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Abstract: Graphene is a fundamental unit of carbon materials and, thus, primary sp?>-bonded carbon
material. Graphene is, however, easily broken macroscopically despite high mechanical strength,
although its natural degradation has rarely been considered. In this work, we evaluate the natural
degradation of two-layer graphene in vacuo, in low-humidity air, and in high-humidity air at 300,
400, 450, and 500 K. Over 1000 days of degradation at 300 K, the graphene structure was highly
maintained in vacuo, whereas the layer number of graphene tended to decrease in high- and low-
humidity air. Water was slightly reacted /chemisorbed on graphene to form surface oxygen groups at
300 K. At 450 and 500 K, graphene was moderately volatilized in vacuo and was obviously oxidized
in high- and low-humidity air. Surprisingly, the oxidation of graphene was more suppressed in the
high-humidity air than in the low-humidity air, indicating that water worked as an anti-oxidizer of
graphene by preventing the chemisorption of oxygen on the graphene surface.
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1. Introduction

Graphene is a two-dimensional planar molecule composed of sp? carbon atoms that
was first produced via the exfoliation of graphite by Geim [1]. Graphene offers many
extraordinary properties, such as high electrical conductivity, high thermal conductivity,
optical transmittance, and flexibility, which have been exploited in various fields, including
electronics, electrical engineering, energy devices, and biotechnologies [2-10]. Graphene-
based nanomaterials are also applied in gas- and bio-sensors [11-19]. The exfoliation
of graphite to graphene is less mass production technique and generates a considerable
number of defects. Graphene obtained via graphene oxide reduction, which is a mass-
production technology, contains many defects and large surface roughness [20], whereas
the chemical vapor deposition of carbon sources produces highly crystalline graphene. SiC
single-crystal surfaces yield highly crystalline multi-layer graphene suitable for semicon-
ductor usage, but the synthesis process is cost-consuming [21,22]. On the other hand, the
chemical vapor deposition of carbon sources such as methane, benzene, ethane, acetylene,
or toluene on a copper, nickel, or 5iO, substrate has the advantage of uniform large-area
graphene, which is well used as an efficient graphene-production technique [1,23-31].
Graphene on a hydrophilic SiO; substrate with OH groups is, however, highly reactive
and degrades under ultraviolet (UV) light, but graphene on a bare SiO, substrate is un-
changed [32]. Graphene defects are also created via electron beam irradiation at energies
below 80 eV [33], and graphene nanoribbons are damaged by Joule heating despite having
high mechanical strength [3]. However, to the best of our knowledge, the natural degrada-
tion of graphene has not been investigated, because it requires a long-term investigation.
Here, we first demonstrate the natural degradation of graphene in various environments
(in low- and high-humidity air and in vacuo at 300, 400, 450, and 500 K) and under visible
laser irradiation for a long period.
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2. Experimental and Simulation Procedure
2.1. Materials

Two-layer graphene was synthesized via chemical vapor deposition of CH4 on Cu foil
(80 um thickness, CU-113303, Nilaco Co., Tokyo, Japan). During the first synthesis stage,
the Cu substrate was placed in a quartz tube in a furnace, then heated to 1300 K at 33 K
min~!. For annealing, the Cu substrate was maintained at that temperature for 30 min in
a reductive gas (Hj) and a carrier gas (Ar) with gas flow rates of 20 and 500 cm® min~?,
respectively. Graphene was then synthesized at 1300 K for 30 min in CHy (0.2 cm® min~1),
H, (20 cm® min~!), and Ar (500 cm3 min~1). The synthesized graphene was cooled down
to below 400 K in Hj (20 cm® min~') and Ar (500 cm® min~!) gas flows. Polycarbonate
(46 mg mL~1) in CHCl; solution was spin-coated on the graphene synthesized on the Cu
substrate, and the graphene samples were then heated at 400 K for 10 min in air. The
underlying Cu substrate was dissolved in 50 mL of a 0.1 mol dm~3 (NHy) S,Og solution,
and the graphene samples were carefully placed on distilled water for 1 h to remove those
ions. The samples were finally transferred onto platinum and quartz.

