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Abstract

The chemical response of graphene oxide (GO) to ionizing radiation depends on both its oxygen-
containing functional groups and the energy-deposition characteristics of the radiation source. Here,
self-supported GO sheets exposed to Mg Ka (1253.6 eV) X-rays and 500 eV electrons were investigated
by X-ray photoelectron spectroscopy. C 1s and O 1s spectra reveal selective depletion of epoxide (C-0-
C) groups, accompanied by increases in sp? carbon and hydroxyl-related components, while carbonyl
and carboxyl groups remain nearly unchanged upon irradiation. For both sources, epoxide depletion
follows a phenomenological saturating-exponential dependence on the estimated local absorbed dose.
The characteristic dose is 140 + 10 MGy for X-rays and 2310 + 235 MGy for electrons, although electron-
induced saturation is not experimentally reached. Electrons produce apparent faster changes with
exposure time because of their higher dose rate but show significantly lower dose-normalized efficiency.
Under the maximum exposure conditions, the nominal local electron dose is approximately 13 times the
Mg Ka dose within the adopted K—0-derived continuous-slowing-down approximation. Thus, both
sources induce qualitatively similar, epoxide-selective reduction, whereas the dose-normalized response
remains strongly source dependent.

1. Introduction

Graphene oxide (GO) is a chemically modified two-dimensional carbon material consisting of graphitic
sp? domains decorated with a variety of oxygen-containing functional groups, mainly hydroxyl, epoxide,
carbonyl and carboxyl species’ 3. The type, concentration and spatial distribution of these groups
govern the hydrophilicity, interlayer spacing, electronic structure, chemical reactivity and mechanical
properties of GO, and determine its transformation toward reduced graphene oxide (rG0O)'™*. In
particular, epoxide and hydroxyl groups are commonly associated with the basal plane of GO, whereas
carbonyl and carboxyl species are preferentially located at edges and defect sites. Since reduction
progressively removes or rearranges these oxygen functionalities and partially restores the conjugated
sp? carbon network, understanding the chemical pathways involved in GO reduction is essential for
applications in electronics, sensing, energy storage, membranes and biomedicine.

Several approaches have been developed to reduce GO, including chemical reduction, thermal annealing,
electrochemical treatments, laser irradiation and exposure to ionizing radiation*~’. Among them,
radiation-induced reduction is particularly attractive because it enables reagent-free, spatially controlled
and exposure-dependent modification of GO without high-temperature processing or chemical reducing
agents. Previous studies have shown that soft photons, electron beams and ion beams can induce
oxygen removal, modify the C/O ratio and progressively restore graphitic domains in GO and rGO

sheets®?. The irradiation-induced chemical evolution of GO has also been proposed as a potential

indicator of radiation exposure®.
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However, most radiation-induced reduction studies have mainly considered global indicators, such as the
overall C/0 atomic ratio, while the dose-dependent evolution of individual oxygen-containing functional
groups has received less attention. This distinction is important because GO reduction is not necessarily
a uniform deoxygenation process and different oxygen groups may exhibit different radiation
sensitivities, reaction pathways and saturation behaviours. In particular, epoxide groups are chemically
reactive and can undergo ring-opening reactions, making them potential preferential sites for irradiation-
induced bond breaking and local rearrangement of the carbon framework°.

X-ray photoelectron spectroscopy (XPS) is especially suitable for addressing this issue, because detailed
analysis of the C 1s and O 1s core-level spectra allows the evolution of graphitic carbon, hydroxyl,

epoxide, carbonyl and carboxyl components to be followed separately’'~'3. Moreover, since XPS probes

only the near-surface region'*1%, the radiation response should be evaluated in terms of absorbed dose
within the XPS-sensitive volume rather than only as a function of exposure time. This is particularly
relevant when comparing different radiation sources, such as soft X-rays and low-energy electrons,
which differ strongly in dose rate, penetration depth and energy-deposition profile.

