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A new method for radionuclide labeling by the use of graphene thin films was previously presented. In this work,
a comparison among low energy radioactive sources supported on carbonaceous thin films on polyvinyl chloride-
polyvinyl acetate copolymer (VYNS), based on the use of aqueous solutions is investigated as a feasible alter-
native to the traditional metallized films avoiding the downside of the loss of many broken films. Graphene-based
materials were prepared by both oxidation-exfoliation-reduction and direct graphite exfoliation routes. In
addition, multiwalled carbon nanotubes (MWCNTs) thin films were also evaluated. The stability of both
carbonaceous materials aqueous dispersions were studied by using ionic and non-ionic surfactants. Solid carbon-
based materials were characterized by X-Ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy
(FTIR) whereas the colloidal nature of the aqueous dispersions was verified by the measurement of Tyndall effect
and the morphology of thin films was evaluated by Scanning Electron Microscopy (SEM). >°Fe solutions were
used to prepare the radioactive sources on the thin films by quantitative drop deposition. The quality of spectra
was measured in a pressurized proportional counter. Results showed a resolution higher than 0.9 keV for all the
tested sources. However, MWCNT-based along with non-surfactant sources presented non-adequate escape peaks
and low energy tails. On the contrary, all the graphene-based sources prepared using surfactants to stabilize
aqueous solutions presented an energy resolution comparable to that of the metallized source while offering
notable advantages in terms of cost efficiency and reliability of the as-prepared supports.

1. Introduction to resist the impact of drops of radioactive solutions poured from pi-
pettes, chemical inertness to the reagents used during the rapid evapo-

The preparation of good conductive sources is essential to obtain ration of solutions and thermal resistance to the infrared radiation used

high quality electron spectra, especially if they are of low energy. The
preparation of radioactive sources requires thin-film supports allowing
radiation to pass through. The thin-film membrane can be made of a
wide variety of materials such as polypyrrole and polyaniline films,
polyethylene dioxythiophene/polyvinylchloride and polyvinylchloride-
polyvinylacetate copolymer (VYNS) (deSanoit et al., 1997; Du et al.,
1996; Sibbens and Altzitzoglou, 2007). All of them present common
features that make them feasible for the application of the 41y method,
including a very low surface density and a low average atomic number in
order to reduce absorption and dispersion of radiation, tensile strength
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during the evaporation process and during the subsequent metallization
process to make the film electrically conductive (Moura and Parker,
1975). Among them, VYNS is largely the most used material to prepare
thin films for radioactive sources. Commonly, VYNS membranes are
stretched on stainless steel or aluminum rings. The thickness of the thin
film is determined by the concentration of VYNS in the solution., This
ranges from several hundreds of pg cm~2, although, is usually limited to
5-10 pm cm2. The thickness of the VYNS thin films may be measured
gravimetrically. The evaporation of gold or gold-palladium thin layers
onto VYNS allow becoming it into conductor. (Lowenthal, 1964). The
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thickness of the conductive layer may be determined by the difference
between the weight of the thin film with and without the conductive
layer. The use of gold as conductive metal is related to its easy prepa-
ration, its excellent resistant to oxidation and chemical attack and its
low migration rate at room temperature, which prevents the loss of the
conductive nature of the deposited film (Yaffe, 1962). On the contrary,
VYNS thin films are not resistant to the most commonly used organic
solvents such as Dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP) or Dimethyl sulfoxide (DMSO).

This preparation method present several disadvantages, such as the
cost of gold-palladium (Au-Pd) solutions and the fragility of the thin
film when is coated with the metal, being common the breakage of a
high proportion of them.