2.2. Natural Degradation Conditions

The synthesized graphene samples were exposed to low-humidity air (10-30% relative
humidity), high-humidity air (80% relative humidity), and vacuum conditions (below
1 kPa) at 300 &= 5 K. The 80% relative humidity condition was controlled with saturated
KBr aqueous solution at 300 & 5 K [34]. The graphene-exposure experiments were also
conducted at 400 £ 5, 450 £ 5, and 500 £ 5 K. Water vapor was introduced into the stainless-
steel cell until reaching 3.1 kPa and 300 K, corresponding to 80% relative humidity, and
graphene was then heated at 400, 450, and 500 K for 40, 25, and 13 days, respectively. The
other exposure conditions were the same as those mentioned above.

2.3. Characterizations

The layer numbers and crystallinity changes during the natural degradation of graphene
were evaluated from Raman scattering spectra of the graphene samples (laser irradia-
tion = 532 nm, 0.3 mW for 1 min) (NRS-4500, JASCO Co., Tokyo, Japan). Seven data
points were collected for each Raman scattering measurement. To check the graphene
stability under laser irradiation, the samples were irradiated with the 532 nm 0.3 mW
laser for 0 to 300 min prior to natural degradation tests. The visible reflectance spectra
of graphene were obtained using UV-visible light micro-spectroscopy (MSV-370, JASCO
Co., Tokyo, Japan). The structural changes in the exposed graphene were evaluated via
X-ray photoelectron spectroscopy (XPS) (JPS-9030, JEOL Co., Tokyo, Japan) at 10 kV and
10 mA using Mg Ka radiation at <10~ Pa. The XPS spectra were deconvoluted with a
Gaussian—Lorentzian fitting function.

2.4. MD Simulations

Thermal fluctuation and degradation of 30 nm graphene was evaluated from the
molecular dynamics (MD) simulation using the leapfrog Verlet algorithm, which is a
laboratory-made program. The intramolecular and intermolecular interactions were cal-
culated using the environment-dependent interatomic and Lennard-Jones potentials with
0 =0.34nm and ¢ = 28.0 K, respectively [35-37]. Single-layer graphene of 30 nm in diameter,
named as nano-graphene, was set parallel on z = 0.4 nm, and carbon atoms were moved
according to the above interaction potentials. Nano-graphene was also interacted with
fixed imaginary graphene with Lennard-Jones potential well depth of 2.8 K on z = 0.0 nm,
which was used as a substrate. The unit cell size was 50 x 50 x 5 nm>. The time step
and accumulation time were 0.1 fs and 10 ps. The temperature of solid carbon atoms was
controlled to less than 0.1 K during the first stabilization for 10 ps and then maintained at
300, 400, 450, or 500 K using the heat bath coupling method.
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3. Results and Discussion
3.1. Graphene Degradation at 300 K