In this work, we investigate whether soft Mg Ka X-rays (1253.6 eV) and low-energy electrons at 500 eV
produce comparable changes in the individual oxygen-containing functionalities of self-supported GO
sheets. The chemical evolution is monitored by detailed C 1s and O 1s XPS analysis, with particular
attention to the epoxide C—-0—-C component as a chemically selective descriptor of irradiation-induced
reduction. The response is expressed as an epoxide-depletion yield and compared as a function of
irradiation time and estimated local absorbed dose. A common first-order-like saturation model is used
as a phenomenological framework to analyse the data collected for the two radiation sources. This
approach separates the real-time evolution from the dose-normalized chemical response and allows the
influence of the source-specific interaction and near-surface energy-deposition characteristics to be
assessed.

2. Materials and methods

Graphene oxide sheet preparation

Graphene oxide sheet was prepared, according to a previously reported procedure'®, using a commercial
aqueous GO dispersion (Graphenea, 0.4 wt.%). The suspension was drop-cast onto a hydrophobic
polished substrate and dried under ambient conditions for 12 h. The resulting self-supported GO sheets
were detached from the substrate and used for irradiation experiments. The thickness of the GO sheet
was estimated to be approximately 10 pm from SEM measurements of its cross-section.

Irradiation procedures

GO samples were irradiated in an ultra-high-vacuum chamber using a non-monochromatic Mg Ka X-ray
source or a low-energy electron beam. The Mg Ka photon energy is 1253.6 eV. Electron irradiation was

performed at a primary energy of 500 eV and a beam current of 0.17 pA. Exposure times were varied to
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induce progressive surface reduction of GO. The maximum exposure times were 35 h for Mg Ka X-rays,
and 2 h for 500 eV electrons. The irradiated area was approximately 1 cm? for the X-ray source. The
nominal beam cross-section perpendicular to the electron-beam direction was 0.09 cm?. At an incidence
angle of 45° with respect to the sample surface, this corresponds to a projected sample footprint of
0.127 cm?.

X-ray photoelectron spectroscopy

XPS measurements were performed using a PHI 1257 system operating at a base pressure of 5x 107 1°
mbar with Mg Ka X-ray source. Detailed C 1s and O 1s spectra were acquired using a hemispherical
analyser. The analysed area was approximately 0.016 cm?2. Charging effects were corrected by using the
binding-energy reference of Ag 3d;,, signal at 368.3 eV of a silver paint point present on the sample

surface.
Morphological and structural characterization

The morphology and crystallographic structure of the GO sheets were investigated by field-emission
scanning electron microscopy using a Zeiss LEO 1530 FE-SEM and by X-ray diffraction using a Bruker
D5000 diffractometer with Cu Ka radiation.

Estimation of the local absorbed dose

The absorbed dose was evaluated in the XPS-sensitive probed near-surface region as:

D= 24 (1)

m

where FE,; is the energy absorbed by the GO film and m is the mass of the irradiated volume. The
corresponding dose rate was calculated as:

D=4 (2)

with P, the absorbed power. For Mg Ka irradiation, the absorbed power was estimated from the
photon energy, photon flux density, irradiated area and the absorbed fraction of the incident photon
energy in GO layer, calculated using soft X-ray attenuation data (see Supplementary Information for more
details)'’. For the case of electron irradiation, the incident beam power was calculatedas P, =T e V,
with I, the measured beam current, and V the accelerating voltage. Because the GO sheet thickness is
much larger than the estimated electron range, transmission through the entire GO sheet was neglected.
However, only the fraction of the incident energy nominally lost within the first 10 nm was included in the
near-surface dose estimate. The electron interaction depth was estimated using the Kanaya—Okayama
(K-0) range relation'®, while the fraction of electron energy nominally deposited within the XPS-sensitive
depth was estimated using a K—0-derived continuous-slowing-down approximation (CSDA). Although a
full Monte Carlo electron-transport simulation would be required to determine the detailed energy-
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deposition profile’®~?7, the K-0 formalism provides a reasonable first-order estimate of the near-surface
electron interaction depth. The K-0 range was compared with the nominal 10 nm XPS information
depth. By inverting the K—0 range—energy power law within a CSDA, we estimated the fraction of the
incident electron energy nominally lost along the trajectory segment corresponding to the first 10 nm
below the surface. The irradiated mass was independently calculated using the fixed 10 nm XPS
information depth. Full details and limitations of this model-dependent estimate are reported in
Supplementary Information SI.3.

