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ABSTRACT: Potential structural modifications of graphene exposed to gaseous

tritium are important for membrane-based hydrogen isotope separation. Previously, o 7 o

it has been reported that trittum—graphene interactions cause absorption as well as f—: E’

vacancy defects in graphene. In this work, we investigate the mechanism, which leads > \'e 2 5.7 keV

to the generation of the vacancy defects. We find that such modifications cannot be £ P -

explained by electron irradiation alone. Instead, the tritium radicals remaining after % S TG

the decay are the primary cause of the modification of the graphene surface, as § “§ e @ ‘g%)
confirmed by confocal Raman microscopy. The effect of the interaction of tritium Time Electron dose

atoms with the graphene surface exceeds that of electron irradiation at the average

energy of the beta particles (5.7 keV). Compared to other studies, which investigated high electron doses in the absence of tritium,
remarkably low concentrations of tritium already induce a significant amount of defects at short exposure times. Our findings are
supported by molecular dynamics simulations of graphene bombardment with tritium atoms. As a consequence, tritium saturation of

graphene may alter its permeability for hydrogen isotopes, thus affecting potential applications.

1. INTRODUCTION

1.1. Background. Nuclear fusion is deemed a promising
perspective to help cope with the increasing demand for energy
from sources with a low carbon footprint." Tritium, the
radioactive isotope of hydrogen, is supposed to be used as fuel
in combination with deuterium. Furthermore, tritium is widely
used as a tracer and in radiopharmaceutical synthesis.”~> On
the other hand, it is a matter of concern as it is produced in
fission reactors and can leak into the environment.’”®
Especially for the commercial realization of nuclear fusion,
the development of efficient tritium processing technologies is
required. Among them, highly selective tritium separation
methods need to be explored.

A multitude of methods exist to separate and purify
hydrogen from multicomponent mixtures, e.g., electrochemical
methods.”"” In recent works the selective adsorption on
microporous materials, but also the selective diffusion/
permeation through proton-conducting polymer membranes
proved to be promising for the separation of hydrogen
isotopes.''~"? For these, graphene was additionally used to
increase the separation efficiency.'*

Graphene, first synthesized and identified in 2004, is a two-
dimensional carbon monolayer with a hexagonal structure,
featuring extraordinary properties.' ' These include very high
electron mobility, a high optical transparency and high
mechanical stability.'” =" Furthermore, it is generally imper-
meable for gas molecules.”” The characteristics of graphene
can be modified, e.g., via doping or through the “engineering”
of defects.”' It is also possible to modify the structure by
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hydrogenation leading to graphane structures.”””*" In a recent

study in the field of experimental astroparticle physics, Zeller et
al. demonstrated the possibility of tritium adsorption on
graphene.”® Tritiated graphene is also considered for use in the
PTOLEMY experiment, in which it serves as a target for
capturing relic neutrinos.”’

The interaction between tritium and graphene leads to the
question of whether the graphene structure is modified and
what kind of modification might be observed. In view of
possible applications for isotope separation, structural changes
could impact the selectivity after prolonged and repeated
tritium exposure. In a first experiment, Xue et al. were able to
separate tritium from water using proton exchange membrane
water electrolysis (PEMWE), but attributed the high selectivity
to the used catalyst, not to the graphene.”” Tritiated water has
not been found to change the graphene structure.”” However,
for gaseous tritium, with its high activity concentration and
insignificantly moderated beta particles, the impact of exposure
is likely to be more striking.

1.2. Defects in Graphene. The occurrence of defects in
graphene structures is intensively studied, cf. Table S1
Supporting Information for an overview of the most commonly
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observed defects. Some defects can be introduced during the
growth of the lattice, such as grain boundary defects.”” The
structure can also be altered by chemical modifications, such as
doping as well as hydrogenation.”"** Tt has been found that
vacancy defects are able to migrate through the graphene
structure.”’ Additionally, it has been shown that the graphene
structure is altered as a result of electron irradiation.””

The most abundant defect type is the Stone—Wales (SW)
defect, in which the bond between two carbon atoms has been
rotated by 90°, thus forming two 5-rings and two 7-rings.”
The SW defect has been theorized to aid in hydrogen isotope
separation.‘?’4

1.3. Identification of Defect Structures in Graphene.
For analyzing the quality of graphene, one of the most
common methods is Raman spectroscopy, due to the
characteristic spectrum consisting of the so-called G- and
2D-bands, at ~1580 cm™! and ~2700 cm™}, res ectively.35
With an increase in defects, the D-band emerges.3 Thus, the
intensity ratio between the D- and the G-band can be used to
evaluate the defect evolution in graphene.”” Additionally, the
method is nondestructive, allowing further analysis of the
samples.

