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A B S T R A C T   

Graphene oxide (GO) foils have been exposed to X-rays in air and in vacuum. The attenuated total reflectance 
(ATR) method for Fourier Transmission Infrared (FTIR) spectroscopy has been used to analyze the pristine and 
the irradiated GO foils. The X-ray exposition in air produces oxidation increment, while in vacuum it induces 
reduction of the oxygen functional groups and partial removal of water. These processes have been investigated 
as a function of both the irradiation time and X-ray energy distribution highlighting the variations of some 
functional groups of oxygen. Some interesting applications of the GO reduction will be suggested in the field of 
ionization dosimetry, detectors, microelectronic devices, and membranes, as presented hereafter.   

1. Introduction 

Graphene represents a two-dimensional carbon allotropic state and 
consists in a single layer of carbon atoms arranged in a honeycomb-like 
nanostructure where each carbon atom is connected to its three nearest 
neighbors by a strong σ-bond [1]. 

Graphene oxide (GO) represents the oxidized form of graphene: it 
consists of one or a few layers of carbon atoms with oxygen functional 
groups attached to both sides of the carbon layers and at the edges. It is 
easy to process since it is dispersible in water and other solvents and its 
quality and applications depend on both the number of carbon atoms 
layers and the carbon/oxygen ratio value. The electrical insulating na
ture of GO is attributable to the oxygen presence in its structure. It can be 
reduced to graphene by different processes [2]. Generally, GO is 
obtainable as thin film or thick foil depositing, by the spin coating 
technique, the suspension obtained after the graphite chemical exfoli
ation by the Hummer’s method [3], on appropriate substrates, and 
letting it dry in air. The deposited suspension can contain layers, 
monolayers, and sometimes micrometric sheets of GO [4,5]. 

Graphene oxide (GO) is an exceptional material with unique prop
erties [6], suitable for detecting ionizing radiations [7] and making 
membranes [8], highly responsive to temperature variation and 

treatments [9] like lamp and laser irradiations [10]. It has been suc
cessfully employed as flexible substrate for microelectronic devices 
[11], to realize different sensors [12], diodes and transistors [13], and 
for many other applications. 

GO contains oxygen functional groups, such as hydroxyl (-OH), 
carbonyl (C––O), carboxyl (O––C–OH) and epoxydic (-C-O-C), water and 
other gases (H2, N2, CO2, …), as evinced by X-ray photoelectron spec
troscopy (XPS) [14,15]. It behaves like a sponge that absorbs water and 
gas, storing them in large quantities. The quantity of oxygen functional 
groups and water can be increased by oxidative processes, such as 
thermal processes in air or reactive gases, which make the material 
absorbent in the visible and IR range, electrically insulating, extremely 
light and hydrophilic [2]. 

The reduction of the functional groups can be obtained in vacuum or 
inert environment, with thermal treatments, exposition to different 
ionizing radiations, UV lamps [16], lasers and chemically [17,18] in the 
attempt of obtaining the graphene properties. 

Literature reports that the GO exposition to IR laser pulses in air and 
in vacuum produces different effects, of oxidation in the former case and 
reduction in the latter one [19]. 

The reduced graphene oxide (rGO) can have different levels of 
reduction depending on the quantity of oxygen functional groups 
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remaining in the structure. However, even low concentrations of oxygen 
functional group make rGO very different from graphene. For instance, 
GO modified into reduced GO (rGO) becomes electrically and thermally 
conductive, very transparent to IR radiation, it assumes greater density, 
from about 1.36 g/cm3 up to about 1.9 g/cm3, and hydrophobic char
acteristics [20]. 

Due to the different processes of oxidation or reduction in GO, pro
ducing a material with different physical and chemistry characteristics, 
it is possible to realize different devices and sensors operating at the 
macroscopic and microscopic scales. In fact, it is possible to realize 
conductive tracks of rGO with micrometric thickness on the insulating 
GO substrates [21] for the manufacturing of electric resistances, micro 
capacitors, FET transistors, and microcircuits on such mechanically 
resistant and perfectly flexible substrates [10]. 