3. Results and discussion

Initial structure and chemical state of graphene oxide sheets

SEM and XRD analyses were first used to assess the morphology and structural organization of the self-
supported GO sheets. The top-view SEM image of the as-prepared sheet shows a compact wrinkled
surface, typical of stacked and partially folded GO sheets (Fig. 1a). After soft X-ray irradiation, the GO
sheet preserves a similar micrometre-scale morphology, without evident cracking, delamination or
ablation (Fig. 1c). This indicates that the irradiation conditions used in this work mainly induce chemical
modifications, as probed by XPS, rather than severe morphological degradation of the GO film. XRD
spectra collected on the self-supported sheet before and after irradiation are reported in Fig. 1b and

Fig. 1d, respectively.

The XRD pattern of the as-prepared GO sheet exhibits the characteristic GO (002) reflection, confirming
the ordered stacking of oxidized graphene layers (Fig. 1b). After irradiation, the (002) reflection is still
observed, indicating that the lamellar structure of the GO sheet is largely preserved (Fig. 1d). However, a
slight shift of the peak position after irradiation can be observed and suggests a modification of the
interlayer spacing, consistent with partial reduction and rearrangement of the GO layers?2. After
irradiation, the GO (002) peak shifted from 11.54° to 12.07°, indicating a decrease in the interlayer
spacing according to Bragg's law. The position of the (002) reflection was used to calculate the interlayer
distance d(002) through Bragg'’s law. The resulting d((m) value was then used to estimate the effective
structural density of the GO sheet through the empirical density—interlayer spacing relationship reported

for GO films?2, as detailed in the Supplementary Information (SI.1). This effective density was used as an
input parameter for the absorbed-dose calculation.

The full local absorbed-dose estimation, including the assumptions on probing depth, density, photon
attenuation and electron energy loss, is reported in Supplementary Information SI.3. Within this

framework, the estimated nominal local dose rate is 5.15 MGy h™ ' for Mg Ka irradiation and 1150 MGy

h™71 for 500 eV electron irradiation. For the electron calculation, the irradiated mass was defined by the
nominal 10 nm XPS information depth, while the fraction of incident energy assigned to this layer was
estimated using a K-O-derived CSDA.
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The cross-section SEM images, reported in the same panels, further confirm the lamellar nature of the
self-supported sheet, showing a stacked layered structure before and after irradiation.

Radiation-induced evolution of C 1s and O 1s spectra

By means of detailed core-level XPS measurements we compare representative C 1s and O 1s core level
peaks of GO sheets before and after irradiation with Mg Ka X-rays (Fig. 2(a) and 2(c)) and 500 eV
electrons (Fig. 2(b) and 2(d)). The C 1s spectra of the GO samples showed the typical coexistence of
graphitic carbon and oxygenated carbon species, including hydroxyl, epoxide, carbonyl and carboxyl
groups. The O 1s region was consistently decomposed into hydroxyl-related, epoxide-related and
carbonyl/carboxyl oxygen components. These spectra were used as the reference state for evaluating
the chemical evolution induced by irradiation (more details are reported in SI.2).

For both irradiation sources, the spectral evolution of both core-level regions is consistent and indicate a
progressive and chemically selective reduction of the GO surface.

In the C 1s region, the most evident spectral change is the decrease of the epoxide C-0-C component
at approximately 286.9 eV, together with a relative increase of the graphitic C—-C/C = C contribution at
approximately 284.8 eV.

The O 1s spectra provide an independent confirmation of this selective evolution. After irradiation, the
epoxide-related oxygen component at approximately 532.0 eV decreases markedly, whereas the
hydroxyl-related component at approximately 533.4 eV shows a relative increase. By contrast, the lower-
binding-energy contribution associated with carbonyl and carboxyl oxygen environments at
approximately 530.4 eV varies only slightly. The agreement between the C 1s and O 1s regions
strengthens the assignment of epoxide groups as the preferentially affected oxygen functionality and
indicates that irradiation promotes both epoxide depletion and partial conversion into hydroxyl-related
configurations. This behaviour indicates that the radiation-induced reduction of GO is not a uniform
removal of all oxygen-containing groups. Instead, the process selectively affects specific chemical
functional groups, with epoxide groups being the most radiation-sensitive species.