Another method is transmission electron microscopy
(TEM), which can visualize defects while generating them
by electron bombardment during the measurement.*® It can be
used to image defects at the atomic level, showing the
characteristic structures of, e.g, Stone—Wales defects or
vacancies.” Scanning tunneling microscopy (STM) is also a
suitable method for graphene imaging.** X-ray photoelectron
spectroscopy (XPS) has been used to measure structural
changes, e.g, induced by dopants.*”* These methods were
not used in this work, because the handling of tritium-
containing samples requires specific equipment.

1.4. Experimental Approach. As it was first demon-
strated by Zeller et al,, the exposure of graphene to tritium
leads to chemical adsorption of tritium as well as to vacancy-
type defects.”® However, it remained unclear how the vacancy
defects are created. Changes in the graphene structure can
potentially be caused by beta electrons or by reactive tritium
species formed by beta decay. In addition, the beta decay of
tritium produces *He in various charge states (neutral *He,
SHe*, *He?*, and molecular ions). However, helium-induced
damage to graphene is typically reported for keV-scale He"
irradiation.”™ This is far above the eV-scale recoil energies from
tritium beta decay.** Therefore, helium is not considered as
primary driver of defects. The respective impact of the other
two mechanisms on structure changes of graphene is unknown
and needs to be studied. On the one hand, we irradiated
graphene samples in a SEM with 5.7 keV electrons, which
correspond to the average kinetic energy of the tritium decay
electrons. Furthermore, we investigated if exposure to tritium
gas at comparable electron doses impacts the graphene
structure in the same fashion as electrons do.

To provide a more in-depth perspective into the energetics
and kinetics of the formation of different defect types, we
employed computational studies. These allowed us to predict
the defect behavior under various conditions and to character-
ize the interaction of tritium with graphene as a function of
both energy and defect presences.

2. MATERIALS AND METHODS

2.1. Graphene Samples. Irradiation and measurements
were conducted with S mm X 5 mm monolayer graphene

samples on a Si/SiO, substrate (ACS Material LLC, Pasadena,
USA) (Figure S2). The graphene was placed on the substrate
by the manufacturer using their proprietary Trivial Transfer
Graphene.* The copper substrate on which the graphene is
grown is typically removed by etching. To stabilize the
graphene during this process, and to easily transfer it to the
new substrate, a coating of poly(methyl methacrylate)
(PMMA) is applied and dissolved after transfer.*

2.2, Oriented Irradiation: Raster Scanning of Surface
Using SEM. Four graphene samples have been electron-
irradiated inside a scanning electron microscope (EVO-50,
Zeiss, Oberkochen, Germany), equipped with a tungsten
filament. The scanning was performed over an area of 2 mm X
2 mm, using a defocused electron beam to ensure uniform
irradiation. The acceleration energy was set to 5.7 keV, as this
corresponds to the average energy of the electrons emitted by
tritium decay. The constant beam current was set to (10 + 3)
nA. It should be noted that the actual beam current generally
depends on the SEM gun setup. Different electron doses were
applied, calculated from the beam current and irradiation
duration. The samples were irradiated for 1.00, 2.02, 2.68, and
4.05 h, respectively. All SEM irradiation conditions are
summarized in the Supporting Information Table S2.

2.3. Direct Exposure to Gaseous Tritium. We made an
estimate whether the number of electrons that interact with the
graphene under tritium exposure is comparable to pure
electron irradiation. During the trititum chamber irradiation,
the number of primary, backscattered and secondary electrons
passing through the graphene layer was calculated using the
CASINO software package for scanning electron microscopy.”’
To facilitate an estimation, the geometry of the tritium
chamber was simplified as a 2 mm spacing between two
infinitely extended walls of stainless steel and the SiO,
substrate. Furthermore, it was neglected that the electrons
from tritium upon decay have an energy distribution, as this
cannot be considered using the CASINO software.

The resulting estimation predicts that out of 100 electrons
generated in the tritium gas, the number of electrons passing
through the graphene layer is around S5 (primary and
backscattered electrons), plus an additional 41 secondary
electrons originating from the SiO, substrate. Thus, the
number of electrons interacting with the graphene is in the
same order of magnitude as in the case of SEM irradiation,
which justifies a comparison of electron doses calculated from
beam current and tritium activity. The exposure durations
(22.89, 45.78, 68.68, and 91.57 h) were set on this basis.

