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Abstract

Graphene oxide (GO) is a standard precursor for the synthesis of porous yet densely
packed, graphene-like structures in films with a thickness of several micrometers,
which are useful for electrodes in various electrochemical devices, such as super-
capacitors, as well as for various sensors. As-synthesized GO films exhibit inade-
quate electrical conductivity because of a large concentration of oxygen chemically
bonded to graphene sheets. Heating of GO films in a non-oxidizing atmosphere
will cause thermal decomposition of GO by desorption of carbon oxides, which
will result in numerous defects in the sheets and partial collapsing of the sheets.
An alternative is the treatment of GO films with non-equilibrium hydrogen plasma,
which causes reduction rather than decomposition of the GO sheets. The scien-
tific literature on approaches to reducing GO samples by treatment with hydrogen
plasma is reviewed, the results are critically evaluated, and the correlations between
the reduction efficiency and processing parameters are drawn. Paradoxically, larger
discharge powers lead to worse results, both in terms of the remaining oxygen con-
centration and electrical properties. A feasible explanation for this paradox is radia-
tion damage, which is likely caused by energetic photons or ions. The recommenda-
tion for further experiments in this tremendously promising niche is also presented.
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1 Introduction

Carbon materials with a large surface-to-mass ratio have attracted significant atten-
tion from the scientific community due to their promising applications. The high
surface-to-mass ratio is attributed to highly porous structures or specific morphologi-
cal features, such as fullerenes, nanotubes, nanorods, and nanowalls. A material of
particular interest is a single-layer hexagonal carbon flake, commonly referred to as
graphene. Graphene exhibits outstanding electrical and mechanical properties as long
as the properties are normalized to the mass.

There are several techniques for synthesizing graphene sheets. The exfoliation
of highly oriented pyrolytic graphite (HOPG) is probably the simplest. (Novoselov
et al. 2004). Another technique is the deposition of a carbon monolayer from the
vapor phase onto a suitable substrate such as copper foil (Gallo et al. 2012). These
techniques are beneficial for studying the fundamental properties of graphene func-
tionalized with various dopants; however, they lack scalability for industrial appli-
cations. That is because carbon materials with a large surface-to-mass ratio should
be three-dimensional on the macroscopic scale to be useful for applications such as
energy storage devices, catalysts, membranes, etc. A valuable technique for deposit-
ing graphene films with relatively large thickness on a macroscopic scale is chemical
vapor deposition (CVD). Under a limited range of experimental conditions, graphene
sheets grow perpendicularly to the substrate surface, forming a film with a thickness
exceeding 1 pm (Wang et al. 2004; French et al. 2006). This technique was elabo-
rated by several researchers worldwide, but the synthesized structures were not dense
enough to enable optimal material for supercapacitors or similar devices. In such
devices, the preferred distance between neighboring graphene sheets should be a few
nanometers, but the vast majority of authors who have used CVD for the deposition
of graphene sheets have reported much larger distances, often in the order of 100
nanometers (Vesel et al. 2019). Such large distances enable the penetration of ionic
liquids into the gaps between neighboring sheets; however, the specific capacitance
of electric double-layer capacitors is inferior due to this large distance.

An alternative to CVD deposition of graphene sheets is the synthesis of graphene
oxide (GO) sheets, followed by their reduction to a graphene-like material referred
to as reduced graphene oxide. GO is relatively easy to synthesize in large quantities
through liquid-phase exfoliation (Hofmann 1928; Hummers and Offeman 1958; Park
et al. 2017; Gurzeda et al. 2024). This technique has been used for decades and it
enables the synthesis of GO sheets of appropriate dimensions, provided the synthesis
procedure is optimized (Huski¢ et al. 2024). The GO sheets, however, do not exhibit
adequate electrical conductivity due to the large concentration of oxygen that disrupts
the sp? hybridization of the graphene lattice (Jung et al. 2008). The requirements for
energy storage devices would be met if the GO sheets in the macroscopic films were
reduced, i.e., oxygen removed from the graphene structure without significant dam-
age to the hexagonal structure and without significantly altering the distance between
neighboring sheets. Such an ideal case is illustrated in Fig. 1.

As-synthesized GO is thermally unstable and will spontaneously decompose at
elevated temperatures in the absence of strong oxidants (Becerril et al. 2008). How-
ever, such a reduction causes at least partial degradation of the sheets (Akbi et al.
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Fig. 1 Schematic representation of an ideal case for the reduction of graphene oxide; a as-synthesized
GO; b the GO after reduction

2023). Furthermore, the heating in the protective atmosphere never leads to complete
reduction. This is because, after heating GO sheets in a protective atmosphere, the
oxygen concentration remains 10—20 at%, and the electrical or thermal conductivity
remains moderate (Acik et al. 2011; Sengupta et al. 2018; Seon Lee et al. 2024).

A popular method for reducing virtually any oxide is the application of thermo-
dynamically non-equilibrium hydrogen plasma (Janca et al. 2003; Jovic¢evi¢-Klug
et al. 2024; Zhang et al. 2025). Various electrical discharges could sustain hydrogen
plasma. Several authors who investigated the reduction of graphene oxide employed
low-pressure discharges, while a few preferred atmospheric-pressure discharges.
There is a vast difference between low-pressure and atmospheric pressure plasmas
(Primc et al. 2022), with the most relevant aspect for GO reduction being that reactive
species are lost in the gas phase at atmospheric pressure, whereas they are lost only
on surfaces at pressures below a few mbar (Primc 2022). Obviously, low-pressure
plasmas are more energy-efficient, so most authors have used them for GO reduction.
Other advantages of using low-pressure plasmas are explained in (Mozeti¢ 2025).

Different discharges could sustain low-pressure non-equilibrium hydrogen plasma.
Radiofrequency (RF) discharges are most popular, but some authors also used micro-
wave discharges. RF discharges could be sustained in different modes (Zaplotnik et
al. 2021), and specifics dictate the flux of reactive species on the surface of the GO
samples. The species include positively charged hydrogen ions, neutral atoms in the
ground electronic states, and energetic photons (Fantz et al. 2016). The interaction
between these species and graphene oxide is illustrated in Fig. 2. All particles in the
gas phase, i.e., those far away from any surface, move randomly, and their velocity
depends on the gas temperature and the particle mass. The average random velocity
is:
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Fig.2 Illustration of the interaction of species formed in hydrogen plasma with a film of GO or reduced
GO composed of numerous flakes when the samples are at the floating potential. Not to scale
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where kg is the Boltzmann constant, T is the gas temperature, and m is the particle
mass. The kinetic energy is:
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The average velocity <v> of positively charged ions and neutral molecules is practi-
cally the same in the gas phase because of the abundance of elastic collisions, which
are responsible for sharing the kinetic energy between charged and neutral hydro-
gen molecules or atoms. lons are not significantly accelerated in high-frequency
discharges because of the simple fact that massive particles cannot follow the fast
oscillations of the electric field. On the other hand, electrons can follow the oscil-
lations of the electric field (Chen et al. 2004). The space charge in plasma reactors
causes the electric field to shrink to a rather narrow layer next to the solid materials.
If the surface of the solid material is powered with an RF generator, a DC self-bias
of several 100 V occurs next to the powered electrode (which may be covered with
a thin film of an insulator without significant disturbance of the electric field) (Yone-
mura et al. 2006). The electrons emitted from the solid material accelerate in such
a strong electric field and do not lose much energy at elastic collisions with other
particles, so their temperature in a non-equilibrium plasma is much larger than the
gas temperature. Typically, the electron temperature is several 10,000 K, and the gas
temperature is several 100 K. Considering Eq. (1), the electron velocity will be about
10 times larger than the velocity of any other particle, just because of the different
temperatures. The main reason for the large velocity of the electrons, however, is the
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huge mass difference. The mass of a hydrogen atom is 3 orders of magnitude larger
than the electron mass. Considering both the temperature and the mass difference,
the electron velocity as calculated from Eq. (1) will be over 100 times larger than the
ion velocity in the unperturbed plasma. This large velocity causes electrons to escape
from the gas phase, accumulating on all surfaces that face the plasma and leaving
positively charged ions in the gas phase. The negative surface charge appears almost
immediately after the discharge is turned on, preventing many plasma electrons from
reaching the surface. The potential drop between plasma and the surface of a solid
material will also accelerate ions toward the surface. The sheath thickness between
the plasma and the surface, not backed by an electrode, in non-equilibrium low-
pressure hydrogen plasma is of the order of the Debye length, typically ranging from
a few tens of micrometers to a few hundred micrometers (Mozeti¢ et al. 2019). The
Debye length is inversely proportional to the square of the electron density.