The natural degradation of graphene was evaluated from the optimal images and
visible reflectance spectra (see Figures 1 and 2). The graphene samples on the Cu substrate
appeared shiny after 420 days in vacuo at 300 K, but matte after exposure to high- and
low-humidity air. At higher temperatures (400, 450, and 500 K), the graphene samples on
the Cu substrate became lusterless under both air conditions. The samples in low-humidity
air at 400, 450, and 500 K were darkened via the oxidation of copper. Surprisingly, the
graphene samples exposed to 400 and 500 K for 10 days became glossy in high-humidity
air and matte in low-humidity air. Between 10 and 40 days at 400 K, the graphene surface
became rough and at 450, and 500 K, the copper substrates were obviously oxidized in both
low- and high-humidity air. The samples were partially oxidized in low-humidity air at
400, 450, and 500 K, although the copper surface coated with graphene was apparently
less oxidized. The darkened sample color was attributed to the partial disappearance of
graphene in low-humidity air, as described later. In contrast, the samples maintained in
high-humidity air maintained their shiny appearance (Figures 1a and 2). These visual
features were mirrored in the reflection spectra of the samples (Figure 1b—e). The strong
reflectance of the as-prepared graphene sample at wavelengths above 550 nm was attributed
to copper reflection. The reflectance was almost maintained at 300 K, but was considerably
reduced in the wavelength <550 nm region in high-humidity air (Figure 1b). The high
reflectance was kept when graphene covered the copper substrate well and prevented the
copper from being oxidized. Therefore, graphene was maintained in low-humidity air and
vacuo, while graphene was partially oxidized in high-humidity air at 300 K. Above 400 K,
the reflectance in high-humidity and low-humidity air and in vacuo was decreased in all
wavelength regions. However, the reflectance at 400 K was obviously higher than the bare
copper substrates, proposing that graphene mostly covered copper substrates (Figure 1c).
The maintenance rates of graphene were in the order of in vacuo, in low-humidity air,
and in high-humidity air conditions at 400 K. The trend at 450 K was similar to that at
400 K; the reflectance in vacuo, at 450 K, was still high, while those in high-humidity and
low-humidity were considerably low, as expected from the optical images (Figure 1d). The
reflectance at 500 K was very low in all the conditions owing to graphene removal from the
copper substrate, because the reflectance was similar to that of the bare copper substrate
(Figure le). The anomalies in the optical images and the reflectance spectra of graphene
clearly depended on both humidity and temperature.

To clarify the link between the optical features and structures of the graphene samples,
the Raman scattering spectra of the samples constitute the standard method of observing
graphene structures from D, G, and 2D bands at 1350, 1580, and 2680 cm L, respectively.
We first confirmed that graphene was hardly damaged by laser irradiation during the
Raman scattering measurements prior to the evaluation of natural graphene degradation.
The graphene degradation by 0.3 mW visible laser irradiation for 0-300 min was examined,
as shown in Figure 3. We here assume that the D/G and 2D/G band intensities are conven-
tionally related to defects in the graphene and graphene layer number, respectively [38].
The 2D /G band ratio was 0.9 £ 0.03, implying that the as-prepared graphene was two-layer
graphene. Meanwhile, the D/G band ratio was 0.03 £ 0.01, indicating that the graphene
was highly crystalline [38,39]. The D/G and 2D/G ratios in the Raman scattering measure-
ments were independent of the laser irradiation time (0-300 min; see Figure 3b). To observe
natural graphene degradation via Raman scattering, the Raman observations required
seven minutes of laser irradiation per step (one minute X seven points on each graphene
sample) multiplied by 18 times (up to 1000 days in graphene degradation tests). The
accumulated laser irradiation time for each sample became 112 min. As the graphene was
undamaged after 300 min of laser irradiation (Figure 3), it was concluded that graphene
was hardly damaged by laser irradiation during the Raman scattering measurements.
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Figure 1. (a) Optical images of the graphene samples in high- and low-humidity air and in vacuo
at 300, 400, 450, and 500 K. Optical images of copper at 500 K are shown for comparison. Visible
reflectance spectra of graphene after 420 days at 300 K (b), 40 days at 400 K (c), 25 days at 450 K (d),
and 13 days at 500 K (e) in high-humidity air (red), in low-humidity air (blue), in vacuo (green), and a
bare copper substrate (dotted curves). The visible reflectance spectra of as-prepared graphene (black)
are shown for comparison.
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Figure 2. Optical images of graphene samples in high-humidity air, low-humidity air and vacuo at
400 (a), 450 (b), and 500 K (c).
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Figure 3. (a) Raman scattering spectra of graphene after laser irradiation at 0.3 mW. (b) D/G and
2D/G band ratios as a function of the irradiation time.