To expose the graphene samples to tritium gas, a gastight
setup was used to exclude any discharge of radioactive material.
This was achieved by using a stainless steel vacuum
compartment system (RC TRITEC, Teufen, Switzerland).
An exposure cell with a volume of 5 mL was attached to the
system (Figure S1). Four samples were treated at durations of
22.89, 45.78, 68.68, and 91.57 h, respectively, at room
temperature and a tritium pressure of 100 mbar, amounting
to approximately 44 GBq tritium. The doses applied by SEM
irradiation correspond roughly to only the number of primary
decay electrons, not including secondary effects.

2.4. Confocal Raman Microscopy. The Raman measure-
ments were performed at the Tritium Laboratory Karlsruhe
(TLK) with a confocal Raman microscope (CRM) that was
speciﬁcallgf built for the measurement of toxic or radioactive
samples.* All measurements were carried out with the same
configuration using a 532 nm laser with a power of 120 mW.
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This corresponds to a power density on the graphene surface
of about 3 X 10° W/cm?®. At this power density, the graphene
layer is not damaged even after many hours of exposure to the
laser beam.

The spectrometer of the CRM was equipped with a 1200 g/
mm grating, resulting in a resolution of (9.6 + 0.7) cm™". For
the spectra presented in this work, no spectral sensitivity
calibration of the detection system was performed. Therefore,
only qualitative comparisons to literature data are possible, also
due to the fact that in most of the literature, no statement
about the intensity calibration of the used Raman system is
made. The data within this work can, however, be compared
quantitatively, since only relative changes are discussed, which
are not affected by the intensity calibration.

For the used graphene samples, the measured Raman signal
was about 300 times weaker than for previously measured
samples provided by Graphenea, used by Zeller et al.*® In
comparative measurements against samples by other suppliers,
it was demonstrated that the weak signal can be related to the
sample quality and not to the specific measurement. Bright-
field microscopy revealed dark lines and structurally damaged
regions, which reduced effective collection efliciency/coverage
and thus lower the absolute Raman signal (cf. Figure S2). This
necessitated a considerably increased acquisition time for every
single spectrum of 300 s and averaging of multiple consecutive
spectra (10—20) to obtain an acceptable signal-to-noise ratio.

As a consequence, raster scanning of the graphene samples
was impractical, and the data analysis required additional steps,
especially regarding the increased number of cosmic ray signals
and background fluorescence in each spectrum. To remove the
cosmic rays, we used a modified z-score based algorithm,
which was applied two consecutive times.”’ Afterward, the
spectrum was smoothed using the Savitzky—Golay filter from
the SciPy library.°~>* The background fluorescence was
removed. For this purpose, a baseline estimation was
performed using an asymmetric least-squares smoothing
algorithm.>’ The remaining constant background was
subtracted. Seven peaks (D-, G-, D’-, and 2D-peak of graphene,
N,-, O,-, and Si-3TO-lines) in the s<pectra were fitted
simultaneously with Lorentzian functions.>®

2.5. Heating of Exposed Tritium Samples. The
motivation for the bake-out of the graphene samples was to
quantify the activities in terms of the amount of bound
radiolytic tritium. Using a tritium compatible oven, activities
released from the graphene samples were measured. In short,
the exhaust from the oven, mostly T, and HTO, passes
through an oxidizing CuO-wire bed with a jacket heater
operated at 450 °C, and then through a water bubbler, where
all tritiated species are retained. The content of the water
bubbler is then analyzed by liquid scintillation counting (LSC)
to determine the total activity released during the sample
heating. The completeness of recovery was recently demon-
strated.”* All four tritiated samples were heated at 300 °C for
3.5 h in a stream of argon gas. Time and temperature were
chosen for comparability to the investigations by Zeller et al.*®

2.6. Theoretical Approach to the Interaction between
Graphene and Tritium. To better understand the exper-
imental results and the changes in the graphene structure upon
exposure to tritium, we performed molecular mechanics
simulations of tritium bombardment of graphene with varying
kinetic energies. We simulated the adsorption, transmission
(penetration), and reflection rates of trititum atoms on
graphene, employing the Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS).>> We investigated
the tritium bombardment on pristine, Stone—Wales 555777,
and 5—8-5 divacancy defective graphene. We employed
molecular dynamics (MD) simulations within a 7 X 7 X 1
supercell of pristine graphene and within a 12 X 12 X 1
supercell of defective graphene. The interactions between
carbon atoms were modeled using two potentials, Reactive
Empirical Bond Order (REBO)” and the Adaptive Inter-
molecular Reactive Empirical Bond Order (AIREBO)
potential.>” To obtain the adsorption, transmission, and
reflection rates for tritium atoms with a certain kinetic energy,
from S to 100 eV (with steps of S eV) for AIREBO and from 1
to 15 eV (with steps of 1 eV) for REBO, we placed a grid of
tritium atoms 4 A above the layer of graphene and we ran 1000
MD steps, with 0.1 fs time steps, at 400 K, employing the NVT
ensemble with the fixed kinetic energy. Incident energies lower
than S eV were not considered due to an inconsistency of the
AIREBO potential. However, it is expected that when the
incident kinetic energy increases, the transmission probability
increases.