The sheath between the unperturbed plasma and a material immersed in plasma
dictates the interaction of charged particles with the solid material. If the GO flakes
are rather densely packed in the film to be treated by hydrogen plasma and the dis-
tance between the neighboring flakes is smaller than the sheath thickness, the charged
particles would not recognize the morphological properties of the GO film. This
means that the majority of plasma electrons will not reach the surface, and those
from the high-energy tail will reach the surface with low kinetic energy. Obviously,
electrons are not capable of causing any surface reaction when material is exposed
to non-equilibrium low-pressure hydrogen plasma. On the other hand, the ions will
be accelerated in the sheath next to the sample and will bombard the surface of the
uppermost GO flakes. The probability for surface neutralization of charged particles
is practically 100% (Economou et al. 2009), so the ions will be neutralized once they
touch the surface. If the sample is at a floating potential, the voltage across the sheath
will be only up to a few tens of eV (Mozeti¢ et al. 2019). Conversely, if the sample
is biased, the voltage will be almost as large as the discharge voltage, provided the
biased electrode is much smaller than the counter electrode.

Neutral atomic hydrogen atoms are chemically reactive but do not react to any
electric field, so they move randomly both in the plasma and the sheath, as well as in
the gaps between the neighboring flakes. They could be lost on the surface through
a chemical reaction or heterogeneous recombination. The recombination coefficient
for smooth graphite materials is of the order 10~ (Drenik et al. 2011; Petucci et al.
2018). The H atoms will thus penetrate well into the space between the neighboring
flakes within a GO film, as illustrated in Fig. 2. Hydrogen plasma causes slow chemi-
cal etching of carbon materials (Long et al. 2020).

The spectra of hydrogen plasma are presented in classical literature (Fantz et al.
2016). The vast majority of radiation falls within the vacuum ultraviolet range, i.e.,
between approximately 110 and 200 nm, corresponding to photon energies between
11 and 6 eV. The penetration depth of photons emitted from a hydrogen plasma into
graphene sheets has yet to be determined. Pure single-layer graphene is practically
transparent to visible radiation (Nair et al. 2008). Films of densely packed graphene
are visually black, meaning that the most photons in the visible range are absorbed.
The penetration depth of UV-C and VUV photons in multilayer graphene flakes
should be somewhere between that of a single-layer graphene and a thick film of
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densely packed graphene sheets. As shown in Fig. 2, the photons from the hydrogen
plasma are likely to penetrate through the uppermost flakes, but not deep into the
film.

This introduction to hydrogen plasma reveals that the interaction with hydrogen
atoms is purely chemical because of the negligible kinetic energy of atoms impinging
on the surface. Unlike atoms. the ions carry both potential energy (ionization energy)
and kinetic energy (acquired across the sheath), and these energies are similar in plas-
mas with an electron temperature of a few eV, provided the samples are at floating
potential. Negative biasing will increase the ion energy. The interaction of photons
cannot be neglected because the major radiation is in the VUV range, so photons have
energy larger than the binding energy between carbon atoms in the graphene or gra-
phene oxide structure. The photons probably penetrate more than a few monolayers
deep into the GO structure.

2 Literature survey
2.1 Low-pressure treatment

As illustrated in Fig. 2, the treatment of films composed of graphene sheets with
hydrogen plasma will cause modification of not only the flakes on the surface, but
also the flakes distributed inside a thicker film of packed GO flakes. Therefore, the
treatment is effective in reducing the uppermost GO flakes and those packed deeper
within the film, provided that hydrogen atoms and UV/VUYV radiation can reach
them. The reduction of GO by hydrogen plasma treatment attracted the attention of
several authors, and the most significant results are summarized and critically evalu-
ated in this review article.

One of the first reports of GO hydrogen plasma reduction at room temperature was
by Hafiz et al. (2014). They synthesized the GO flakes using a simplified Hummers
method. The flakes were spin-coated onto silica substrates, which were mounted on a
grounded electrode in a capacitively coupled RF discharge. They used a home-made
system illustrated in Fig. 3. The discharge chamber was metallic and grounded, so
practically all discharge power was dissipated near the powered electrode in such a
strongly asymmetric RF discharge. The remaining discharge volume was occupied

Fig. 3 An illustration of the glass Gas inlet
discharge tube for treating GO powder ’—h RF
at low discharge power, as disclosed I —
by Hafiz etal. 014) cl\rdm:tr:gi: — Luminous plasma
r
R next to
powered electrode
Diffusing
GO sample —_| plasma
Sample holder
«—T1 (grounded)
\ [ =
Pump duct

@ Springer



Reviews of Modern Plasma Physics (2026) 10:13 Page 7 of 28 13

by a diffusing plasma, as illustrated in Fig. 3. The discharge was powered by an RF
generator operating at the standard frequency of 13.56 MHz and with a discharge
power of only 10 W. The gas pressure varied between 50 and 80 Pa, and the treatment
times ranged from 20 to 40 s. The substrate holder temperature was measured with a
thermocouple. As expected, the temperature rose by only a few K, even at the longest
treatment time, which is explained by a small flux of H atoms on the sample surface.
The small flux is due to a low discharge power and extensive loss of H atoms by
recombination on the metallic surfaces of the discharge chamber (Melin et al. 1971).
Another reason for marginal heating is a low coefficient of the surface association of
H atoms to parent molecules on smooth carbon surfaces (Petucci et al. 2018). Inter-
estingly enough, the authors mentioned the sputtering effect, which the bombardment
with the energetic hydrogen ions might cause. However, the samples were practically
at the floating potential (due to the huge difference in the areas of the powered and
grounded metals facing the plasma), so the kinetic energy of the hydrogen ions was
below the sputtering threshold. The interaction of the hydrogen plasma used by Hafiz
et al. (2014) with their samples is evident in Fig. 3. The grounded electrode area
was orders of magnitude larger than the powered electrode area. The samples were
placed on the grounded electrode, so the effect of plasma treatment was essentially
the same as if the samples had been kept at a floating potential. The morphology
of the deposited flakes was evaluated using Scanning Electron Microscopy (SEM)
and Atomic Force Microscopy (AFM), revealing that the flakes were composed of
multilayer graphene sheets with an approximate thickness of 1 nm. The composition
and structure of such flakes were determined by X-ray Photoelectron Spectroscopy
(XPS). Untreated samples exhibited hydroxyl, carbonyl, and carboxyl functional
groups. The concentration of all these groups decreased dramatically after the hydro-
gen plasma treatment. In fact, the concentration of the hydroxyl groups decreased
below the detection limit when deconvoluting the high-resolution XPS Cls spectra.
The final O/C ratio was 0.12. Such partially reduced GO flakes were found useful for
use in gas-sensing devices.