Figure 4 shows the Raman scattering spectra of graphene after different exposure
times (0-1000 days) at 300 K in vacuo and in low- and high-humidity air. All intensities in
each spectrum were normalized by the height of the G band. The G and 2D bands of the
samples held in vacuo remained constant over time, and D bands were hardly observed.
According to the Raman spectra, the graphene structure was maintained under vacuum
conditions. D bands were also hardly observed in the spectra of graphene in air, but 2D
bands emerged over time, especially under the high-humidity air condition. Those are
clearly shown in Figure 5. This spectral change in 2D bands probably indicates a structural
change in graphene through a moderate reaction with water vapor and/or oxygen gas in
the air. Oxidation likely influences the graphene nano-structures even at 300 K. Density
functional theory calculations indicated an oxidation role of water on graphene via the
chemisorption and formation of hydroxyl groups from 473 K [40]. In the present study,
the increasing intensity of the 2D bands implies a change from two-layer graphene to
single-layer graphene as the upper graphene layer reacted with water vapor at 300 K (as
mentioned above). Therefore, the maintenance of the graphene nanostructure requires a
low-humidity and/or vacuum environment. The temporal changes in the D/G and 2D/G
band ratios are clarified in Figure 5a,b. The D/G band ratios were mostly unchanged
over time, ranging from 0.11 (zero days) to 0.14, 0.17, and 0.06 (at 1000 days) in vacuo,
in low-humidity air, and in high-humidity air, respectively (Figure 5a). Although the
differences in the D/G band ratios were of the nominal level, active sites on the graphene
were reacted with water vapor and oxygen gas in the very early stage of the graphene
degradation tests. In contrast, the 2D /G ratios gradually increased from 1.1 at zero days
to 1.3, 2.2, and 3 at 1000 days in vacuo, in low-humidity air, and in high-humidity air,
respectively (Figure 5b). During exposure to high-humidity air, the 2D /G band ratios
were increased over time, especially in the first 100 days, while those in low-humidity
air and in vacuo were slightly increased. Graphene splitting into its fragments was also
observed through reaction with water, while no graphene splitting was observed in oxygen,
hydrogen, and ammonia environments [41]. The G peak positions shown in Figure 5¢c were
unchanged in all the conditions. On the other hand, the 2D peak positions in low- and high-
humidity air were shifted to the smaller wavenumbers as time progressed, whereas that in
vacuo was unchanged (Figure 5d) [42]. These results propose that the graphene structure
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changes in low- and -high-humidity air, probably with a decrease in graphene layer number.
The full width at half maximum (FWHM) of the G and 2D bands indicated the obvious
step at 300-500 days (Figure 5e,f). As strain on graphene flakes caused the splitting and
broadening of 2D bands, the relaxation of strain on graphene flakes might occur via the
partial release of the connection between graphene and the copper substrate [43].
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Figure 4. Raman spectra of graphene at 300 K, acquired at different times (0-1000 days) after graphene
synthesis in high-humidity air, low-humidity air and vacuo.
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3.2. Graphene Degradation at 400, 450, and 500 K