We created different grids of tritium atoms above pristine
and defective graphene models, with 995, 2297, and 1221
tritium atoms for pristine, Stone—Wales 555—777, and 5—8—5
divacancy defective graphene, respectively. Each grid point
shows the initial position of the tritium atoms with respect to
the graphene layer and was calculated as a separate MD
trajectory. The adsorption, reflection, and transmission of
tritium atoms were classified according to the final distance of
the atoms from graphene.

Additionally, we employed metadynamics simulations to
investigate the free energy profile of the formation and
transformation of Stone—Wales (SW) defects in a graphene
monolayer. These simulations were also conducted using
LAMMPS and the AIREBO potential.>**” The details of the
metadynamics simulations are shown in the Supporting
Information.

3. RESULTS AND DISCUSSION

Pristine graphene has two characteristic Raman bands: the 2D-
band at ~2700 cm ™" and the G-band at ~1580 cm™', as shown
in Figure 1. These bands are associated with phonon modes in
the absence of defects in the graphene layer. More specifically,

2D
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0.5 x 10%° e/m?

Si-3TO O, !
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Figure 1. Evolution of representative Raman spectra with increasing
electron doses. The spectra are normalized to their respective G-band
amplitudes. Due to the weak Raman signal from these particular
samples and the increased measurement times, O, and N, as well as
the third order transverse-optical silicon band (Si-3TO) are visible in
the spectra.
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an intensity ratio of Lp/Ig > 2 is associated with high-quality
defect-free graphene. When defects are present in a graphene
layer, additional peaks are observed, the most important being
the D-band at ~1340 cm™. In the low-defect regime (referred
to as Stage 1), the intensity ratio I/I; is directly proportional
to the defect density and should be close to zero for defect-free
graphene.””® Some pristine graphene materials show a D-peak
because of defect structures introduced during synthesis.”” The
Ip/Ig ratio from one of our untreated samples (cf. Figure 1)
was determined to be 0.2. As shown in Figure S2, the graphene
samples, although untreated, show visible defects, which likely
lead to this slightly increased intensity ratio.”” With the
employed confocal Raman microscope, there is no way to
detect and avoid these defects since it does not have the
functionality of a light microscope. Therefore, in this work any
Io/Ig £ 02 can be attributed to edge defects and grain
borders.

In general, a distinction is made between the low-defect
regime (Stage 1) and the high-defect regime (Stage 2) of
graphene. Starting from defect-free graphene, the I/I;-ratio
increases as the defect density increases. At a certain threshold
of the defect density, the Ij,/I;-ratio reaches a maximum. This
defines the transition from Stage 1 to Stage 2. As the defect
density continues to increase, the Ip/I;ratio as well as the
overall intensities of all Raman bands decrease.>”*° Therefore,
when discussing and comparing Ip/I-ratios and correspond-
ing defect densities, it needs to be considered if the graphene
sample is in Stage 1 or Stage 2. Using additional spectral
information, e.g, the width of the D-, G- or 2D-band, this
ambiguity can be resolved.®"**

Additional bands in defective graphene are the D’-band at
~1620 cm™! and the G+D-band at ~3000 cm™". Of particular
interest is the D’-band, because the intensity ratio Ip/Iy is
sensitive to the different types of defects in graphene. In
graphene with only sp*-type defects, I,/I}y is ~13, meaning the
D’-peak is relatively small. In the presence of mainly vacancy-
type defects, I,/Ip is ~7, thus the D’-peak is comparatively
larger. Due to the weak Raman signal of the particular
graphene samples used for this work, the D’-peak can only be
fitted with large uncertainty, and the resulting intensity was
compatible with zero in all cases. However, in this work we are
only concerned with the total amount of defects created by
either electron irradiation or tritium exposure and not with
fingerprinting the defect types, as we are investigating the role
of the beta electrons during tritium exposure.