Singh et al. (2014) reported the reduction of graphene oxide samples at room and
elevated temperatures. The GO samples were prepared using Hummers’ method.
The authors used a DC discharge to sustain hydrogen plasma. The base pressure in
the plasma reactor was approximately 10~# Pa, and hydrogen leakage into the high-
vacuum chamber allowed the pressure to reach 50 Pa. Other details about the experi-
mental setup or the plasma parameters were not reported. The discharge power was
15-30 W, with treatment times up to 5 min and sample temperatures up to 120 °C.
The morphology was probed using SEM and AFM, and the composition was ana-
lyzed by XPS. Unlike Hafiz et al. (2014), Singh et al. (2014) also reported the n-nt
shake-up satellite peak in the Cls spectra. The O/C ratio for untreated samples was
0.50, dropping to a value between 0.19 and 0.32 after hydrogen plasma treatment.
Interestingly, Singh et al. (Singh et al. 2014) reported a significant concentration of
hydroxyl groups even after hydrogen plasma treatment. In fact, the concentration of
the C-O group, as revealed by the high-resolution Cl1s peaks, was 18% for untreated
samples, and it ranged between 9 and 15% after plasma treatment. Observing such
functional groups does not necessarily mean that the reduction was incomplete, but
may be due to adventitious carbon adsorbed on the sample surface after plasma treat-
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ment and before the samples are mounted in the XPS high-vacuum chamber (Grey et
al. 2025). No straightforward correlation could be drawn between the plasma treat-
ment time and the concentration of functional groups, as determined by XPS. There-
fore, one may speculate that the concentration of adventitious carbon varied, possibly
due to differences in the periods between the plasma treatment and the XPS measure-
ments. The authors also probed different temperatures during the reduction and found
no statistically significant differences up to 120 °C.

Jesuraj et al. (2018) prepared GO using the Hummers’ method and spin-coated
the suspension onto an Indium Tin Oxide (ITO) substrate that had been pretreated
with oxygen plasma. The as-deposited films were heated to 120 °C for 15 min to
remove the solvent. The gas pressure during hydrogen plasma treatment was approxi-
mately 40 Pa, and the discharge power was 15 W. The plasma was sustained by a
DC discharge; however, the details of the experimental setup are not provided, so
it cannot be determined whether the samples were at the floating potential or addi-
tionally biased negatively against the plasma. The as-deposited GO exhibited many
C—0 bonds, a marginal concentration of the C=0 bond, and several atomic % of
O=C-OH groups. The treatment with hydrogen plasma did not cause significant
modification, as the high-resolution Cls peak was practically the same as that of
untreated samples. This rather unexpected result was attributed to hydrogen-induced
water formation in the treatment chamber. Another explanation mentioned by the
authors is secondary oxidation resulting from exposure to ambient air between the
plasma treatment and the XPS analysis. Yet a third explanation would be contamina-
tion with adventitious carbon (Grey et al. 2025).

Banerjee et al. (2018) deposited about 300 nm thick GO films by spin coating onto
ITO substrates. The spreading solution contained commercially available GO flakes
dispersed in water. The dry samples were treated for 30 min with hydrogen plasma
sustained by an RF discharge. The hydrogen pressure was approximately 0.05 Pa, and
the discharge power ranged from 20 to 60 W. Although no details about the plasma
device are provided, according to the manufacturer, the plasma is sustained at a dis-
charge power of approximately 50 W. The RF generator was operating at the standard
frequency of 13.56 MHz. The plasma device is otherwise intended to remove traces
of surface impurities before Transmission Electron Microscopy (TEM) analysis. The
treatment of the GO films resulted in increased wettability of the samples, as evi-
denced by a decrease in the water contact angle from 115° to 100° after 30 min of
plasma treatment and to 55° after 1 h of plasma treatment. A dramatic decrease in the
optical band gap of the films was reported. In particular, it was 4.1 eV for untreated
samples and 0.5 eV for samples treated for 60 min at 60 W discharge power. The
conductivity of such plasma-treated films increased by 6 orders of magnitude. This
represents the highest increase in conductivity reported by authors who reduced GO
films via hydrogen plasma treatment. The authors found this technique beneficial for
tuning the electrical and optical properties of elements used in flexible electronics.

Primo et al. (2018) synthesized GO flakes by the Hummers-Offeman method. The
samples were partially reduced prior to hydrogen plasma treatment via hydrothermal
reduction. Hydrogen plasma was sustained by a DC glow discharge in a glass cham-
ber with planar electrodes, as illustrated in Fig. 4. The hydrogen pressure was 10 Pa.
At such low pressure, the cathode dark space extends far from the cathode, and the
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Fig.4 An illustration of the glass Cathode Grounded anode

. . Glass tube
discharge tube for treating GO \ l
powder at low discharge power, as
disclosed by Primo et al. (2018)
Gas inlet — Dark Glov plasma «— To pump
space g
GO sample

rest of the discharge tube is occupied by a low-luminosity plasma. (Vesel et al. 2023).
The discharge power depended on the voltage (values not reported in Primo et al.
(2018) and ranged from 0.4 to 2 W. The samples were placed in the negative glow of
the discharge as illustrated in Fig. 4, and the treatment time ranged from 15 to 60 min.
Obviously, the samples were at floating potential at all times, so Fig. 2 well illustrates
the interaction for this case, except that very low discharge power does not enable a
significant concentration of plasma species, particularly not in the cathode dark space
where hydrogen molecules are being introduced. The samples were characterized by
Raman Spectroscopy, Fourier Transform Infrared (FTIR) spectrometry, X-ray Dif-
fraction (XRD), XPS, and TEM. The authors also measured hydrogen adsorption
at the surface of the plasma-treated samples. While untreated GO samples adsorbed
about 1x 10! hydrogen molecules per gram, prolonged hydrogen plasma treatment
for 1 h resulted in adsorption over 4 times that amount. The results were attributed to
the increasing number of carbon vacancies resulting from the hydrogen plasma treat-
ment. Considering Fig. 2, bond scission due to the interaction with energetic photons
probably formed the vacancies. High-resolution XPS Cls spectra revealed interest-
ing results. The authors successfully distinguished between C—C (peak at a binding
energy of 285.3 eV) and C=C bonds (at 284.5 eV). The short plasma treatment at
low power did not cause significant changes, but some samples exhibited a well-pro-
nounced peak at the binding energy of 288.8 eV, which was attributed to either C=0
or O=C-OH functional groups. The XPS results correlated with those obtained by
FTIR. The authors did not comment on the reasons for the formation of the C=0 or
O=C-OH functional groups on the surface of samples treated with hydrogen plasma,
but considering the properties of hydrogen plasma, as explained in the introduction
to this paper, may lead to the conclusion that such groups form upon the defects cre-
ated in the graphene structure upon exposure to the air. The vacancies and holes were
helpful in tuning the catalyst activity of plasma-treated samples.