Dose-dependent evolution of C 1s components

The quantitative evolution of the C 1s components as a function of absorbed dose is reported in

Fig. 3(a,b). The relative intensities of the identified C 1s components were obtained from the complete
irradiation series reported in Supplementary Information SI.2. For the two irradiation sources, the
epoxide component decreases monotonically with increasing dose, while the graphitic C-C/C=C
contribution increases. This opposite trend confirms that the depletion of C—-0-C groups is directly
associated with the partial restoration of graphitic domains.

The hydroxyl component exhibits a moderate increase, suggesting that irradiation does not simply

remove oxygen atoms from the GO surface. A possible contribution may arise from epoxide ring opening

followed by local rearrangement into hydroxyl-related configurations. In contrast, carbonyl and carboxyl
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species remain nearly constant over the investigated dose range, indicating that these groups are less
sensitive to the irradiation conditions used here.

This interpretation is also supported by the O 1s spectra in Fig. 2(c,d), where the loss of the epoxide-
oxygen contribution is accompanied by a relative enhancement of hydroxyl-related oxygen, while the
carbonyl/carboxyl oxygen component remains comparatively stable. Thus, the oxygen-side analysis
corroborates the trends extracted quantitatively from the C 1s fits.

These results identify the epoxide component as the most suitable chemical marker for following the
radiation-induced reduction of GO.

Dose-normalized epoxide-depletion kinetics

To compare the chemical response of GO under different irradiation sources, the evolution of the
epoxide component was quantified using a dose-dependent XPS reduction yield. The epoxide
contribution was normalized to the graphitic carbon component to minimize the effect of possible
variations in signal intensity and initial surface oxidation. The epoxide-depletion yield was defined as:

( Ac_o0-¢ )

dc—c ),

< Ac-o0-¢ )
dcc ),

)D is the epoxide-to-graphitic carbon area ratio after an absorbed dose D, and

Yp =100 x |1— # (3)
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( ZCOCC ) is the corresponding value before irradiation.
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The dose dependence of Y was fitted using a first-order-like saturation model:
Yp =Yoo (1—e P/P) 4 (4)
where Y., is the saturation yield, D, represents the characteristic dose.

Figure 4(a) shows Yp as a function of the absorbed dose for Mg Ka X-ray irradiation, whereas Fig. 4(b)
shows the corresponding results for 500 eV electron irradiation. For both irradiation sources, the dose
dependence of Y} is adequately described by the first order-like saturation model introduced in Eq. (4).
This behaviour is consistent with an initially pronounced depletion of radiation-sensitive C—0—C sites,
followed by a progressive slowing of the response as their population decreases. The fitted
characteristic dose value D, is 140 + 10 MGy for Mg Ka X-ray irradiation and 2310 + 235 MGy for
electron irradiation, and the corresponding saturation yields are Y., = 74+3\% and

Y., = 72+5\%, respectively. The fits yielded a parameter R? = 0.997\:for both source irradiation.
The reported uncertainties represent standard errors obtained from nonlinear regression.
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Importantly, for electron irradiation, D, is higher than the maximum experimentally investigated dose of
2300 MGy. At 2300 MGy dose, the fitted response reaches only approximately 62% of Y ; therefore, the
saturation regime is not experimentally reached. Consequently, the fitted electron Y., and D, values
should be considered model-dependent extrapolated estimates and interpreted with caution.
Nevertheless, within the investigated dose range, the substantially higher characteristic dose obtained
for electron irradiation is consistent with a lower dose-normalized sensitivity of the epoxide-depletion
response compared to irradiation with Mg Ka radiation.