The GO research activity is also finding interesting applications in 
the field of dosimetry of ionizing radiations since the level of GO 
reduction increases proportionally at the absorbed dose, as reported in 
the literature [22]. Moreover, other important applications are based on 
the GO properties and its modification in rGO, such the gas diffusion 
through GO and rGO membranes controlled by the level of reduction 
[23], the contact potential in metal-GO junctions to realize batteries and 
diodes [24,25]. Also, ion strippers for ion accelerator sources, based on 
GO and rGO thin films, can be used with advantage with respect to the 
traditional graphite strippers [26]. The high content of hydrogen in GO, 
its crystalline structure and low density can be employed to obtain 
highly energetic proton bunches at high current by using laser-generated 
plasma in the target-normal-sheath-acceleration (TNSA) regime [27]. 
These are only a few of the more prominent applications that currently 
are under investigation to obtain innovative materials, devices and 
sensors useful in different scientific fields, from Biology and Medicine to 
Microelectronics and Chemistry, and from Physics and Engineering to 
environment and cultural heritage. 

The GO oxidation or reduction, doping, interlamellar conduction of 
atomic and molecular species, luminescence and other properties of 
composite materials based on GO and rGO are becoming of high interest 
for the innovative technologies. Just think of the new lithium graphene 
oxide batteries [28], the new electronics on flexible GO sheets [29], the 
use of n and p doped rGO [30] and the realization of innovative small GO 
dosimeters for ionizing radiations [31]. 

In our previous papers we studied the effects produced in GO by non- 
monochromatic X-rays at 1.5 keV in vacuum [32] and by IR laser irra
diation in air and vacuum [19]. The irradiated materials have been 
analyzed using XPS, electron microscopy and associated energy 
dispersive X-Ray (EDX) Analysis. The X-ray and IR laser irradiations in 
vacuum reduce the oxygen content in GO, while the GO IR laser irra
diation in air increases the oxygen content at fluences lower than 400 
mJ/cm2 and reduce it at higher fluences. In this work, we wanted to 
investigate how the response of the GO to non-monochromatic X-ray 
radiation, up to a maximum energy of about 30 keV, in air and in vac
uum changes as a function of the bias voltage applied to the X-ray tube 
and the exposure time. To obtain this information we have not used XPS 
and SEM/EDX analysis, which properties applied to GO and rGO were 
already presented in our previous papers [7,32], but we have used the 
simplest, but no less accurate, attenuated total reflectance coupled to 
Fourier transform infrared (ATR-FTIR) spectroscopy. 

2. Experimental set-up 

GO foils have been purchased from Graphenea [33] in the form of 
discs with a diameter of 4 cm and a uniform thickness of 15 μm. The 
Graphenea GO composition is: Carbon = 49–56%; Hydrogen = 0–1%; 
Nitrogen = 0–1%; Sulphur = 2–4%; Oxygen = 41–50%. 

The color of the GO foil is black and its electrical conductivity at 
room temperature very low, of about 10− 10 Ω− 1cm− 1. 

The X-rays source consists of a compact miniaturized X-ray tube 
system produced by the AMETEK, USA [34]. The system, called Mini-X2 

tube, also includes the power supply, the control electronics and the USB 
communication to the computer. It is optimized for portable charac
teristics X-ray fluorescence (XRF) analysis. It has a maximum power of 
10 W and works with a controllable power supply whose maximum 
value is 50 kV and maximum current 200 μA. The X-ray source anode is 
Ag, but it can be replaced with Au, Rh, or W anodes. The remote control 
permits to select the tube voltage between 10 and 50 kV and the current 
from 10 to 200 μA. The tube has a final aluminum/brass collimator with 
2 mm diameter hole. AMETEK system gives an output dose rate of about 
1 Sv/h at 30 cm on axis, at a 50 kV voltage and with the Ag anode. 

Fig. 1 shows a photo of the flexible GO foil (a) and of the X-ray tube 
(b) used in this investigation. The X-ray tube emission spectrum, as 
given by AMETEK using a semiconductor detector, is constituted by a 
Compton background and by the overlapped characteristic lines, Lα,β,γ 
(2.98 keV, 3.3 keV, 3.5 keV) and Kα,β (22.2 keV, 24.9 keV) of the used Ag 
anode. 