Ke et al. (2018) used an inductively coupled RF hydrogen plasma at a pressure
of 15 Pa, operated in the E mode, to reduce the surface of very thin films composed
of GO flakes. The nominal discharge power was 150 W, and the treatment time was
20 min. GO films with a mass of 40 mg were exposed to hydrogen plasma, as shown
in Fig. 5. The samples were at floating potential. Optical emission spectroscopy was
used to characterize the plasma and revealed significant dissociation of hydrogen
molecules (Balmer series predominated the spectrum) as well as an intense Fulcher
band. Such plasmas are renowned both as a source of neutral ground-state atoms
and of radiation across a broad range of the vacuum ultraviolet and ultraviolet parts
of the spectrum (Fantz et al. 2016). AFM analysis revealed that the GO flakes were
only up to a few monolayers thick. The authors also demonstrated that plasma treat-

@ Springer



13 Page 10 of 28 Reviews of Modern Plasma Physics (2026) 10:13

Fig.5 An illustration of the glass Gas Inlet To pump
discharge tube for treating GO

powder with plasma powered by \ /
inductively coupled RF discharge

in the E mode, as disclosed by Ke

et al. (2018) Glass tube
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ment decreased the average lateral dimension of the GO flakes. The modifications in
the structure and composition of treated GO films were probed by XPS and Raman
spectroscopy. The XPS showed a significant reduction in the concentration of oxy-
gen groups. Still, the oxygen concentration remained close to about 10 at% even
after treating the samples for 20 min. The treatment was found to be useful due to its
increased antibacterial activity, attributed to modifications in GO flake size and the
formation of nanoneedles. According to the authors, small-sized flakes were particu-
larly destructive for the bacterial membrane.

Torabi et al. (2018) deposited carbon black particles onto GO layers and treated
them with hydrogen plasma. The nanocomposites were deposited onto glassy carbon
electrodes and evaluated for their charge-storage capabilities. Hydrogen plasma was
sustained in a furnace heated to 800 °C, but other details are not disclosed. XPS
showed a rather marginal decrease in oxygen-containing functional groups, suggest-
ing that heating to such a high temperature does not cause a significant reduction.
However, some authors reported complete deoxidation when GO sheets were heated
in a hydrogen atmosphere at equilibrium conditions at such high temperatures (Li
et al. 2008). A more trivial explanation of the unexpected result reported by Torabi
et al. (2018) may be secondary oxidation and/or adsorption of adventitious carbon.
High-resolution C1s spectra revealed that the shake-up peak at approximately 290 eV
almost disappeared after the plasma treatment, which may indicate the loss of the
original graphene structure. The authors used this composite to test supercapacitors
and found a several-fold increase in the specific capacitance after the hydrogen-
plasma treatment.

Room temperature reduction of GO was reported by Yang et al. (2018). They used
an inductively coupled RF discharge, and plasma was sustained in methane at a pres-
sure of 7 Pa and a discharge power of 100 W. The experimental setup is illustrated in
Fig. 6. Inductively coupled plasma is concentrated within the coil connected to an RF
generator. The samples are placed a few cm below the plasma source, so the density
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Fig. 6 An illustration of the experi- Antenna Plasma
mental setup for treating GO samples
at room temperature using a remote
plasma source, as disclosed in Yang
(2018)

Gas inlet —E

GO sample 30 cm
wide
metallic
chamber

Substrate
holder

To pump

Fig. 7 The effects of plasma rich in both H and C atoms (or CH radicals) on graphene oxide; a GO is
rich in chemically bonded oxygen; b reactive hydrogen species cause reduction, leaving a disordered
structure full of vacancies; ¢ the vacancies are replaced by carbon atoms due to the interaction with
CH, radicals

of charged particles near the sample surface is low. The flux of energetic photons,
however, is large enough to cause bond scission in the upper layer of the GO samples.
Such plasma is a source of neutral hydrogen atoms, formed by electron-impact dis-
sociation of CH, molecules, and various hydrocarbons, formed by the association
of CH, radicals (Bauer et al. 2005). The radicals will likely stick on the GO sur-
face and form carbon (or hydrogenated carbon) deposits (Honda et al. 2003). The
treatment time in methane plasma ranged from 1 to 10 min. XPS showed a gradual
decrease in oxygen concentration, which may be attributed to the reduction of GO or
the deposition of carbon films from the methane precursor. The oxygen concentra-
tion of untreated GO was approximately 38 at%, decreasing to approximately 8 at%
after prolonged treatment. The high-resolution Cls peak revealed a rather uniform
reduction in the intensity of both C-OH, C=0, and O=C—OH groups. The authors
explained the reduction by deoxidation due to interaction with active hydrogen, as
well as the repair of vacancies in the reduced GO structure through the incorporation
of carbon, sourced from CH, radicals. In fact, graphene structures free of vacancies
are not prone to oxidation by exposure to ambient air. Applying hydrogen plasma
with methane addition is a promising approach for producing high-quality porous
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films with densely packed graphene flakes. The effects of such a plasma treatment
are illustrated in Fig. 7.

Abdelkader-Fernandez et al. (2019) treated thin films of graphene oxide with
hydrogen plasma sustained by a microwave discharge at a discharge power between
500 and 700 W and a pressure of 50 Pa. The reactor was introduced as “Europlasma
Junior Advanced SS”, but no details about such a device are accessible. Treatment
times ranged from 1 to 10 min. Such a powerful hydrogen plasma is a rich source of
H atoms and ions, leading to rapid deoxidation of carbon materials and terminating
surface carbon atoms with hydrogen (Liu et al. 2015). The samples were character-
ized by various techniques. Among them, XPS showed relatively small changes in
oxygen concentration. In particular, the untreated samples exhibited an O concen-
tration of 29 at%, whereas plasma treatment under different conditions reduced it
to 23 at%. There was no correlation between oxygen concentration and treatment
time or discharge power, indicating that the relatively high oxygen concentration
in treated samples was due to adventitious carbon rather than incomplete reduction.
The temperature-programmed desorption showed significantly different behavior
between untreated and plasma-treated samples. Untreated samples exhibited a very
intense peak already at the temperature of about 165 °C, which was absent for the
hydrogen plasma-treated samples. Still, some carbon dioxide was desorbed even
at temperatures above 700 °C, indicating that the GO reduction was not complete.
These results are consistent with the composition probed by XPS. Interestingly, the
FTIR characterization yielded a completely different result from that of XPS. Primar-
ily, the broad peak corresponding to the OH vibration diminished after the samples
were treated with hydrogen plasma. Here, it is worth mentioning that the probing
depth of XPS is orders of magnitude smaller than that of FTIR. Some samples were
also probed by XPS after heating them at 300 °C. Such samples exhibited a much
lower oxygen concentration than the unheated samples. A few samples were also
exposed to boiling water before the hydrogen plasma treatment. Interestingly, boiling
caused a significant decrease in oxygen concentration. Hydrogen plasma reduction
was more efficient for samples boiled in water than for as-synthesized samples. The
boiling was performed to purify the samples before the hydrogen-plasma treatment,
as the as-synthesized GO samples contained a significant amount of sulfur. XPS sur-
vey spectra showed about 3 at% sulfur, and this amount persisted even after plasma
treatment. The authors attributed sulfur to sulfonyl and/or sulfonic groups. The rather
large amount of oxygen after the hydrogen plasma treatment was attributed to these
groups. Since sulfur was removed by prolonged treatment in boiling water, the lower
oxygen content in water-treated samples was explained by the absence of the -SO,
or -SO,0H groups rather than the extensive removal of oxygen bonded directly to
carbon.