This result highlights the importance of distinguishing between exposure-time kinetics and absorbed-
dose-normalized response. Under the maximum exposure conditions, the nominal local electron dose is
approximately 13 times the Mg Ka dose within the adopted K-0-derived CSDA approximation (see
Supplementary Information for more details). Therefore, the faster real-time evolution observed under
electron irradiation mainly reflects the much higher dose rate, whereas the larger electron characteristic
dose indicates a lower dose-normalized chemical efficiency. When the response is expressed as a
function of absorbed dose, soft X-rays exhibit a higher efficiency in promoting the XPS-detectable
depletion of epoxide groups in GO sheets. The different values of D, likely reflect the depth profiles and
interaction mechanisms of photons and low-energy electrons.

Overall, the data demonstrate that epoxide depletion in GO can be described within a common dose-
response framework, while the characteristic dose constant remains strongly dependent on the
irradiation source.

Mechanistic interpretation and source-dependent response

The preferential depletion of epoxide groups suggests that the radiation-induced reduction process is
initiated mainly by bond-breaking events involving the strained C—0-C functionalities. Energy deposition
can promote epoxide ring opening, oxygen desorption and local reconstruction of the carbon network,
leading to the progressive recovery of sp?-rich domains. The concomitant increase of hydroxyl-related
components suggests that part of the epoxide population may also evolve through intermediate
oxygenated configurations rather than being directly removed from the surface. The corresponding
decrease of the epoxide component in the O 1s region provides direct oxygen-side evidence for this
pathway, while the relative growth of hydroxyl-related oxygen is consistent with epoxide ring opening and
local rearrangement before, or in competition with, oxygen desorption.

The different dose-normalized efficiencies observed for soft X-rays and electrons likely reflect their
different interaction mechanisms and depth. If only irradiation time is considered when comparing the
two irradiation sources, then low-energy electrons seem to induce faster changes as a function of
exposure time. However, when the response is normalized to the absorbed dose (that is, considering the
absorbed energy and the irradiated mass within the volume probed by XPS), their efficiency is much
lower than that of soft X-rays. This may indicate that only a fraction of the electron-deposited energy is
effectively converted into epoxide depletion within the XPS-probed surface region, while part of the
energy may be redistributed through scattering, secondary-electron emission, charging effects or non-
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reductive excitation pathways. Since the K-0 formalism provides only an approximate electron range
and does not account for the full low-energy electron transport and energy-deposition profile, the
electron dose should be regarded as a local physical dose estimate rather than as a direct measure of
the chemically effective dose. Part of the apparent difference between the characteristic doses may also
arise from the different uncertainty levels associated with the photon and electron dose estimates,
particularly from the low-energy extrapolation of the K-0 relation and the simplified treatment of
electron energy deposition.

Within the investigated dose range, the initial increase of Yp provides a sensitive basis for comparing
the early-stage chemical response of GO to the two radiation sources. However, the marked difference
between the fitted characteristic doses demonstrates that epoxide depletion cannot be interpreted as a
source-independent function of the estimated local absorbed dose. Instead, D, should be regarded as a
phenomenological parameter that describes the response under the specific irradiation and energy-
deposition conditions considered here.

4. Conclusion

A systematic XPS investigation of self-supported GO sheets exposed to soft X-rays (Mg Ka) and low-
energy electrons (500 eV) reveals a common irradiation-induced reduction pathway dominated by
selective epoxide depletion. Notably, the C 1s and O 1s spectra show that irradiation decreases the C—
O-C contribution, while graphitic C-C/C = C and hydroxyl-related components increase. Carbonyl and
carboxyl groups remain comparatively stable over the investigated exposure range, demonstrating that
the chemical evolution is selective rather than a uniform loss of oxygen-containing species.

The epoxide-depletion yield, defined from the normalized decrease of the C-0-C/C-C area ratio, follows
a first-order-like saturation trend as a function of the estimated local absorbed dose for both radiation
sources. Nevertheless, the substantially different characteristic doses show that the response is source
dependent. The characteristic dose is approximately 140 MGy for soft X-rays and 2310 MGy for
electrons.