Carbonaceous materials, such as carbon nanotubes or graphene-
based materials are appealing candidates to enable conductive films
because of their good electrical conductivity, high tensile strength and
excellent elasticity. MWCNTSs are fiber-like engineered nanomaterials
(ENMs) derived of both carbon fibers and fullerene with molecules
composed of carbons in a rolled structure with an arrangement similar to
graphite (Sonkar et al., 2021). MWCNTs are made of carbon sp2 forming
van der Waals crystalline structures (Liu et al., 2018). Graphene is an
allotropic form of carbon that has attracted great attention since
Novoselov and Geim obtained sheets of graphene by exfoliating graphite
using an adhesive tape in 2004 (Novoselov et al., 2004), a discovery by
which they were awarded the 2010 Nobel Prize in Physics. Structurally,
graphene consists of a single layer of carbon atoms tightly bonded by
bonds that exhibit sp? hybridization and arranged in a uniform, slightly
wavy surface, with a honeycomb structure due to its hexagonal elec-
tronic configuration. Graphene can be classified into three types:
monolayer, bilayer and multilayer with a thickness between 3 and 10
layers (Geim and Novoselov, 2007). When the material present more
than 10 layers its characteristics are similar to graphite. The properties
of monolayer graphene are excellent, including its transparency (Nair
et al., 2008), its high thermal conductivity (5300 W mlK (Balandin,
2011), the Hall effect (Zhang et al., 2005), its mechanical properties,
such as Young’s modulus: 1100 GPa and its resistance to fracture close to
125 GPa (Lee et al., 2008), and, finally, its large specific surface area of
around 2630 m? g’1 (Chae et al., 2004).

Chemical exfoliation which consists on oxidation of graphite fol-
lowed by exfoliation to graphene oxide (GO) and subsequent chemical
reduction to reduced graphene oxide (rGO) is a common route for
generating graphene based materials, because its low cost, since it re-
quires relatively inexpensive equipment, and large quantity production.
However, by using this method some oxygen functional groups remain
and the defects partially disrupt the inherent sp? hybridized structure
and morphology of graphene. Hence, rGO has not as good properties as
monolayer graphene. On the contrary, the presence of remaining oxygen
functional groups gives rGO a better dispersibility in most solvents. On
the other hand, liquid phase exfoliation of pristine graphite produces
high quality few-layer defect-free graphene (deG) but it presents poor
dispersibility and low yield (mass of graphene product/mass of graphite
feedstock). Typical yields reported in the literature for well dispersed
pristine graphene nanosheets are <2% (Texter, 2015). CNTs can be
prepared by three different methods: arc discharge, laser ablation, and
chemical vapor deposition (Anzar et al., 2020). However, MWCNTSs
present an extremely poor solubility in water and other solvents, being a
serious limitation for their practical applications (Kharissova et al.,
2013).

Given its high hydrophobicity, the preparation of stable aqueous
dispersions of carbonaceous materials requires the use of surfactants
that promote the wetting tendency of the dispersions. It is necessary to
utilize an appropriate amount of surfactant to obtain better dispersion
and uniformity. Surfactant molecules can be absorbed on the surface of
MWCNTs or graphene materials via hydrophobic interactions, z-7
bonds, hydrogen bonds or electrostatic interactions which stabilize the
distribution of the material in the solution (Keinanen et al., 2018). In
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addition, surfactants are intercalation agents, widening the distance
between the graphite layers (Feng et al., 2020). These stable suspensions
are able to be deposited in a large variety of substrates by the use of
different deposition techniques, such as spray coating (Allen et al.,
2010) or spin coating (Kymakis et al., 2011). These techniques allow
producing conductive films with many applications in the fields of
electronics and optoelectronics (Bonaccorso et al., 2010).

In a previous work we explored the possibility of preparing radio-
nuclide sources on rGO-based thin films (Roteta et al., 2016). However
this study was limited to rGO and no other carbon materials were
evaluated. In addition, the best results were obtained for thin films
prepared with rGO reduced by hydroiodic acid which is not an envi-
ronmentally friendly reductant. In this work, readily available and
cost-effective radioactive sources supported on carbonaceous thin films
on VYNS are investigated as a suitable alternative to the conventional
metallized films avoiding the shortcoming of the loss of many broken
films of the high percentage of broken films. Graphene-based materials
were prepared by both oxidation-exfoliation-reduction and direct
graphite exfoliation routes. In addition, CNTs thin films were also
evaluated. Since VYNS films are not resistant to the most common
organic solvents used to stabilize graphene and MWCNTSs dispersions
(DMF, NMP, DMSO), the stabilization of graphene-based and CNTs
aqueous dispersions was studied by using ionic (sodium dodecylbenzene
sulfonate, SDBS) and non-ionic (Triton X-100) surfactants.