3.1. Changes in the Graphene Structure Caused by
Electron Irradiation. Figure 1 shows the Raman spectra of
the graphene samples that were exposed to electron irradiation
by an SEM. The full summary of the fit results is reported in
the Supporting Information (cf. Tables S4, SS, S6). The
spectral features show only negligible differences for the
increasing electron dose from 0.5 X 10% to 2 X 10% e~ /m>
Specifically, the normalized intensities and widths of the G-
peak and the 2D-peak remain unchanged within the
uncertainties of the fit. The spectra show no D-peak, even
with increasing electron doses, indicating that no or only few
defects have been generated by the SEM irradiation. This also
indicates that these measurements were conducted on an edge-
defect-free area. Instead of the Ij,/I peak ratio, the noise-to-G-
peak ratio was determined for all measured spectra with an
average of 0.12 (Table 1). (The measurement of the sample
exposed to an electron dose of 1.0 X 10?° e”/m” failed because
of a defect on the Raman laser.) To assess possible

Table 1. Noise-to-Peak Ratios for the SEM Irradiated
Graphene Samples”

Electron dose Noise-to-peak ratio

Pristine 0.12
0.5 X 10 e*/m? 0.20
1.5 X 10 e~ /m? 0.09
2.0 X 10° e /m? 0.08

“The noise level was determined as the standard deviation for each
spectrum at (1350 + 40) cm™ and was divided by the intensity of the
measured G-peak.

manufacturer-dependent effects, we repeated the irradiation
on graphene from a different manufacturer (Graphenea, San
Sebastian, Spain) at 5.6, 10, 20, and 30 keV with doses of 1.5,
2.0, 5.0, 10.0, 15.0 X 10* e”/m”. Again, no significant D-peak
was observed. The corresponding spectra are provided in the
Supporting Information (cf. Figure S4).

Figure 2 shows an overview plot of results from literature as
well as results from this work. In the literature, higher I/I-
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4 30 keV, Childres et al. (2011), 532 nm

A 20 keV, D. Teweldebrhan and A. A. Balandin (2009), 488 nm
A A A 10keV, Tao et al. (2013), 514.5 nm
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Figure 2. Compilation of the I/I; (indicator of defect density) ratio
data after SEM irradiation in relation to electron dose. Extracted
literature data for 10 keV (pink to magenta), 20 keV (green) and 30
keV (blue) are compared with data from this study (black).5*67:68
The stated wavelengths refer to the applied laser beams used. Colored
bands have been added to guide the eye.

ratios of up to I/I; = 1 were reported at similarly low doses.
However, studies reported in the literature employed electron
energies above 10 keV. As outlined above, the curves show
distinctive trends, first increasing with higher electron doses
and then decreasing again. For our work, only low electron
doses were of interest. Noticeably, the highest Ip/I;-ratios
were observed at 10 keV, with a lower maximum ratio at 30
keV and even lower at 20 keV. Additional literature suggests
that changes in the spectra, and thus I,/Ig, may not solely
result from amorphization at such low energies, but at least
partially from hydrogenation or surface contamination, which
can be removed by annealing.”>** Tao et al. have reported a
small blue shift in the Raman spectra after annealing, indicating
a structural modification.”* It has also been suggested that
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Figure 3. (A) Evolution of representative Raman spectra with increasing time of exposure to tritium. (B) Evolution of the intensity ratio I/I as an
indicator of changes in the defect density. The red line indicates the average noise-to-G-peak ratio observed after electron irradiation, as shown in
Figure 1 and Table 1. The spectra were normalized to the respective G-band amplitudes.

defects, as visible from Raman spectra, stem from radical
compounds formed within the electron beam, leading to
chemical etching.”® Some low-energy e-beam studies likewise
find that few-keV electrons primarily cause reversible
adsorbate-related spectral changes rather than permanent
lattice damage.65 Moreover, creating vacancies via knock-on
requires on the order of ~80 keV imparted to a carbon atom,
which is not reached under our e-beam conditions.®
Therefore, our observation that a 5.7 keV electron beam
does not modify the graphene structure is not unexpected.

In summary, we conclude that the oriented beam of 5.7 keV
electrons, which mimics the exposure to electrons released by
the beta decay of tritium, does not modify the graphene
structure.

3.2. Effect of Exposure to Gaseous Tritium. Four
individual graphene samples were exposed to tritium gas at a
constant pressure (100 mbar) in a constant volume (5 mL).
Only the exposure time was varied. The corresponding Raman
spectra of the graphene samples after each exposure are shown
in Figure 3A. In general, it can be observed that the D-band
intensity increases with longer exposure times, while the 2D-
band intensity slightly decreases. Both observations indicate an
increasing degradation of the graphene layer. The intensity
ratio I/I, which is directly proportional to the defect density
in Stage 1 is shown in Figure 3B.