Fraih et al. (2021) used hydrogen plasma sustained at a pressure of 10,000 Pa to
reduce GO samples. The GO suspension was spin-coated onto substrates, but further
details are not provided. The as-deposited film thickness was about 25 nm. Raman
spectra showed a decrease in the I/I; ratio with increasing hydrogen-plasma treat-
ment time. The ratio for untreated GO was about 1, dropping to 0.6 after 10 min of
treatment time. The electrical resistance dropped from 12.1 to 0.34 MQ.
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Magureanu et al. (2021) deposited GO films on an unspecified substrate and
exposed them to plasma sustained by a DC glow discharge. The discharge was sus-
tained in hollow-cathode mode, with a discharge voltage ranging from 2 to 5 kV.
Such a discharge creates plasma with a moderate ion density and moderate density
of H atoms (Méndez et al. 2006). The hydrogen pressures ranged from 20 to 400 Pa.
The samples were treated either in the negative glow or the positive column. Some-
what unexpectedly, the spectra of the positive column as probed by optical emission
spectroscopy were free from the Balmer atomic lines, and only the Fulcher band was
detected in the range of wavelengths between 425 and 675 nm, together with a strong
continuum arising from the dissociative relaxation of highly excited hydrogen mol-
ecules. The gas temperature depended on the discharge power and ranged from 350
to 500 K. HR XPS Cls spectra revealed a significant reduction in the ~286-288 eV
spectral region, which covers the oxygen-related bonds. However, numerical values
regarding oxygen concentration were not provided. The authors performed DFT cal-
culations and modelled the reduction by forming hydroxyl groups as the first step,
followed by creating a water molecule (which desorbs upon vacuum conditions), and
terminating the dangling bond with a hydrogen atom.

Zhang et al. (2022) deposited thin films of GO on Teflon foils. The samples were
then peeled off and treated with hydrogen plasma at a pressure of 500 Pa. The type of
discharge was not explicitly stated, but the photo of a simple plasma system indicates
inductive coupling of a low-power RF generator, similar to the reactor illustrated in
Fig. 5. The treatment times ranged from 0 to 120 s, and the discharge power varied
between 10 and 50 W. FTIR analysis revealed a gradual decrease in the concentration
of oxygen-containing functional groups, particularly a reduction in the broad range
around 3,300 cm ™, indicating a preferential removal of the OH group. The quantita-
tive estimate of the reduction efficiency was based on Energy-Dispersive X-ray Spec-
troscopy (EDX) results. Untreated samples exhibited 36 wt% of oxygen, dropping to
33 wt% after 40 s and 28 wt% after 60 s of plasma treatment. XPS was available only
for the untreated sample, and a high concentration of C—C—O and/or C—O-C groups
was reported.

Hamzaj et al. (2024) treated GO samples with hydrogen plasma sustained by RF
ICP discharge in the E mode. The hydrogen pressure was 32 Pa, and the forward
power was 100 W. The samples were placed in the early afterglow of hydrogen plasma
and treated for varying periods, ranging from 10 to 240 s. Pulsed treatment with
10-s pulses was used to prevent overheating caused by exothermic surface reactions.
Untreated GO samples exhibited wrinkles that persisted even after plasma treatment.
XPS showed a significant decrease in the concentration of oxygen functional groups,
particularly the peak at approximately 287 eV, which was found to be a convolution
of the C-O and C=0 bonds. The authors used reduced GO samples as an NH; sensor
device, showing good reversibility and lower sensitivity with more prolonged plasma
exposure, and vice versa with shorter plasma exposure.

Eda et al. (2013) reported self-limiting reduction of the uppermost layers of GO
upon treatment with hydrogen plasma. Using the drop-casting method, a colloidal
GO suspension was deposited on a quartz substrate. Hydrogen plasma was sustained
at the discharge power as low as 2 W and a pressure of 130 Pa. The treatment time
varied up to 1200 s. The original sheet resistance of such films was 10'! Q/sq, drop-
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ping to about 107 Q/sq after 10 min of plasma treatment. This paper thus reports
a significant increase in the electrical conductivity upon the transformation of GO
to almost oxygen-free graphene. Unfortunately, the details about the sample com-
position were not provided. The plasma treatment was found useful for field-effect
transistors.

Hazarika et al. (2025) treated self-standing GO films in hydrogen plasma sus-
tained by a DC glow discharge at a pressure of 20 Pa for 30 min at 6 W discharge
power. The plasma reactor is illustrated in Fig. 8. It is made from stainless steel. The
feedthroughs separated the electrodes from the grounded chamber. The dimensions
of both electrodes were the same. The discharge voltage was about 600 V, and the
discharge was in the normal glow regime. In such a discharge, the major voltage drop
is in the sheath next to the cathode, and the anode self-biases near the floating poten-
tial. The samples were placed on the cathode, where they were exposed to energetic
hydrogen ions, leading to significant etching. The etching caused nanospikes on the
originally rather smooth GO surface, as evidenced from AFM images. The electron
temperature in the positive column was 1.4 eV. The discharge chamber was metallic,
so plasma with such a low electron temperature should not be a significant source
of H atoms (Kroon 1997). Furthermore, H atoms are lost on the surfaces because of
the rather large coefficient for heterogeneous recombination of H atoms on stainless
steel (Mozetic and Zalar 1999). The low H-atom density is reflected in the relatively
low reduction efficiency, as indicated by the EDX spectra, which show a decrease in
oxygen concentration from 35 at% to 28 at%. XPS showed the oxygen concentration
of 32 at% and 26 at%, respectively. The authors proposed a mechanism for reducing
GO upon treatment with hydrogen plasma. The C—OH group was supposed to inter-
act with 2 hydrogen atoms, substituting the OH surface group with a hydrogen group
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Fig. 8 Illustration of the plasma reactor used by Hazarika et al. (2025)
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and forming a water molecule, which desorbed from the surface under low-pressure
conditions. This model agrees with the early report of Magureanu et al. (2021). The
epoxy group also reacted with 2 hydrogen atoms, forming a water molecule. On the
other hand, the C=0 group was proposed to be reduced to a hydroxyl group, whereas
the O=C—OH group will be destroyed by releasing a CO, molecule and a H,O mol-
ecule. As oxygen functional groups are removed, GO begins to reestablish its sp? car-
bon network. High-resolution C1s peaks revealed that the concentration of O=C—-OH
groups dropped below the XPS detection limit after the hydrogen plasma treatment.
In contrast, the concentration of C=0 groups increased after hydrogen plasma treat-
ment, from the original 7at.% to 15 at%. The authors have not commented on this
rather unexpected result, but it may be due to secondary oxidation upon exposure of
plasma-treated samples to air. In fact, the absorption of VUV photons and bombard-
ment by positively charged hydrogen ions (the samples were on the cathode, with
a discharge voltage of 600 V) should cause significant radiation damage in the GO
film’s surface layer. The electrical resistance of self-standing films decreased by a
factor of 4 after hydrogen plasma treatment.