Fig. 2a shows typical emission spectra of the Mini-X2 X-ray tube 
using the Ag anode at different bias voltages between 10 kV and 50 kV. 
The Ag X-ray K-peaks are displayed only if the working voltage of the 
tube is higher that the ionizing potential of the Ag K-shell which is of 
about 22.2 keV. By considering the peak of the Bremmstrahlung distri
bution given by AMETEK (Fig. 2a), the mean X-ray energy is about 9 
keV, 12 keV and 13–14 keV in the case of use of 10 kV, 20 kV and 30 kV 
tube bias voltages, respectively. 

The picture of the adopted system illustrating the vacuum chamber 
in which the GO foil has been irradiated, in both the two configurations 
of air and vacuum (10− 3 mbar), is displayed in Fig. 2b. It is a system for 
X-ray fluorescence (XRF) spectroscopy also containing the Si-PIN de
tector and its relative detection electronics, which is connected to a 
multichannel analyzer for elemental analysis. The GO X-ray irradiation 
in vacuum, at 19 cm from the X-ray tube collimator output, has been 
performed with different tube voltages (10 ÷ 30 kV) and exposition 
times (30, 60 and 120 min). Instead, the GO irradiation with X-ray in air 
was first performed at 19 cm in the same chamber without evacuating it 
at the same exposure times. Since the observed changes were less 
evident, the GO irradiation with X-ray in air was then carried out at 3 cm 
at the same tube voltages and exposure times used for the vacuum X-ray 
irradiation. 

The ATR-FTIR spectroscopy has been employed to analyze the pris
tine GO foils and the irradiated ones, which have been reduced at a size 
of about 1 cm2 each. The used instrument was a Jasco ATR-FTIR spec
trometer, Mod. 4600, operating at a 4 cm− 1 resolution in the (400–4000) 
cm− 1 wavenumber range [35]. 

3. Results and discussion 

The pristine GO foil analyzed by ATR-FTIR spectroscopy shows the 
typical transmission peaks due to the different oxygen functional groups, 
as visible in the spectrum of Fig. 3 in which the IR transmittance is 
plotted vs. the wavenumbers. 

In fact the spectrum, acquired in air, reveals the GO characteristic IR 
absorption peaks at 1728, 1628, 1422 and 1052 cm− 1, which can be 
attributed to the stretching vibrations of C––O in the carboxyl and 
carbonyl groups, partly of C––C from the unoxidized graphitic domain 
partly of C––O from the carbonyl groups, of C–O in the carboxylic groups 
and in the epoxide bonds respectively. The strong broad band centered 
at approximately 3200 cm− 1 can be assigned to the O–H stretching 
modes of the hydroxyl groups present in the absorbed water molecules 
or in the phenolic or carboxylic groups. The obtained spectrum is in 
good agreement with the similar investigation of GO foils reported in the 
literature [36]. 

Fig. 4a shows the comparison of the ATR-FTIR spectra relative to the 
GO foils pristine and X-ray irradiated in air at room temperature (about 
22 ◦C), with 50% air humidity and at a 1 bar pressure; the X-ray tube 
operated at the 10 kV bias voltage, at a 3 cm collimator-sample distance 
and for 30, 60, and 120 min (min) exposition times. The ATR-FTIR 
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spectra comparison indicates that the GO irradiation in air causes a 
further significant oxidation of the treated samples. In facts, the in-air X- 
ray exposition produces chemical bonds breaking and formation of 
reactive radicals, with generation of more C–O bonds and further GO 
oxidation, as observable from the intensity variations of the trans
mission peaks. In particular, the main vibrational bands due to OH 
(3200 cm− 1), C––O (1728 cm− 1), and C–O (1422 and 1052 cm− 1) 
enhance, due to their concentration increment. This phenomenon de
creases the IR transmission in the (400–4000) cm− 1 wavenumber range. 

As already said in the experimental section, the GO X-ray irradiation 
was also performed within the vacuum chamber without evacuating it at 

19 cm distance from the X-tube collimator, a distance due to the vacuum 
chamber geometry and X-ray tube assembly. In this case, as one can see 
in Fig. 4b, the oxidation process in air is less evident because the X-ray 
intensity decreases with the square of the distance and less dose is 
absorbed by the irradiated GO at the same exposition times giving a 
minor oxidation. 