After 22.9 h of exposure to tritium, the changes in the
Raman spectra are minimal compared to pristine graphene.
The intensity ratio Ip/I is less than 0.25, comparable to many
pristine samples in the literature.”**® The same is true for the
intensity ratio Lp/Ig (~1.7). The Ip/Ig-ratio is only slightly
higher than the noise-to-peak ratio observed for the SEM
irradiated samples (cf. Figure 1). For the sample that was
exposed to tritium for 45.8 h, a significant change in the Raman
spectra can be observed, namely an increase of the D-peak and
a decrease of the 2D-peak, leading to an Ij/I; of ~1.2 and an
Lp/I; of ~1.1. The samples that were exposed to tritium for
45.8 and 68.7 h show very little difference in the respective
Raman spectra. Both intensity ratios remain unchanged within
the stated uncertainties of the fit. Follow-up studies are needed
to determine whether this small change in Ip/Ig is
reproducible. It cannot be excluded that the data point at
45.8 h could be an outlier caused by a morphological difference
in this particular sample, as described below. After 91.6 h, the
D-peak is further enhanced with an I,/Ig of ~1.5. However,
the intensity of the 2D-peak has not decreased significantly,
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indicating that the general structure of the graphene layer is
still intact, which is expected behavior in Stage 1 (region of
low-defect graphene).””

Note that in general sample morphology with preexisting
defects can affect local sticking probabilities of tritium atoms,
as discussed in Section 3.4, and thus could affect the evolution
of the defect density as shown in Figure 3B. With the samples
used in this work, there are two main indicators that there
could be preexisting defects, namely (i) large-scale macro-
scopic heterogeneity (cf. Figure S2), and (ii) severely reduced
Raman signal as compared to other monolayer graphene
samples. However, these considerations do not alter the aim of
this study, which is to disentangle the role of beta decay
electrons from that of reactive tritium species in defect
formation. To assess robustness with respect to preexisting
defects, we additionally simulated tritium-graphene interaction
on both pristine and defective graphene (see Figure 6).

Although the Raman signal of these graphene samples is
relatively weak and the D’-peak cannot be fully resolved, the
spectra are consistent with a modest concentration of sp>-type
defects, i.e., a covalent bond between a tritium atom and the
carbon of the graphene layer.”>% As the defect assignment is
based on the Ip/Ip, intensity ratio, sp>-type functionalization
typically yields a higher I,/I},, whereas vacancy-type defects
tend to give a comparatively stronger Iy and thus a lower ratio.
Given the limited I, resolvability here, we refrain from a
quantitative estimate and treat the assignment as tentative.

3.3. Released Activity from Graphene Samples.
Although it cannot be easily quantified how much of the
tritium is adsorbed on graphene and how much is absorbed in
the SiO,/Si substrates, the released activity after bake-out
provides a quantitative metric characterizing the different
loading experiments. Because all samples used the same
substrate and fabrication, any substrate contribution should be
comparable across samples.

Figure 4 shows the released activity Ay as a function of (A)
the total decays that occurred during the exposure time within
the chamber volume in a log—log plot, and (B) the decay
density in the chamber volume in a log—linear plot. Data
points from Zeller et al.*° are included as open circles. As the
area of samples used in the aforementioned study was larger, a
correction factor of 0.25 was applied to the released activity
value from Zeller et al. For both plots a linear fit was
performed as shown.
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radiolytically available tritium. The exposure times of each measured
sample are indicated at the data points. Open points indicate data
from Zeller et al.>® (A) Plot as a function of the total decays in the
chamber during the exposure time. (B) Plot as a function of the decay
density during the exposure time. The calculations and exact values
are given in the Supporting Information (Table S3). In the fit
equations, Ay denotes the released activity, AN is the total number of
decays, and n is the decay density.

We want to highlight that compared to the exposure applied
by Zeller et al.,, the total number of decays in this work is 2
orders of magnitude smaller (Figure 4A).”° However, the
decay density, based on the volume of the exposure cells,
differs only by a factor of about 2.5 (Figure 4B). In the
following, we use the released activity Ax as a common
parameter as we assume that Ay, up to a proportionality factor
and/or offset, is related to the adsorbed activity on the
graphene samples and thus also to the defect density in the
graphene samples.

Ay is used in Figure 5 to compare the results from this work
and the results from Zeller et al. The charts show the peak
intensity, peak area, FWHM, and a relative position shift of the
main Raman peaks of graphene (2D, G, D, and D’). Note that
the data is normalized to the intensity of the G-peak as in
Figure 3. Therefore, the intensities shown in Figure SA can be
interpreted relative to the G-peak as Ip/Ig, Lp/I and Ipy/I.
The full summary of the fit results is reported in the
Supporting Information (cf. Tables S4, SS, S6).

