount of
oxygen, the chemistry of the retained D is dominated by the
presence of oxygen rather than lithium.

Interestingly, the recent ab initio computational chemis-
try calculations®*° using Plane-Wave DFT to study the
binding chemistry of H, O, and Li with a graphene matrix
are consistent with our conclusions obtained here by the
quantum-classical molecular dynamics of a lithiated and oxi-
dized amorphous carbon slab. Thus, it is found that the addi-
tion of lithium to the oxygenated graphite surface does not
improve the hydrogen retention, while various combinations
of single vacancy and oxygen atoms give rise to very power-
ful attractive centers for H, which is not improved by adding
Li. On the other hand, when only Li is present in the graphite
surface it does reinforce to some extent the H bonding to the
graphite, consistent with conclusions in Ref. 28, where
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calculations were done with only 6% oxygen in the surface
sample. However, as shown in Ref. 14, when only Li is pres-
ent in graphite, the graphite erosion increases and D uptake
does not significantly increase. The expected behavior of
increased D uptake and suppressed chemical sputtering of
carbon is only obtained when oxygen is present in the sample
in quantities comparable to these of lithium (~20%). As our
experiments show, these quantities are readily achieved in
the lithiated graphite surface upon D bombardment.

IV. CONCLUSIONS

Lithium is used in a wide variety of systems due to its
unique interactions with hydrogen, and its use in fusion devi-
ces has dramatically improved plasma performance through
enhanced deuterium particle control. Initially, these improve-
ments were suspected to be a result of direct LiD bonding.
The present work builds on our previous results'* and demon-
strates how the oxygen surface concentration in lithiated
graphite evolves with respect to the time after deposition, lith-
ium dose, and deuterium fluence.

The oxygen surface concentration slowly but consis-
tently increases after lithium deposition as the lithiated
graphite sample sits in UHV. Over the course of ~100 h,
the oxygen surface concentration increases from 5% to
20%. We also found that the oxygen surface concentration
increases rapidly as deuterium fluence increases. Lithium
dose, without subsequent irradiation, however, does not
directly influence the prompt oxygen concentration. We con-
jecture that this is because the sample surface area dominates
the oxygen gettering rate, as opposed to the lithium dose.

Throughout the experimental section of the present
work, oxygen is found to play a consistent and dynamic
role in lithiated graphite. This role is accentuated after deu-
terium irradiation, as manifest by the dramatic increase in
the oxygen surface concentration. Atomistic simulations
corroborate the experimental results and further define the
role of oxygen in retaining deuterium. “Partial charges” and
“nearest neighbors” analyses from the simulations show
that implanted 5eV deuterium preferentially neutralizes
with and comes to rest near oxygen rather than lithium,
thus indicating deuterium-oxygen bonding. This preferential
interaction reveals that deuterium-oxygen bonding is the
primary mechanism for deuterium retention in lithiated
graphite.
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