2. Materials and methods
2.1. Synthesis of graphene oxide

GO was synthesized following the guidelines given by the Tour
method (Marcano et al., 2010). Briefly, 3 g of graphite powder were
weighed together with 18 g of KMnO4 and placed in a beaker. 400 mL of
a mixture of concentrated HoSO4/H3PO4 (9:1 vol ratio) were added. The
mixture was then stirred at 50 °C for 16 h, changing its color from dark
purplish to dark brown. 400 mL of ice milliQ water and 10 mL of 30 %
H20, were subsequently added in order to finish oxidation reaction
resulting in a bright yellow suspension with bubbling. The suspension
was decanted overnight and the supernatant removed and discarded.
The remaining solid was filtered and washed successively, with 250 mL
10% v/v HCI and ultrapure water until pH of the supernatant achieved
6-6.5. Finally, the solid graphite oxide was freeze dried by
lyophilization.

2.2. Synthesis of reduced graphene oxide

A combined hydrothermal-chemical reduction method was applied
to reduce the GO. 300 mg of GO were dispersed in 60 mL of ultrapure
water (5 mg mL ™). The mixture was first sonicated using a Selecta ul-
trasonic bath for 1 h and subsequently with an ultrasonic probe (Ban-
delin Sonoplus HD 2070) for 1 h yielding homogenous brown GO
dispersions. The resulting dispersions were transferred into PTFE-lined
stainless steel autoclaves and subjected to 120 °C for 24 h. Obtained
residues were transferred to a beaker and 6 g de r-ascorbic acid were
added (100 mg mL’l). The mixture was stirred for another 48 h. The
obtained products were washed twice with ultrapure water and dried at
60 °C under vacuum. A final thermal annealing was performed at 400 °C
during 24 h under Ar atmosphere. Finally, the as-obtained rGO was
ground in an agate mortar.

2.3. Synthesis of carbon nanotubes

Catalytic decomposition of a gas-phase carbon source (acetylene)
was used to synthesise multi-walled carbon nanotubes (MWCNTs) in a
reactor consisting of a horizontal furnace and a quartz tube through
which the reactants were introduced into the furnace at 1023 K. Iron
pentacarbonyl (Fe(CO)s) was used as the precursor for the iron catalyst
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Table 1

Prepared dispersions of carbon-based materials.
Dispersion ~ Carbonaceous material ~ Concentration (mg.mL")  Surfactant
1 GO 0.1 SDBS
2 1GO 0.1 Triton X-100
3 rGO 0.1 Sodium citrate
4 deG 10 SDBS
5 deG 10 Triton X-100
6 CNT 1 SDBS
7 CNT 1 Triton X-100

Device schematic

Optical X-cube dichroic crystal
RGB Prisme

Laser 650 nm

Quartz cuvette
Light path: 10 mm

Fig. 1. Schematic device of the Tyndall effect tester.
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Fig. 2. XRD patterns of graphite and carbon-based synthesized materials.
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Fig. 3. FTIR spectra of graphite and carbon-based synthesized materials.
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by bubbling nitrogen gas through the precursor solution in the reaction
zone at 0 °C (Perez-Cadenas et al., 2012; Sampedro-Tejedor et al., 2007).
A mixture of nitrogen and hydrogen was used, the former as carrier gas
and the latter as reducing agent for the metal catalyst. Fe(CO)s was
thermally decomposed in the tubular reactor to form iron nanoparticles
on which MWCNTs were nucleated and grown. Quartz plates were
placed in the centre of the reactor on which the formed nanotubes were
deposited to facilitate their recovery, although the MWCNTs were also
deposited on the walls of the quartz reactor tube. The material was
recovered from all surfaces and subsequently characterized.