Kosaentor et al. (2024) treated self-standing GO films of densely packed GO
sheets with energetic ions using a home-made discharge tube, which is shown in
Fig. 9. The source of ions was a low-pressure plasma sustained by an RF discharge in
either argon or hydrogen. The gas pressure in the plasma source was about 0.07 Pa.
The thickness of the GO films placed onto the biased electrode was about 2 pm. The
discharge power was 100 W, and a negative voltage of 5 kV was applied to the sam-
ple holder as shown in Fig. 9. The negative voltage was supplied in 10-us pulses at a
frequency of 100 Hz. Such a pulsed treatment prevented excessive thermal loads. The
treatment times ranged from 2 to 8 min. The kinetic energy of the positively charged
ions was large enough to penetrate rather deeply inside the GO films. The authors
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Fig. 9 Illustration of the discharge configuration used by Kosaentor et al. (2024)
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reported a penetration depth of H' ions close to 100 nm. The XPS analysis revealed
a moderate decrease in oxygen concentration after the plasma treatment. Treatment
with hydrogen plasma for 8 min resulted in a threefold decrease in the concentra-
tion of the C—O group and a significant increase in the concentration of C=C/C-C
bond. Interestingly, the concentration of the C=0 group remained fairly unchanged
at about 9 at%, which is consistent with previously reviewed papers that reported
preferential removal of the hydroxyl group. The concentration of O=C—OH groups
increased significantly for all plasma treatments. The concentration of this group on
the untreated GO films was approximately 4 at%, and the concentrations after 2,
4, and 8 min of H, plasma treatment were 8, 9, and 7 at%, respectively. The sheet
resistance was about 1.4 MQ/sq for the untreated sample and dropped to 0.6, 0.7, and
0.5 MQ/sq, respectively. The decrease is rather marginal compared with Fraih et al.
(2021), let alone Eda et al. (2013). The relatively minor increase in conductivity may
be attributed to radiation damage resulting from treatment with energetic ions. Irra-
diation with energetic hydrogen ions causes disorder in carbon bonds, stimulates the
formation of a diamond-like carbon structure, and leads to the creation of glassy car-
bon nanoparticles (Liu et al. 2021). Hydrogen remains trapped (chemically bonded)
in the carbon materials after ion implantation (Begrambekov et al. 2009). All these
effects are detrimental to the electrical conductivity. The effects of ion bombardment
are illustrated in Fig. 10.

2.2 Atmospheric-pressure plasma treatment

One of the first reports about applying atmospheric-pressure hydrogen plasma for
GO reduction was reported by Bodik et al. (2017). They prepared a thin GO film
by Langmuir-Schaeffer deposition. Hydrogen plasma was sustained in a chamber at
atmospheric pressure by a dielectric coplanar surface barrier discharge (DCSBD).
Such plasma is sustained in the form of streamers, which propagate close to the sur-
face of the dielectric plate with embedded electrodes. The average electron tempera-
ture in a streamer was estimated to be 11,000 K, and its density was about 10%° m 3.
The density was significantly lower in the volume away from the streamers due to
the loss of charged particles in the gas phase. The neutral gas temperature was close
to the room temperature. The surface power density, normalized per electrode area,
was close to 2 W/em?. The sample distance from the dielectric plate with embedded
electrodes was 0.15 mm. The treatment times ranged from 1 to 5 s. The distance was
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Fig. 10 Schematic of the treatment with energetic ions (a), and structural modifications of graphite-like
materials upon irradiation with hydrogen ions (b), and creation of carbon nanoparticles (c)
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altered in another set of experiments, while the treatment time remained constant
at 5 s. The samples were probed by XPS. The reduction was incomplete, despite
using a rather powerful discharge to sustain hydrogen plasma. The authors, however,
reported even better results when using methane plasma. The better performance of
methane plasma was attributed to the higher ionization energy of hydrogen molecules
compared to that of methane. Another possible explanation could be deduced from
experiments reported by Yang et al. (2018): deposition of carbon material on the GO
flakes by sticking of CH, radicals. The effects observed by Bodik et al. (2017) may
be similar to those illustrated in Fig. 7.

Atmospheric pressure plasma was also used by Gemeiner et al. (2020) to reduce
GO samples. The average thickness of the GO layers was 50 nm, but it was laterally
highly inhomogeneous, as thicknesses ranging from 20 to 160 nm were reported. The
authors utilized the DSCBD for sustaining hydrogen plasma, and the reported power
density was 100 W/cm?®. HR XPS Cls spectra revealed a significant decrease in the
concentration of oxygen functional groups, particularly the group that peaked at (by
authors unspecified peak) at binding energy of 288 eV, which should correspond to
either C-O-C or C-OH. The best results were obtained after a plasma treatment time
of 8 s, and the authors also reported a transformation of sp* carbon to sp? The treat-
ment was useful for the synthesis of dye-sensitized solar cells.

Similar GO deposits were also used by Homola et al. (2018). Apart from a signifi-
cant reduction of the GO due to hydrogen plasma treatment, the authors also reported
decreased deposit thickness, which they attributed to etching. After treating the sam-
ples with hydrogen plasma for 10 s, the oxygen concentration dropped to about 11
at%. However, a significant concentration of silicon was also reported in XPS survey
spectra. The authors found the surface kinetics difficult to explain because of the
large gradients in the concentration of reactive plasma species at atmospheric pres-
sure. The authors found long-lived radicals capable of modifying GO flakes at the
edges, ripples, or other defects.

The specifics of plasma treatments at atmospheric pressure using the coplanar
surface barrier discharge are illustrated in Fig. 11. Electrodes are embedded in an
alumina plate and powered by a high-impedance low-frequency (10-30 kHz) RF
generator. Streamers occur in the gas phase, as shown in Fig. 11, because alumina is
a better insulator than the working gas at atmospheric pressure. The distance between
the neighboring electrodes in the alumina plate is about 1 mm. Such a configuration
enables a rather stable discharge with several streamers per RF period. The carbon
samples are placed close to the alumina plate, with a distance of less than 1 mm, or
even as close as 0.1 mm. None of the authors reported shortcuts, i.e., appearance of
streamers on the shortest path, i.e., from an electrode to the graphene sample and then
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from the graphene sample to the opposite electrode, as marked with “shortcut current
streamers” and dashed red lines in Fig. 11.