Figures 6 and 7 display the Raman spectra of graphene during natural degradation,
and the D/G and 2D/G peak ratios, respectively, of graphene in vacuo, in low-humidity air,
and in high-humidity air at 400, 450 and 500 K. The results on different days exhibited the
obvious natural degradation of graphene. The 2D bands were weakened on several days,
especially in vacuo. The average D/G band ratios at 400 K ranged from 0.09 at zero days
to 0.16, 0.19, and 0.04 at 40 days in vacuo, in low-humidity air, and in high-humidity air,
respectively (Figures 6a and 7a). The average D/G band ratios at 450 K were maintained at
0.14 £ 0.1 in vacuo and in high-humidity air, while those in low-humidity air changed from
0.13 £ 0.1 to 0.24 £ 0.1 (Figures 6b and 7b). The D/G band ratios followed the same trend
at 500 K: from 0.11 at zero days to 0.01 at 10 days in vacuo, 0.15 at 7 days in low-humidity
air, and 0.05 at 10 days in high-humidity air (Figures 6c and 7c). Here, the D/G and 2D/G
band ratios at 500 K in 10 and 13 days were not plotted, because the D, G, and 2D bands
were hardly observed, but those approximate values were 0.01 at 13 days in vacuo, 0.07 at
13 days in high-humidity air, and 0.31 at 10 days and 0.71 at 13 days in low-humidity
air. Under vacuum and high-humidity conditions at 450 K, the G band widened, and the
2D band diminished in 25 days. The spreading of the G band peaks accompanied the
appearance of the D” peak around 1500 cm ! derived from the low-crystallinity phase [44].
Graphene might gradually volatilize at 500 K in 10 days, while graphene at 400 K was
maintained until 40 days in all the conditions. At 450 K, the Raman spectra of graphene
was between 400 and 500 K; that is, graphene was partially volatized in 25 days. The 2D/G
ratios at 400 K were as follows: 1.1 at zero days to 0.9, 1.5, and 1.5 at 40 days in vacuo,
in low-humidity air, and in high-humidity air, respectively (Figure 6a). In contrast, the
2D/G ratios at 450 K were differently changed, from 1.1 at zero days to 0.3, 1.4, and 0.8 at
40 days in vacuo, in low-humidity air, and in high-humidity air, respectively (Figure 6b).
The 2D /G ratios at 500 K indicated changes from 0.9 at zero days to 0.14 at 10 days in vacuo,
0.9 at 10 days in high-humidity air, and 0.8 at 7 days in low-humidity air, respectively
(Figure 6¢). The slight change in the 2D /G band ratio in high-humidity air below 450 K
corresponds to the optical image, indicating the maintenance of the graphene structure.
The reaction mechanisms associated with graphene degradation at 450 and 500 K might
differ from those at 300400 K. The slight changes in the D/G band ratios at 300 and 400 K
in high-humidity air were probably caused by the reaction of graphene with water vapor
on the graphene edges, manifested as a slight increase in the D band [45]. The 2D/G band
ratios were increased in the order of those in high-humidity air, in low-humidity air, and
in vacuo at 300 and 400 K. The systematic changes were caused by water chemisorption
reactions that reduced the layer number of graphene. On the other hand, at 450 and
500 K, graphene was volatilized in vacuo, while oxygen gas was reacted/chemisorbed
on the graphene under non-vacuum conditions, creating defects (increased intensity of
the D band), and graphene was destroyed via a continuous oxidation reaction with CO,
and CO production for long-time heating in high- and low-humidity conditions at 500 K.
Although defect creation on graphene could be caused by oxidation gas in the low- and
high-humidity air, more change in low-humidity air indicated that the oxidation reaction
was inhibited by water vapor. This was caused by the quick oxidation of graphene with
water vapor [46]. Water chemisorption and oxidation mainly occurred on graphene edges
and, thus, competed with each other, and an oxidation reaction via oxygen gas, in which
water vapor chemisorbs on graphene, was prevented. The G and 2D peak positions in
Figure 8 were hardly changed at 400 and 450 K, whereas those at 400 K in low-humidity
air were changed to smaller wavenumbers, indicating a depression in the graphene layer
number. Figure 9 shows the FWHM of the G and 2D bands. The FWHM was unexpectedly
increased in vacuo and in high-humidity air; this phenomenon was caused by the strain of
graphene according to the thermal expansion difference between graphene and the copper
substrate. On the other hand, small graphene flakes formed through the oxidation reaction
in low-humidity air relaxed the graphene strains [47].
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Graphene degradation in vacuo at 300, 400, and 500 K was evaluated using the MD
simulation of nano-graphene. As the nano-graphene of 30 nm in diameter was somewhat
smaller than actual graphene, the stability of nano-graphene was expected to be much
smaller than the actual graphene. The temperature was assumed to be controlled only by
the thermal fluctuations in carbon atoms. Despite the small graphene size, overestimated
thermal fluctuations, and short period calculations, the trend of graphene degradation
was expected. Figure 10a—c show the snapshots of nano-graphene degraded at 300, 400,
and 500 K in vacuo. The nano-graphene had a relatively large amount of edge sites, and
graphene structures were more easily deconstructed from these edge carbons, although
the snapshots indicated the maintenance of graphene structures. However, the stability of
graphene structure was obviously different due to the temperature conditions, as shown
in Figure 10d. The averaged relative stability was changed from 0.97 to 0.88 in 10 ps at
300 K, while this were changed to 0.86 at 400 K, and 0.85 at 500 K. At a higher temperature,
the distributions with less stability between 0.4 and 0.8 were more increased, because of
increasingly less stabilized sites on the edges. Bulat and co-workers also proposed that
there is higher reactivity at the edge sites than the basal plane [48]. When a hydrogen
atom was added on graphene at once, the adjoined sites were activated. The reaction was
continuously carried out. The same feature was observed in our MD simulation. The
less-stabilized sites via thermal stimulation propagated the whole structure of graphene.
Therefore, the less-stabilized structure at edge sites was first observed in the graphene-
degradation process, then the less-stabilized structure was gradually propagated toward
the graphene center, and the whole graphene structure was changed to a defective structure
with less stability, as expected experimentally.