Apparently, if only the irradiation time is considered, it seems that electrons are more effective than X-ray
in inducing GO reduction. However, Within the adopted model-dependent local-dose estimate, soft X-rays
exhibit a higher apparent dose-normalized efficiency for XPS-detectable epoxide depletion than 500 eV
electrons. Indeed, the nominal local electron dose is approximately 13 times the Mg Ka dose within the
adopted K-0O-derived CSDA approximation. This difference indicates that the local physical dose
estimate is not, by itself, a source-independent measure of the energy effectively driving epoxide
depletion. Source-specific interaction mechanisms, scattering, secondary-electron emission, charging
and near-surface energy-deposition profiles may all contribute to the observed behaviour.

These results establish epoxide depletion as a chemically selective descriptor of irradiation-induced GO

reduction. The qualitatively similar evolution observed under the two sources, together with their

markedly different characteristic doses, demonstrates that the chemical response is governed not only
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by the amount of absorbed dose but also by the type of the radiation source and its characteristics
interaction mechanism and energy-deposition volume.
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Figure 1

(a) Top-view SEM image of the as-prepared GO sheet, showing a compact wrinkled morphology typical
of stacked and partially folded GO sheets. (b) XRD pattern of the as-prepared GO sheet, showing the
characteristic GO (002) reflection; the inset reports an edge-view SEM image highlighting the stacked
lamellar structure of the sheet. (c) Top-view SEM image of the GO sheet after irradiation, showing that
the micrometre-scale morphology is preserved, without evident cracking, delamination or ablation. (d)
XRD pattern of the GO sheet after irradiation; the persistence of the GO (002) reflection indicates that the
lamellar structure is retained after exposure, while the change in peak position reflects a modification of
the interlayer spacing. The d(ggy) values extracted from the XRD patterns were used to estimate the
effective structural density of the GO sheet for the absorbed-dose calculation. Scale bars are 1 pm in
panels (a,c) and 2 ym in the SEM insets of panels (b,d).
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Figure 2

Radiation-induced evolution of the C 1s and O 1s XPS spectra of graphene oxide. Representative
normalized spectra of GO before (gray line) and after irradiation (black line) with Mg Ka X-rays for 35 h
and 500 eV electrons for 2 h are shown for the C 1s and O 1s energy regions. The C 1s spectra are
normalized to the graphitic C—C/C=C component, while the O 1s spectra are normalized to the
corresponding C 1s signal. Continuous curves represent the fitted components of the irradiated spectra.
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The C 1s fits include graphitic carbon C-C/C=C (purple line), hydroxyl C—OH (red line), epoxide C-0-C
(green line), carbonyl C=0 (blue line), carboxyl 0—C=0 (magenta line) and the m—-1t* shake-up contribution
(orange line). The O 1s fits include hydroxyl-related oxygen (red line), epoxide oxygen (green line) and
carbonyl/carboxyl oxygen (blue line) environments. For both irradiation sources, the decrease of the
epoxide-related contribution in the C 1s and O 1s regions, together with the increase of graphitic carbon
and the relative enhancement of hydroxyl-related oxygen, confirms the selective reduction of the GO
surface.
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Figure 3

Relative concentration of each C 1s component extracted from the XPS fitting procedure as a function of
absorbed dose for (a) Mg Ka X-ray irradiation and (b) 500 eV electron irradiation. The epoxide C-0-C
component decreases monotonically with increasing dose, whereas the graphitic C—C/C=C component
progressively increases. Hydroxyl-related species show a moderate increase, while carbonyl and
carboxyl contributions remain nearly unchanged over the investigated dose range. This selective
evolution identifies epoxide groups as the most radiation-sensitive chemical sites in GO.
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Figure 4

Epoxide-depletion yield Y_D, defined from the normalized decrease of the C-0-C/C-C area ratio, as a
function of absorbed dose for (a) soft X-ray irradiation using Mg Ka photons and (b) 500 eV electron
irradiation. Dashed lines represent fits performed using the first-order-like saturation model introduced in
Eq. (4). Both datasets are adequately described by the same dose-response model, although the
saturation regime is not experimentally reached for electron irradiation. Within the investigated dose
range, the electron-induced response exhibits a lower apparent dose-normalized sensitivity than the Mg
Ka-induced response.
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