Fig. 5 shows a similar ATR-FTIR spectra comparison to that of Fig. 4a 
with the only difference being that the X-ray tube operated at a bias 
voltage of 30 kV. It is possible to evaluate an effect of oxidation which is 
comparable to that obtained in the 10 kV bias voltage case. However, at 
this X-ray energy, it is possible to also observe the appearance of 
structures around 2355 cm− 1, which become increasingly evident as the 
irradiation time increases. These features, already slightly visible at 10 
kV, are due to the formation of CO2 molecules in agreement with the 
literature [37]. The intensity of these features is proportional to the 
X-ray exposition time increasing with the level of reduction, as will be 
better described in the following. 

A different process occurs in vacuum with respect to the air irradi
ation. Also, in vacuum the X-ray exposition produces chemical bonds 
breaking and formation of reactive radicals, but the absence of air and 
the free molecules diffusion toward the pumping system driven by the 
pressure gradient reduce the oxygen functional groups and water in the 
irradiated GO, i.e., the in vacuum X-ray exposition induces a significant 
GO reduction effect which has been observed by the ATR-FTIR 
spectroscopy. 

Fig. 6 displays the comparison of the results obtained for GO irra
diated in vacuum (10− 3 mbar), at room temperature (22 ◦C), at the 10 
kV bias voltage, at a 19 cm collimator-sample distance, and for 30, 60, 
and 120 min exposition times. In this case the vibrational bands due to 
OH (3200 cm− 1), C––O from the carbonyl groups (1628 cm− 1) and C–O 
from carboxylic and epoxide groups (1422 and 1052) are reduced in 

Fig. 1. The GO foil (a) and the Mini-X2 X-ray tube (b).  

Fig. 2. Mini-X2 silver emission spectra at voltages within 10–50 kV (a) and a photo of the experimental set-up for the GO irradiation.  

Fig. 3. ATR-FTIR spectrum of the pristine GO foil.  
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intensity, i.e., enhanced in transmission, due to their minor concentra
tion in the GO and less IR absorption. Thus, the material results less rich 
in oxygen functional groups and water and more transparent to the IR 

radiation demonstrating that the X-rays induce a GO reduction degree 
proportional to their exposition time. The reduction effect can be 
quantized by the large and intense O–H vibrational band whose trans
mission, with respect to the pristine sample, increases of about 19.4% at 
a 30 min exposition time up to about 51.6% at a 120 min exposition 
time. It is possible to observe a saturation trend at exposition times 
higher than 60 min. 

The use of more energetic X-rays, i.e., more penetrating, obtainable 
increasing the mini tube bias voltage, should change the reduction effect 
in vacuum, as expected for the minor absorption in the thin GO foil. 
Based on this consideration, measurements have been conducted using 
the 15 kV and 30 kV bias voltages with the same current and exposition 
times of 30, 60 and 120 min in vacuum at room temperature. Fig. 7 
report an ATR-FTIR spectra comparison between the pristine GO and 
rGO obtained for different irradiation times using the 15 kV (a) and 30 
kV (b) bias voltages in vacuum. 

As one can see by comparing Fig. 6 and Fig. 7 the GO reduction effect 
seems to increase with the X-ray bias voltage in vacuum, probably due to 
the vacuum assisted removing of the molecules detached from GO or 
desorbed from the carbon sheets surface. It should be noted that the 
ATR-FTIR spectra of the GO pristine foils shown in Figs. 3–7 present 
slight variations in the IR transmittance values. This occurs because, to 
realize the different investigated X-ray exposure sets, various GO pris
tine foils, which evidently slightly differ in local composition and 
therefore in the oxygen content, were used. This does not invalidate the 
presented measurements and their discussion because the state of GO 
oxidation or reduction is evaluated with reference to the IR trans
mittance value of the relative GO pristine sample irradiated by X-rays. 
Furthermore, our attention is focalized on the IR transmittance trend 
and not on its absolute values. 

For instance, the O–H transmission IR band at 3200 cm− 1 shows a 
transmittance variation with the X-ray irradiation time demonstrating 
the different effects of oxidation in air (transmittance reduction and 
absorbance increment of the O–H groups) and reduction in vacuum 
(transmittance increment and absorbance decrease of the OH-groups), 
as reported in Fig. 8. 