(b) 400 K (c) 500 K (d)

Distribution / a.u.

06 07 08 0.9 1.0

Relative energy

Figure 10. Snapshots of nano-graphene as a function of time progress at 300 (a), 400 (b), and 500 K (c).
(d) The relative stability distributions of carbon atoms in nano-graphene against perfect graphene at
2.5 (black circle), 5.0 (blue square), 7.5 (green diamond), and 10 ps (red cross).

The degradation mechanism of graphene was inferred from the chemical structure
changes in graphene via XPS (see Figure 11). The as-prepared graphene contained a
negligible amount of oxygen functional groups (O/C ratio = 0.17). The number of oxygen
functional groups was increased in high- and low-humidity air at 300 K (O/C ratios = 0.21
and 0.21, respectively, versus 0.20 in vacuo). Therefore, water vapor was chemisorbed on
graphene as hydroxyl and/or carboxyl groups even at 300 K, consistent with the Raman
scattering spectra (Figures 4 and 6). The O/C ratios in vacuo, in low-humidity air, and
in high-humidity air were 0.09, 0.24, and 0.30, respectively, at 400 K, and 0.24, 0.18, and
0.26, respectively, at 450 K, and 0.14, 0.39, and 0.34, respectively, at 500 K, although the
graphene structures in the high- and low-humidity air at 500 K in 13 days were significantly
destroyed, as shown in Figure 6. Graphene was more oxidized in a higher-temperature
environment, although the O/C ratio remained low in vacuo. Judging from the larger O/C
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ratios in high-humidity air than in low-humidity air and the maintenance of D/G band
ratios in the high-humidity air in comparison with the low-humidity air (Figures 5 and 7),
the antioxidative activity of water arose from competitive water chemisorption at edge sites
against oxidation via oxygen gas and subsequent graphene degradation. Anti-oxidation
was also observed in the XPS of the Cu 2p3,, peaks. In high- and low-humidity air at
400, 450, and 500 K, copper was oxidized to CuO after graphene oxidation exposed the
copper surfaces. This phenomenon was especially observed in low-humidity air, further
supporting the anti-oxidizing effects of water on graphene. We thus presumed that the bare
copper substrate not covered with graphene was first oxidized, and the graphene edges
were then oxidized by reacting with oxidized copper, whereas direct oxidation on the basal
plane of graphene hardly occurred in all the conditions. The substrate dependence was
discussed in Section 3.3.
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Figure 11. Cl1s peaks in the XPS of degraded graphene after 370 days at 300 K (a), 40 days at 400 K (b),
25 days at 450 K (c), and 13 days at 500 K (d) in high-high humidity air, low-humidity air and vacuo.

Figure 12 summarizes the graphene-degradation scheme in high- and low-humidity air
and in vacuo at 300-500 K. Graphene structures at the low temperature were maintained in
vacuo and hardly changed in low-humidity air and in vacuo, whereas graphene gradually
reacted with water vapor in high-humidity air even at 300 K. At the high temperature,
graphene was volatilized in vacuo, and oxidized in low-humidity air, while graphene
oxidation was prevented in high-humidity air, because chemisorbed water prevented the
continuous further oxidation of graphene.
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Figure 12. Natural degradation of graphene in high-humidity air, low-humidity air and vacuo.