2.4. Preparation of aqueous dispersions

Aqueous dispersions of rGO, deG and CNT were prepared using
different surfactants as it is given in Table 1. The suspensions were
subjected to sonication with a probe sonicator for 2 h. In the case of deG
dispersions, a centrifugation step was performed after sonication at
3000 rpm for 15 min to sediment unexfoliated graphite and the top
supernatant containing few-layer graphene flakes was collected as the
final graphene dispersion. SDBS, Triton X-100 and sodium citrate were
added following optimal values from the literature (Giovannetti et al.,
2016; Li et al., 2020; Wang and Zhang, 2019).

2.5. Preparation of carbon-based thin films supported on VYNS

VYNS films production method is similar to that described by Pate
and Yaffe (1955). It is based on a drop-casting method where a drop of
VYNS solution is cast on the surface of ultrapure water contained in a
bath, which enables its expansion and polymerization. Subsequently, an
aluminum ring is immersed in the solution to collect and hold the VYNS
layer. The remaining polymer around the outer edge of the ring is cut
manually using a scalpel. The film, mounted on the aluminum ring is
dried at room temperature or under an infrared lamp. rGO, deG and CNT
dispersions were spin-coated onto the VYNS substrates. Aluminum rings
were placed over a polyethylene terephthalate (PET) substrate and fixed
with Kapton tape so that they can be held by vacuum in a spin coater
(CONVAC 1001). A drop of 1 mL of the corresponding dispersion was
deposited onto the VYNS surface and a spinning program with a
three-step profile comprising spin rates of 200 rpm for 10s, 500 rpm for
45s and 1000 rpm for 10s was used to coat the surface of the VYNS
membrane without breaking it.

2.6. Characterization analysis

X-ray diffraction (XRD) patterns of all the samples were recorded on
a Philips powder diffractometer PW3040,/00 X Pert MPD/MRD with Cu
anode and a graphite secondary monochromator. The working condi-
tions used included automatic slit divergence, 10 mm irradiated length,
10 mm mask, X’Celerator detector, 2.2 kW, voltage 45 kV, intensity 40
mA X-ray tube, 0.01° step size, 20 s time per step and applying a Cu-ka
radiation (A = 0.15406 nm) with a radius of 200 mm and an angle of 6°.

FT-IR analyses were performed by a spectrometer Varian Excalibur
Series 3100. This instrument operates individually and it is equipped
with a high resolution interferometer made up of a KBr beamsplitter,
which allows working in the range from 7000 to 400 cm™ with a spectral
resolution from 32 to 0.09 cm™..

Scanning electron micrographs were recorded on a FEG-Nova Nano
SEM 230 Field Emission Electron Microscope, equipped with a ELD
detector (Everhart-Thornley Detector) for secondary electrons. Prior to
analysis, samples were metallized by gold coating using the sputter-
coater deposition method, in which a thin film is subjected to ionic
bombardment of gold. This treatment was performed using a BALTEC
(Leica) EM ACE600 equipment.

The nature of the prepared dispersions was studied by a typical
experiment conducted in colloid science called the Tyndall effect. This
experiment was carried out using a LEICA EM ACE200 camera and close-
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Fig. 4. SEM images of graphite and carbon-based synthesized materials (a) graphite, (b) GO, (c) rGO, (d) MWCNT.

up lenses that allow surface details to be enlarged up to 10 times. Images
taken in appropriate lighting conditions have a resolution of 4608 x
3072 pixels. A device was designed in which light from a laser pointer
with wavelength of 650 nm passed through an optical X-cube dichroic
crystal RGB prism, striking a quartz cuvette with a light path (10 mm).
The used device allows perpendicular incidence of light of laser across
the cuvette of quartz (Fig. 1).