An investigation like this can be also done for other main peaks 
detected by FTIR spectroscopy. For instance, two important peaks are 
those due to the C–O epoxide group at 1052 cm− 1 and to the C––C bonds 
& C––O carbonyl group at 1628 cm− 1. Although it is clear from our 
measurements that such peaks decrease in transmittance during the 
oxidation process and increase in transmittance during the reduction 
process, their transmittance evaluation as a function of the irradiation 
time is not so simple because it depends on the background value which 
has some little oscillations as evident from the above presented spectra. 
Such oscillations are imputable to two desorption mechanisms: 1) the 
emission of oxygen functional groups which occurs not only from the GO 
surface but also from the inner GO layers and 2) the release not only of 

Fig. 4. Comparison between the ATR-FTIR spectra of GO pristine and GO X-ray irradiated in air at the 10 kV bias tube voltage for 30, 60 and 120 min at 3 cm (a) and 
19 cm (b) from the X-ray tube collimator: the X-ray irradiation induces oxidation processes in GO. 

Fig. 5. Comparison between the ATR-FTIR spectra of GO pristine and GO X-ray 
irradiated in air at the 30 kV bias for 30, 60 and 120 min: the X-ray irradiation 
induces oxidation processes in GO. 

Fig. 6. Comparison between the ATR-FTIR spectra of GO pristine and GO X-ray 
irradiated in vacuum at the 10 kV bias for 30, 60 and 120 min: the X-ray 
irradiation induces reduction processes in GO. 
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single molecules but also of molecules aggregates in air and in vacuum. 
The C–O and C––C & C––O peaks transmittance, observed at 1052 

cm− 1 and 1628 cm− 1, respectively, is plotted versus X-ray irradiation 
time, as shown in Fig. 9a and b, respectively. Despite the fluctuations of 
IR transmittance signal, the C–O peak shows a transmittance which 
decreases with the oxidation process both at 10 kV and at 30 kV in air, 
proportionally to the X-ray irradiation time. In vacuum this trans
mittance increases, as result of a significant GO reduction due to the 

decrement of C–O molecular bonds, as shown in the plot of Fig. 9a. 
With respect to the C––C & C––O peak at 1628 cm− 1 its transmittance 

also results significantly influenced by the X-ray irradiation in air and in 
vacuum giving interesting information on the GO modifications pro
duced by the ionization effects due to the X-ray exposition. Despite the 
background fluctuations, the less intense C––C&C––O peak shows a 
transmittance which decreases with the oxidation process, both at 10 kV 
and at 30 kV in air, proportionally to the X-ray irradiation time. Instead, 
in vacuum this transmittance increases, or remains almost constant, as 
result of a significant GO reduction due to the decrement of carbonyl 
C––O bonds, as shown in the plot of Fig. 9b. 

In both cases plotted in Fig. 9 the X-ray irradiation in air is referred to 
the use of the 3 cm distance from the X-ray tube collimator. 

Finally, an interesting result is obtained observing the FTIR peak 
transmittance due to the presence of CO2 molecules around 2365 cm− 1. 
Although the CO2 transmission peak has low intensity, it is worth to be 
mentioned. In fact, measurements show that the CO2 peak grows with 
the X-ray exposition time for irradiations both in air and vacuum. This 
means that its formation is not due to the presence of gas externally to 
the GO foil, like air, but it is generated by the C–O or O–H bonds 
breaking resulting in the C and O free radicals formation and their 
subsequent atomic reaction. In order to better observe the CO2 genera
tion versus the X-ray irradiation time for air and vacuum exposition, the 
net peak transmittance intensity has been calculated subtracting the 
background from the peak at 2365 cm− 1. The obtained results, in terms 
of relative transmittance variation versus the irradiation time for the 
different cases, are shown in the plot of Fig. 10. The fact that the CO2 
molecules are generated not only in air but also in vacuum, confirms the 
above suggested hypothesis according to which they are produced into 
the X-ray irradiated GO material as result of the chemical reactions 

Fig. 7. Comparison between the ATR-FTIR spectra of GO pristine and GO irradiated at the 15 kV (a) and 30 kV (b) bias voltages in vacuum for 30, 60 and 120 min. In 
this case the X-ray exposure induces reduction processes. 