As it was described previously, the Ip/I;-ratio is directly
proportional to the defect density (here estimated by Ag) in
graphene in the low defect regime (Stage 1). Note that with
increasing Ap, the D-peak intensity and area (Figure SC)
increases. The Ip/I5-ratio should reach a global maximum at a
threshold value of Ay, followed by a decrease in the I,/I;-ratio
with further increasing Ag. Due to the relatively increased
fwhm of all peaks (Figure SB) it can be concluded that the
graphene samples from Zeller et al. (data points at Ap 2 20 X
10° Bq/cm? correspond to the high-damage density regime of
graphene (Stage 2). Therefore, the predicted maximum of the
D-peak intensity would most likely occur in the region
between A & § X 10° Bq/cm?® and Ay 2 20 X 10° Bq/cm’.

Noticeably, no significant differences are observed between
the trends of the peak intensities (A) and peak areas (C). In

1.0 100 200 1.0 100 200
Released activity (10° Bq x cm?) Released activity (10° Bq x cm?)

Figure S. Different Raman spectrum peak parameters vs released
activity from graphene on Si/SiO, samples after heating. (A)
Evolution of the peak intensities, (B) changes in the full width at
half maximum (FWHM) of the peaks, (C) evolution of the peak
areas, (D) changes in the relative peak position shift with increasing
released activity. The exposure durations are indicated for data points
from this work for easier referencing in the main text. Peaks are
identified in the legend of panel A. Open points indicate data from
Zeller et al.”® The dashed lines provide guides to the eye. Note the
large error of the D’-peak is caused by the uncertainties of the fit.

both cases, the D-peak value increases with increasing Ag,
while the 2D-peak value decreases. The G-peak intensity
remains approximately 1, as the spectra are normalized to the
G-peak maximum. However, the G-peak area increases with
increasing A, which is also reflected in the broadening of the
G-peak (B). A significant increase in the D’-peak intensity and
area is only visible for Ay = 20 X 10° Bq/cm® For Ag < § X
10° Bg/cm® it remains constant and small within the fit
uncertainties. As discussed previously, the D’-peak is not fully
resolved from the noise in this work, also leading to increased
error bars of the fit results, most noticeable in Figure SA.
Regarding the peak widths (B), the FWHM of all four peaks
increases with increasing Ay except for the sample that was
exposed to tritium for 45.8 h during this work. For this sample,
all four peaks are significantly broadened. Thus, it appears to
be an outlier. A similar effect can be observed when looking at
the relative position shifts of the peaks (D). In general, there
appears to be a linear anticorrelation between the shift and Ay
with the 45.8-h-sample posing an outlier. The G-peak is shifted
drastically by —12 cm™". It is known that the G-peak position is
blue-shifted in the case of both electron and hole doping.”® A
similar effect, due with smaller magnitude (~5 cm™), can be
observed for the 2D-peak as well. The line position of N, (see
Figure 3) is stable within + 2 cm™" across all measurements in
this work, indicating that the blue shift is indeed a physical
effect. As already described above it needs follow-up studies to
determine if this effect is reproducible.

These results demonstrate a clear correlation between
increasing tritium exposure (more total decays, higher decay
densities) and the spectral features of the graphene samples.
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Figure 6. Single tritium interaction simulations conducted on pristine graphene, S—8—5 divacancies, and 555—777 divacancy graphene structures
using REBO potential. The probability of single tritium interaction is analyzed as a function of incident kinetic energy, considering transmission,
adsorption, and reflection outcomes. Results are presented based on the initial exposure location: (A, B) for pristine graphene, (C, D) for S—8—5

divacancy graphene, and (E, F) for 555—777 divacancy graphene.

The intensity and area ratios between the D- and G-peak
increase, the peaks broaden and there are notable shifts in the
peak positions. The results also indicate that with increasing
tritium exposure, the released activity Ay is increasing, which
suggests that also the amount of adsorbed tritium is increasing.
Furthermore, Ay is indeed related to the defect density caused
by tritium adsorption. Therefore, at least some amount of the
released activity has to originate from the graphene layer itself
and not only from the Si/SiO, substrate.