2.7. Measurement of radiolabeled sources

The aqueous dispersions described in Table 1 were used to prepare a
series of VYNS films with different types of carbon materials. Each type
of film was used for the production of radioactive sources by drop
deposition and simple evaporation of 5°Fe. The energy resolution was
analyzed with all of them and the results obtained with the VYNS films
plated with Au-Pd were compared. Sources containing >°Fe, emitting
low energy electrons, allow checking the spectrometric quality in the
low energy region and determining the energy resolution of the 5-6.5
keV Auger electron peaks. In all cases, sources were measured on a 4n
Pressurized Proportional Counter (PPC). The system is pressurized with
PR gas (a mixture of 90% argon and 10% methane) at 750 kPa. In this
detector, it is required that the radioactive samples be deposited on a
conductive support since the electrically charged particles are emitted
by the sample and the emission of charged particles will leave the
sample charged. If the support were not conductive, some of the pulses
could be too small and the spectrum could be degraded because the
electric field does not remain constant in the vicinity of the sample. The
situation is particularly unfavorable when measuring electron emitters
with 41 PPCs because the charge created in the avalanche could not be
neutralized and could affect the following electron emissions, especially
if they are of low energy, reducing the quality of the spectrum. There-
fore, samples measured in this device are usually metallized with Au-Pd

alloys, a material with high atomic number that can cause attenuation of
charged particles and gamma radiation. The use of carbon materials
aims to produce low atomic number conductive samples.

3. Results and discussion
3.1. Characterization

X-ray diffraction patterns of graphite, GrO, rGO and MWCNTs are
shown in Fig. 2. The 26 diffraction peak of GO appeared to be 10.62°,
corresponding to dgo; plane, confirmed the oxidation of the graphitic
structure and the formation of oxygenated functional groups such as
carbonyl, carboxyl, epoxide and hydroxyl groups in graphite oxide, with
an obvious disappearance of graphite characteristic peaks, indicating a
new lattice structure which is significantly different from the pristine
graphite (Kartick et al., 2013). Following chemical and thermal exfoli-
ation and reduction, in the XRD pattern of rGO the (001) band
completely disappears due to the partial removal of oxygen groups. On
the contrary, XRD pattern was similar to that of graphite showing a
typical peak at 20 = 25.80°, indicating the progressive reconstruction of
the crystalline structure (Muzyka et al., 2018). The peak, however, was
rather broad, which might be attributed to very thin graphene layers due
to high degree of exfoliation. This result indicated that the graphene
nanosheets were exfoliated into few-layers. The interlayer distance is
significantly lower than the corresponding for GO which implies that
most of the functional groups were removed (Meng and Park, 2012).
However the higher basal spacing with respect to the theoretical value
(0.335 nm) (Wu et al., 2020) may be related to the presence of signifi-
cant amounts of oxygen in the rGO and a large degree of defect forma-
tion in the graphene layers due to the incomplete reduction of GO sheets
which is typical from rGO obtained by the chemical route (Chua and
Pumera, 2014). The XRD results obtained for MWCNTS presented two
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Fig. 5. SEM images of carbon-based materials thin films. (a) Dispersion 1, (b) dispersion 2, (c) dispersion 3, (d) dispersion 4, (e) dispersion 5 (f) dispersion 6 and (g)

dispersion 7.

peaks at 26.45° and 44.57° which are typical from CNTs (Arunkumar
et al., 2020). These peaks show the presence of carbon in the product
and also the hexagonal structure. Other peaks at 38.30°, 44.57°, 64.78°,
71,80°, 77.90° belong to the catalysis used for the synthesis of the
MWCNTs. The crystalline size of the sample was determined using
Scherrer Equation (1), which is 39.49 nm and lattice strain was 0.6661.