2.3 Summary

The results reported by different authors are summarized in Table 1. Many authors
reported the gas pressure, the type of discharge used for sustaining hydrogen plasma,
and the discharge power. Most authors varied the treatment time. The reduction is
the most significant effect of hydrogen plasma treatment; therefore, we included a
column showing the initial and final oxygen concentrations, as measured by XPS, in
Table 1. Some authors used EDX, and we added these values to the same column,
although XPS and EDX are different techniques, so the concentration of elements
often varies significantly due to the different probing depths of XPS and EDX. Dif-
ferent authors also employed various complementary techniques for material charac-
terization; however, these are not included in Table 1 because they are statistically
insignificant and would make the table difficult to read.

Table 1 Summary of research papers on hydrogen plasma reduction of graphene oxide
Author Gas type, Power [W]  tieat Initial Final AO Tamax
pressure (0] (6] conc. [°C]
conc. conc. [ abs.
[%]  [%] %]

Hafiz et al. (2014) H, 50-80 10 20-40's 55 11 44 27
Singh et al. (2014) H, at 50 Pa 15-30 10-300s 33 14 19 50—
120
Jesuraj et al. (2018) H, at 40 Pa 15 1 min 36.7 2621 10.5 NA
Banerjee et al. (2018) H, at 1 bar 20-60 30 min NA NA NA RT
Primo et al. (2018) H, at 10 Pa 0.4-2 15-60 min 8* 16 +8 NA
Ke et al. (2018) H, at 15 Pa 150 20 min NA NA NA NA
Torabi et al. (2018) H,/Ar 3:7 NA 1h 382 211 17.1 800
Yang et al. (2018) CH,/Arat7Pa 100 1-10 min 31 8 23 RT
Abdelkader-Fernandez et H, at 50 Pa 500/ 700 1/5/10 29.1 255 3.6 NA
al. (2019) min
Fraih et al. (2021) H, at 10 kPa 3 W/em? 2/4/6/8/10 NA NA NA NA
min
Magureanu et al. (2021)  H, at 041-1.36 NA NA NA NA 350—
200—400 Pa 500 K
Zhang et al. (2022) H, at 500 Pa 10/30/ 50 10-120s  36.6 285 8.1 NA
Hamzaj et al. (2024) H, at 32 Pa 100 10-240s NA NA NA RT
Edaetal. (2013) H, at 130 Pa 2 0-1200s NA NA NA NA
Hazarika et al. (2025) H, at 20 Pa 6 30 min 31.85 2555 6.30 NA
Kosaentor et al. (2024) Aror H, at 100 2/4/8 min  32.29 2042 11.8 NA
0.07 Pa
Bodik et al. 2017) H, or CH, at 100 1-5s 305 5.8 24 RT
1 bar
Gemeiner et al. (2020) H, at 1 bar 100 W/em®  8's NA NA NA RT
Homola et al. (2018) H, at 1 bar 240 8s 273 11.1  16.2 RT

*After prior hydrothermal reduction
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Fig. 12 a Final concentration of oxygen as reported from XPS or EDX spectra versus the treatment
time; b difference in oxygen concentration for plasma-treated and untreated samples versus the treat-
ment time. The AO is zero for untreated samples
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Fig. 13 a Final concentration of oxygen as reported from XPS or EDX spectra versus the discharge
power; b difference in oxygen concentration for plasma-treated and untreated samples versus the dis-
charge power. The AO is zero for untreated samples

3 Correlations

Table 1 reveals that different authors employed various experimental conditions,
making direct comparison of the results difficult. Still, we performed a meta-analysis,
and the correlations between the observed results and the treatment parameters are
illustrated in Figs. 12, 13, 14, 15 and 16. We plotted the following correlations:

e The concentration of oxygen on the treated samples versus the plasma treatment
time (Fig. 12a),

e The difference in concentration of oxygen after and before the plasma treatment
versus the treatment time (Fig. 12b),

e The concentration of oxygen versus the discharge power (Fig. 13a),

e The difference in concentration of oxygen after and before the plasma treatment
versus the discharge power (Fig. 13b),

e The oxygen concentration versus the product of the discharge power and the
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treatment time (Fig. 14),

e The change in the electrical resistance (Fig. 15), and.

e The concentration of oxygen versus the gas pressure in the plasma reactor
(Fig. 16).

Figure 12a shows the final oxygen concentration, as reported from XPS or EDX
spectra, plotted against treatment time. The original oxygen concentration varied, but
the average was about 40 at%. One can observe that all authors reported a decrease in
oxygen concentration as a result of hydrogen plasma treatment. Some authors, such
as Abdelkader-Fernandez et al. (2019) and Hazarika et al. (2025), reported a marginal
decrease, whereas others found the final concentration to be as low as approximately
10 at%. Most authors reported a final oxygen concentration of approximately 20 at%.
Interestingly, no author reported an oxygen concentration below 5 at%. This obser-
vation may suggest an incomplete reduction of the GO samples; however, a more
feasible explanation is secondary oxidation due to the exposure of the samples to air
before XPS or EDX characterization, or simply because of the adsorption of organic
gaseous impurities on plasma-treated samples, since these impurities usually contain
a significant concentration of oxygen (Grey et al. 2025). Many authors reported the
formation of dangling bonds as a result of hydrogen plasma treatment (Li et al. 2016;
Zhang et al. 2022; Kosaentor et al. 2024), and these bonds are likely to be occu-
pied with oxygen after exposure to air. Interestingly, Fig. 12a reveals no correlation
between the final oxygen concentration and the treatment time, indicating that the
latter is not the parameter governing the reduction of graphene oxide.

As already mentioned, the original oxygen concentration varied; therefore, a
more appropriate presentation of the results is the difference in oxygen concentration
between plasma-treated and untreated samples. This correlation is plotted in Fig. 12b.
On average, the concentration difference is approximately 10%, which is relatively
small. Again, there is no correlation between the drop in the oxygen concentration
and the treatment time.

The flux of plasma species on treated materials should increase with increasing
discharge power. The concentration of oxygen in the samples after treating them with
hydrogen plasma is plotted in Fig. 13. Figure 13a represents the final concentration of
oxygen vs. the discharge power, and Fig. 13b is the oxygen concentration difference
versus the discharge power. There is hardly any correlation in Fig. 13a.

Surprisingly, Fig. 13b suggests a decrease in reduction efficiency with increasing
discharge power. The measured points in Fig. 13b are scattered, but it appears that
lower discharge powers enable a larger drop in oxygen concentration on the surface
of plasma-treated GO samples. It is difficult to explain the paradox, but one feasible
explanation is to account for the damage caused by treatment at a higher discharge
power. As already mentioned, hydrogen plasma is a source of chemically reactive
particles (neutral hydrogen atoms in particular) and VUV/UYV radiation. The reactive
particles interact with oxygen bonded to the graphene sheets, forming a water mol-
ecule. On the other hand, radiation causes bond scission, which is not beneficial. The
radiation thus causes defects in the reduced GO structure, and these defects may be
prone to chemically bond to oxygen upon exposure of the plasma-treated samples to
air prior to XPS or other characterization. Furthermore, the defects caused by exces-
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sive VUV/UV radiation are likely to form bonds with the adventitious carbon. The
net effect would be a higher oxygen concentration in the longer treated samples. The
effect is illustrated in Fig. 17, which shows the proposed effect of hydrogen plasma
treatment on the GO lattice/structure.