3.4. Theoretical Investigation of Pre-existing Defects
on the Interaction between Graphene and Tritium. We
have investigated by means of simulation what happens when
pristine or defective graphene is exposed to tritium bombard-
ment with various initial kinetic energies. The results are
summarized in Figure 6, showing the adsorption, reflection, or
transmission rates of tritium atoms. In general, increasing the
kinetic energy increases the transmission probability and
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reduces the possibility to form C—T bonds or to reflect
tritium atoms. In detail, there are two crossing points in Figure
6, which correspond to the crossing between the transmission
and either reflection or adsorption. Both points are observed at
higher kinetic energies of tritium in case of pristine graphene
and are about 1-2 eV lower in energy for the defective
systems, indicating that much less energy is needed to modify
the existing defects than to form them from a pristine material.
We calculated these processes with two different potentials,
REBO (shown in Figure 6) and AIREBO shown in Figure S6.
It is important to mention a few differences between the two
methods: 1. The crossing points using REBO are closer in
energy than those from AIREBO; 2. The trends at lower
energies indicate that using AIREBO favors the reflection over
the adsorption, which is not very intuitive. These differences
come from the fact that AIREBO overestimates the Lennard-
Jones interactions, thus, resulting in exaggerated repulsion,
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especially visible at low kinetic energies. This was also
observed by other researchers.”' At very low energies (up to
4 eV), adsorption dominates, leading to the formation of C—T
bonds, while the probability of reflection remains negligible. At
high energies (above 20 eV), transmission becomes the
primary process, whereas reflection is most significant at
intermediate energies (5—20 eV). Our results agree very well
with other theoretical studies.”'”™’* A subtle distinction
between pristine and defective graphene arises in the onset
of reflection: in the defective system, the probability of
reflection begins to increase at around 4—S5 eV, compared to
6—7 eV for pristine graphene.

It is expected that below S eV kinetic energy the reflection is
lower than adsorption. Additionally to defect formation, the
C—T bonds are formed which should be observed in Raman
spectra as D’-bands. On the other hand, for higher kinetic
energies, the tritium transmission through graphene may result
in C atoms knockout and vacancy formation or defect
transformation, in case the tritium atoms are situated above
C atoms. The increased formation of defects at higher kinetic
energies should be reflected in the Raman spectra as an
increased D-band.

The theoretical results show that in the low energy range (<
20 eV) there is a certain probability ratio between adsorption
and reflection of ~2:1, which is rather unaffected by the
existing defect type. This is an important aspect, as it suggests
that differences in the trititum adsorption efficiency as a
function of the defect type are unlikely to occur, and that
strongly heterogeneous tritium adsorption behavior is not to
be expected. Therefore, we can conclude that the presented
results on tritiation are also applicable to graphene substrates
that initially show a heterogeneous defect type distribution.

4. SUMMARY AND CONCLUSION

We exposed pristine graphene samples to radioactive tritium
gas at a pressure of 100 mbar with different exposure times. In
this gas, primary beta electrons (keV) as well as secondary
particles from ionization and dissociation (low energy
electrons, helium and tritium ions and atoms) are present.
Our observations show that the interaction between graphene
and tritium cannot be explained by electron irradiation alone.
Using Raman microscopy, we observed a clear increase in
defect density under tritium exposure and conclude that this
increase cannot be accounted for by electron irradiation alone
at comparable energies and doses.

The Raman-derived Ip/Is-ratio indicates the general defect
density, but due to poor signal-to-noise ratio, we cannot
resolve the weak D’-peak signal and thus only have limited
direct information about the defect type. Electron irradiation
performed with an electron gun without an interfering gas
atmosphere and thus absence of atomic or ionic species
showed no significant changes in the Raman spectra and a
vanishing D-peak. Literature data reports are in part contra-
dictory: some studies®® report no detectable Raman damage at
comparable energies and doses, whereas others observe a
pronounced D-peak only at substantially higher doses or
higher-energy beams.””**®” Consistent with the former, our
electron-only controls showed no statistically significant
spectral changes across 5.6—30 keV. It should also be noted
that the median energy of the beta electron from tritium decay
is even lower than 5.7 keV.

Due to tritium exposure, the defect density of graphene
increases rapidly and at relatively low doses. Compared to
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previously investigated high electron doses, remarkably low
concentrations of tritium already induce defects compatible
with a mixture of adsorption-like (sp®) and vacancy-like
processes at exposure times as short as 22.9 h. Our tritium
bombardment simulations show that there should be
significant C—T bond formation (adsorption and formation
of sp>-C atoms) for lower kinetic energies of tritium atoms,
while vacancy-type defects are formed for higher kinetic
energies (transmission). Previous experiments have shown that
the defect density increases with higher tritium exposure. As
the sp’-defects are attributed to tritiation, tritium saturation of
the graphene may be at least partially possible. This could alter
the electrochemical properties of graphene and affect hydrogen
transport as well as selectivity in hydrogen isotope separation.
Further research is needed to characterize the impact of the
induced defects on physicochemical properties of graphene
and thus on future applications of graphene membranes.
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