0.9421

= 1
v P2 cos 0 W

Fig. 3 shows the FTIR spectra of GO and rGO, together with those of
graphite and MWCNT. The GO spectrum shows a peak at 1056 cm’
attributed as C-O stretching. The peak at 1232 cm™! is confirmed as
C-0-C bending and aromatic G=C stretching is observed at 1633 cm™.
The carbonyl groups are also shown at 1749 cm™ as C=0 stretching and
a broad peak at 3251 cm! is attributed as O-H stretching vibration of
the C-OH groups and water content in the material. These peaks do not
appear in the FTIR spectrum of graphite, indicating that the oxidation
process through the Tour method introduced a large number of oxygen-
containing functional groups, including -COOH and C—=O0 located at the
sheet edge as well as -OH and epoxy C-O on the basal planes of the GO
sheet (Stankovich et al., 2006). The curve of rGO was similar to that of
graphite, showing the restoration of electronic conjugation within

graphene sheets. The rGO spectrum confirms the reduction of
oxygen-containing groups on GO by the combined ascorbic acid (L-AA)
and thermal process. The peaks at 1056, 1232 and 1749, 3251 cm’!
disappeared and decreased dramatically, this is an indication of the
removal of oxygen-containing functional groups in GO to a high degree.
Considering this result, it can be deduced that the combination of
chemical reduction by L-AA and final thermal annealing constitutes a
highly effective route to reduce GO leading to a high quality rGO. The
very poor transmittance of graphite, rGO and MWCNT samples can be
due to the strong absorption of the infrared light by these materials (Eo
et al., 2008) and the low number of surface groups.

SEM images of graphite and carbon-based synthesized materials are
depicted in Fig. 4. Graphite flakes (Fig. 4a) show a laminar morphology
with an ordered layer structure (Arduini et al., 2010). In contrast, GO
(Fig. 4b) reveals a typical randomly aggregated, thin, crumpled flake
structure (Aliyev et al., 2019). It exhibits that the oriented layer struc-
ture of graphite has been unbalanced due to its oxidation. SEM image of
rGO (Fig. 4c) shows an oriented structure as randomly crumpled silk veil
waves. The nanosheets are rippled and entangled with each other. The
lamella structure of wrinkled rGO nanosheets is due to the van der Waals
interactions (Saleem et al., 2018). SEM image of the nanotubes grown
(Fig. 4d) shows aligned MWCNTs not associated in bundles (Castillejos
et al.,, 2012; Sampedro-Tejedor et al., 2007), where the bright points
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Fig. 6. Images of Tyndall effect in aqueous dispersions of the surfactants and carbon-based materials used in this study. (1) dispersion 1, (2) dispersion 2, (3)
dispersion 3, (4) dispersion 4, (5) dispersion 5 (6) dispersion 6 and (7) dispersion 7.

correspond to the Fe(CO)s used as catalyst (Shivashankar and Arod,
2015).

Fig. 5 presents SEM images of thin films from the different prepared
dispersions deposited on glass slides. In the case of dispersions 1 and 3,
Fig. 5a and c, respectively, clearly show dense and uniform graphene
flakes with homogeneously smooth and wavelike sheet morphology
throughout the film. For the rest of graphene dispersions (Fig. 5b, d and
5e), SEM images display a more flake-like microstructure with over-
lapping adjacent graphene nanoplatelets clearly distinguishable (Hu
et al., 2017). For MWCNT thin films (Fig. 5f and g), the carbonaceous
material appears embedded with the surfactant. In addition, since only a
few MWCNTs are distinguishable, it is evident that a complete disrup-
tion of the MWCNT structure also occurs as a consequence of sonication
process. Some authors have reported that extended grinding have a low
impact on the MWCNT properties and even an improvement on the
specific surface is observed (Batmunkh et al., 2012).

All diluted rGO dispersions gave rise the Tyndall effect confirming its
colloidal nature (Li et al., 2008). In Fig. 6 it is observed that dispersions
1, 2 and 3 have a greater range of light scattering. It may be due to
spread produced by GO previously reduced, causing the surfactant
adsorb in a non-homogeneous way between the rGO sheets.

3.2. Discussion of the measurement of the radiolabeled sources

Sources of the radionuclide *°Fe, which is often used as a reference
radionuclide at low energies and emits X-rays in the interval from 5 to
6.5 keV, were prepared by deposition of a drop of their respective so-
lutions on the prepared thin films. An additional source prepared using
conventional Au-Pd coated VYNS foil was also fabricated for compari-
son purposes. The emission probabilities are taken from the Atomic and
Nuclear Data recommended by the LNHB ((LNHB), 2021).