A layer of adventitious carbon forms on virtually all materials exposed to the air.
In particular, ambient air contains minute amounts of volatile organic compounds.
The types of compounds vary, and so do their concentrations. They include benzene,
chloroform, styrene, formaldehyde, freon, and short-chain hydrocarbons (Grey et al.
2025). Once an impurity-free surface of a solid material is exposed to air, volatile
organic compounds in the air adhere to the surface due to weak van der Waals forces.
The amount of adsorbed adventitious carbon obviously depends on its concentration
in the air and exposure time. The layer is rarely thick because the attractive force
decreases with increasing distance from the surface. It is usually a few nm. Forma-
tion of thicker films is prevented by the desorption, which increases with the vapor
saturated pressure.

We anticipate that the plasma species dose will scale positively with both discharge
power and treatment duration. Figure 14a represents the final oxygen concentration
as a function of the product of discharge power and treatment time, while Fig. 14b
shows the oxygen concentration difference. According to Fig. 17, one would expect
a large concentration of oxygen at larger products of the discharge power and time.
However, the data presented in Fig. 14a do not support such speculation. Neverthe-
less, a trend is rather evident in Fig. 14b. An obvious conclusion is that the radiation
damage depends on the discharge power and the dose of reactive hydrogen species.

The reduction rate and the concentration of radiation-induced defects should
govern the electrical conductivity of reduced GO samples. Figure 15a and b repre-
sent the change in either conductivity, sheet resistance, or resistivity ratio (denoted
s resistance ratio) reported by different authors. Interestingly, the resistance ratio is
higher for small values of the product of the treatment time and the discharge power.
Thus, the diagrams presented in Fig. 15 support the hypothesis, which is illustrated
in Fig. 17.

Many authors reported oxygen concentration obtained at different pressures. Fig-
ure 16 summarizes the results. Again, there is no correlation between oxygen con-
centration and gas pressure; however, atmospheric-pressure plasma appears to enable
better reduction than low-pressure plasma, because the lowest oxygen concentration

Fig. 17 The proposed effect of hydrogen plasma treatment. a GO before the treatment contains lots
of oxygen; b treatment at a low discharge power causes reduction and thus formation of graphene; ¢
treatment at high power causes reduction, and also radiation damage; d the defects are occupied by
oxygen after exposure to the air
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Fig. 18 The resistance ratio (i.e., the reported sheet resistance of untreated samples divided by the sheet
resistance after hydrogen plasma treatment) as a function of the oxygen concentration after the plasma
treatment (a), and as a function of the difference in oxygen concentration (b)

after plasma treatment at atmospheric pressure is only about 5%. Still, the number
of experiments at atmospheric pressure is insufficient to bring decisive conclusions.

According to the above discussion, electrical conductivity should increase as the
oxygen concentration decreases. Figure 118 illustrates the correlation between the
resistance ratio and oxygen concentration. There is insufficient data to draw a firm
conclusion, but the trend presented in Fig. 18b supports the hypothesis, i.e., a larger
change in oxygen concentration will result in a larger change in conductivity.

Finally, it is worth emphasizing that the surface modifications depend on the fluxes
of reactive hydrogen species and treatment time (or the dose, which is the product of
these variables as long as the flux remains constant). No reviewed paper mentioned
the fluxes, so it is impossible to draw any conclusive remark on the exact kinetics of
the interaction between hydrogen plasma and graphene oxide samples.

4 Conclusions and roadmap

The analysis of available data on the reduction of graphene oxide flakes by exposure
to hydrogen plasma reveals some interesting features. Almost all authors reported a
reduction of oxygen concentration in GO films and structures, as expected. Rather
unexpected is the observation that longer treatment times do not result in lower
oxygen concentrations, and higher discharge powers yield worse results than lower
discharge powers. These two paradoxes were explained by taking into account the
peculiarities of the experimental systems used by different authors. Most likely, there
are two competing effects of the hydrogen plasma treatment: the reduction and the
radiation damage. While oxygen concentration can be taken as indication of reduction
process (chemical and physical), this parameter can not fully uncover the radiation
damage by plasma particles/species. Therefore, we compared the published results
also using resistance ratio change, since such damage destruction will be reflected in
a change in the structure of the material and thus its electrical properties. The reduc-
tion in the oxygen concentration occurs predominantly through the exposure of the
GO samples to hydrogen atoms. The atoms chemically interact with the GO surface,
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thus causing a reduction in oxygen concentration. The detailed investigation of the
reviewed papers indicates that the hydroxyl groups on the GO samples are more
likely to be reduced than some other groups. The reduction should be accomplished
already at a reasonably low dose of H atoms. The quantification (i.e., plotting a cor-
relation between the H-atom dose and the concentration of remaining oxygen) is yet
to be performed and represents a major scientific challenge. Obviously, the quantifi-
cation needs information about the flux of H atoms on the GO samples, but none of
the reviewed articles provided any numerical value.

While H atoms are beneficial because they are supposed to cause a significant
reduction of graphene oxide, the radiation arising from hydrogen plasma most likely
has a negative effect. The results reported by different authors indicate that VUV and
perhaps also UV radiation cause radiation damage to the graphene sheets, resulting
in numerous defects. The defects are likely to interact with oxygen upon exposure to
the air and cause secondary oxidation. If this is the major reason for the incomplete
reduction of GO samples, a straightforward experiment should be performed in the
fore-chamber of an XPS instrument, allowing the samples to be analyzed without
exposure to air. This is another scientific challenge.

An alternative mechanism that may cause a rather large amount of oxygen on the
surface of plasma-treated samples is the adsorption of organic impurities from the air.
This effect should be suppressed by the installation of the sample into the XPS cham-
ber immediately after the plasma treatment, or, preferably, by treatment in the XPS
fore-chamber. Unfortunately, the reviewed articles did not report the time between
plasma treatment and the transport of treated samples into the XPS (or SEM) cham-
ber, so we could not establish a correlation.

An interesting approach with potential for industrial applications is admixing
hydrocarbons with hydrogen plasma, or post-treating hydrogen plasma-treated gra-
phene oxide with plasma sustained in methane or another hydrocarbon gas. A couple
of articles have emphasized the beneficial effect, which is attributed to the binding
of carbon from CH, radicals to defects in the graphene structure after treatment with
hydrogen plasma. A scientific challenge is to determine the correlation between the
dose of CH, radicals and the surface finish, particularly the concentration of oxygen,
after exposing such samples to air. A technologically more significant challenge is to
plot the correlation between the peculiarities of the plasma sustained in hydrocarbon
gases and electrical conductivity. The flux of CH, radicals is not trivial to measure,
so any estimation would do.

With all the experiments suggested above, the hydrogen plasma treatment of gra-
phene oxide represents an interesting method for preparing graphene-like structures
for use in electrochemical devices, including batteries and supercapacitors. The GO
flakes are relatively easy to synthesize in macroscopic quantities and can be used for
the synthesis of paper-like macroscopic structures with a very large surface-to-mass
ratio and reasonably high electrical conductivity. These two properties are essential
for example for developing fast-response supercapacitors, which offer advantages
over Li- or Na-ion batteries.
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