Fig. 8. O–H stretching IR band transmittance versus the X-ray irradiation time 
in air and in vacuum at different bias voltages of the X-ray mini tube. 

Fig. 9. FTIR C–O (a) and C––C&C––O (b) peak transmittance versus the X-ray irradiation time for air and vacuum irradiations and for different X-ray tube 
bias voltages. 
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between carbon and oxygen free radicals developed by the X-ray energy 
deposition which, in this case, promotes a chemical reaction between 
the desorbed species coming from the GO matrix. 

4. Conclusions and final remarks 

Graphene oxidation could be enhanced irradiating GO with ionizing 
radiation in air or in gases containing oxygen, obtaining high insulating 
interlamellar materials rich with functional oxygen groups. In vacuum 
or inert gases the ionizing radiations reduce the oxygen content in GO, 
obtaining interlamellar conductive rGO with properties more and more 
similar to that of graphene with increasing of the absorbed dose. 

Graphene oxide foils have been exposed to X-rays irradiations in air 
and in vacuum by varying the bias voltage applied to the X-ray tube and 
the exposure time. Although different analysis techniques could be 
adopted to measure the enhancement or reduction of oxidation, the GO 
modifications have been analyzed using the simple but highly accurate 
attenuated total reflectance method coupled to Fourier Transmission 
Infrared (ATR-FTIR) spectroscopy. 

The X-rays irradiation in air produces an increment of the pristine 
GO oxidation as a consequence of the ionization and chemical bond 
breaking with an increment of the oxygen functional groups, water and 
CO2 content attributable to the oxygen of the air. The observed oxida
tion process increases with the irradiation time showing a little satura
tion at high X-ray exposure times. The dependence on the X-ray energy 
in the X-ray tube (10–30) kV voltage range slightly affects the oxidation, 
even if a minor effect is observed at the highest energies due to the 
lowest absorbance of the material. 

On the contrary, the reported results have indicated that the X-ray 
irradiation in vacuum produces a reduction of the pristine GO due to the 
ionization and chemical bonds breaking with a significant decrement of 
the oxygen functional groups, water and CO2 content, which is assisted 
by their significant desorption for the action of the vacuum system 
pumping. The reduction process grows up with the X-ray irradiation 
time showing a little saturation at high time values. The dependence on 
the X-ray energy in the X-ray tube (10–30) kV voltage range has little 
influence on the GO reduction, even if a less significant effect is observed 
at the highest energies due to the lowest absorbance of the material. 

The effects of GO oxidation in air and of GO reduction in vacuum 
under X-ray irradiation confirm our similar results obtained using IR 
laser [19,38] and can be applied to the devices based on GO and rGO 
which work under the action of ionizing radiations, such as soft X-rays. 
The GO oxidation gives rise to a material more insulating from the point 

of view of electrical and thermal conductivity, more absorbent to IR 
radiations for the presence of the oxygen functional groups, hydrophilic, 
light, and rich in water. Instead, the GO reduction gives rise to a material 
conductive from the point of electrical and thermal properties, more 
transparent to IR radiations, hydrophobic and more dense, due to the 
decrement of the oxygen functional groups and water, depending on its 
reduction level. 

The observed effects of GO exposure to X-rays with bias voltages 
ranging from 10 kV to 30 kV can be employed to build biocompatible 
and water equivalent dosimeters and foil detectors for X-ray beams. Of 
course, these effects are maintained if the foil is preserved in vacuum or 
in inert environment and not in air. Moreover, the GO modifications 
change its structure and composition and consequently its physical and 
chemical properties. For example, they may change the diffusion co
efficients of gases in GO membranes which undergo strong changes 
going from the highly oxidized, low density GO, to the reduced, high 
density and more compact GO, according to the literature data [17]. 

Further investigations on the GO modifications under X-ray irradi
ation are in progress to evaluate their dependence on a larger X-ray 
energy range, on the absorbed dose and absorbed dose-rate in different, 
inert or reactive, environments. 
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