S5Fe disintegrates by electron capture mainly to the ground state of

S5Mn. In its relaxation process, manganese emits X-rays of approxi-
mately 5.9 keV (k) with a probability of 25.02 % and 6.5 keV (kg) with a
probability of 3.4 %. Along with the X-rays, Auger electrons between 4.9
and 6.5 keV are emitted with a probability of 60 %.

It can be seen in Fig. 7 that the main peak of most spectra present a
smooth shape, close to a gaussian curve but, as expected, slightly less
steep to the right, as a consequence of the small contribution of ks, which
is too close to k, to be resolved in a gas-filled detector. The resolution is
very similar for all tested sources, being higher than 0.9 keV which is
typical for spectra obtained with Ar/CHy4 proportional counters (Elvira
et al., 2020).

All of them show a prominent main peak, corresponding to the
contribution of both low energy electrons and photons in the 5-6.5 keV
range from 55Fe (Atomic and Nuclear Data), which means that all of
them present enough conductivity to detect low-energy electrons. The
lower energy peak to the left of the main one is due to the escape of
photon X-rays from argon and are in the range of 3 keV. Among the
displayed spectra in Fig. 7, rGO-Triton X-100 presents a spectrum with
an energy resolution comparable with that of the metallized source
(Au-Pd) and with a distinguishable and clean escape peak. In all films
the main peak is observable and clearly separated from the escape peak.
Although in cases rGO-SDBS, deG-SDBS and deG-Triton X-100, the in-
tensity of the escape peak is similar to the rGO-triton X-100 this is not as
clean as that in rGO-Triton X-100. The better performance of rGO-based
thin films can be attributed to the residual oxygen groups in their
structure that enhance the interaction with the surfactant. The hetero-
geneity of rGO sheets with areas of pure graphene of a few nanometers in
lateral size interleaved with heavily oxidized regions, where the residual
oxygen functional (mostly hydroxyl and epoxy) groups characteristic of
rGO are concentrated, results in more intense interaction between the
rGO and the surfactant molecules (Erickson et al., 2010; Gomez-Navarro
et al., 2010; Zhang et al., 2013). However, several sources, specifically
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Fig. 7. X-ray spectra of 55Fe measured with the proportional counter in the carbon-based thin films compared with a conventional Au-Pd coated source.

rGO-sodium citrate, MWCNT-SDBS and MWCNT-Triton X-100, present
escape peaks and low energy tails to the origin of the spectrum with
excessive relative intensities, maybe due to the lack of conductivity of
the support. In conclusion, the quality obtained with rGO-Triton X-100
is similar to that of the metallized sample.

4. Conclusions

Carbon-based thin films have been prepared as conductive support
for radionuclide labeling in the range of low energy. Thin films were
prepared by spin coating aqueous solutions of rGO, deG and MWCNTs
on VYNS films. Homogeneous dispersions could be achieved by using
both ionic and non-ionic surfactants. Characterization analysis of GO
and rGO confirmed the oxidation of graphite in a large extent as well as
the restoration of conjugated structure by the subsequent reduction
process. SEM micrographs of prepared thin films showed a large

heterogeneity in the rGO films which in turn yielded the >°Fe spectra
with the best characteristics. From the obtained spectra, we can
conclude that MWCNT dispersions are not suitable to prepare radioac-
tive sources for the measurement of low-energy electrons due to the high
intensity of the escape peaks. Similarly, the absence of surfactant is not
advisable. On the contrary, sources prepared with graphene-based ma-
terials such as rGO and deG showed spectra comparable to the metal-
lized sources. Among them, rGO-Triton X-100 presented a high quality
spectrum with a resolution and escape peak similar to that of a con-
ventional Au-Pd metallized source. The present work showed that it is
possible to fabricate radioactive sources at low energy levels by means of
graphene-based thin films prepared from aqueous dispersions yielding
spectra of quality similar to those prepared by metallization procedure
avoiding the use of expensive Au-Pd solutions and without the problem
of breakage of metallized rings.
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