3.3. Substrate Effects on Graphene Degradation at 450 K

The influence of graphene degradation caused by different substrates was evaluated
using copper, platinum, and quartz substrates. Figure 13 shows the time-dependent Raman
scattering of graphene on platinum and quartz substrates at 450 K. The D/G and 2D /G band
ratios are summarized in Figure 14. The graphene on the quartz substrate disappeared in
the high-humidity air and in vacuo in 20 days, because graphene might be spilled out from
the substrate owing to the weak interaction between the graphene and quartz substrate
(Figures 13c and 14c). On the other hand, the graphene in the low-humidity air was
relatively strongly connected to the quartz substrate, probably via reaction with the surface
oxygen on the quartz. We thus evaluated the graphene degradation up to 20 days. The D/G
band ratios for both the platinum and quartz substrate hardly changed at 0.1 & 0.05 in all
the conditions at 450 K, except for on the quartz substrate in low-humidity air. Defects on
graphene were hardly inserted, although those band ratios in the low-humidity conditions
were increased. The oxidation reaction on the quartz substrate was probably promoted by
the flexibility of graphene owing to the weak interaction between the graphene and the
quartz substrate. Similarly, the 2D /G band ratios agreed with those on copper substrates;
the 2D/G band ratios on platinum substrates were changed from 1.1 to 0.7 in vacuo, from
1.4 to 0.7 in high-humidity air, and from 1.3 to 1.2 in low-humidity air, and the 2D/G band
ratios on quartz substrates changed from 1.6 to 0.8 via the maximum at 2.4 in vacuo, from
1.1 to 0.9 in high-humidity air, and from 1.6 to 0.8 via the maximum at 1.8 in low-humidity
air. The results for the quartz substrate also proposed that the high-humidity air condition
prevented graphene degradation by adsorbed water. Copper and Pt substrates rarely
influenced graphene stability, although a copper substrate is a relatively reactive material.
On the other hand, the graphene on the quartz substrate was more reactive owing to the
weak interaction between the graphene and the quartz substrate. In addition, damage
during the graphene transfer process was avoidable, because the transferred graphene
film maintained its D/G and 2D/G band ratios, high electrical conductivity, and high light
transmission [49].
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Figure 13. Raman spectra of graphene at 450 on Cu (a), Pt (b), and quartz (c). Spectra were taken
after graphene synthesis in low-humidity air, high-humidity air and vacuo.
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Figure 14. The 2D/G and D/G ratios in the Raman spectra of graphene in high-humidity air (red),
low-humidity air (blue) and vacuo (green) at 450 K on Cu (a), Pt (b), and quartz (c).
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4. Conclusions

We demonstrated the natural degradation of graphene in high-humidity air, in low-
humidity air, and in vacuo at 300 K up to 1000 days, 400 K up to 40 days, 450 K up to
25 days, and 500 K up to 13 days. The D/G ratios remained almost constant until 1000 days
at 300 K in vacuo, whereas the 2D /G ratios gradually increased from 1.1 at day 0 to 3 at
1000 days in high-humidity air and to 2.2 at 1000 days in low-humidity air. Although the
changes in the D/G band ratio were slight, the contents of oxygen functional groups were
obviously increased. Thus, water vapor and oxygen gas gradually reacted with graphene
without disrupting the honeycomb structure of graphene. The graphene layer number
(determined from the 2D /G band ratio) decreased as the upper layer of graphene was
gradually volatilized, while the defect amounts created via oxidation at 300 K remained
constant. Graphene naturally degraded in air at 400, 450, and 500 K, while graphene was
stable under vacuum conditions below 450 K. Graphene and its copper substrate were both
oxidized in the high- and low-humidity air conditions. However, graphene and copper
substrates were more mildly oxidized in the high-humidity air than in the low-humidity
air. This indicated that water vapor was preferentially chemisorbed on reaction sites in
graphene and prevented any further oxidation reaction on graphene from oxygen gas.
Therefore, the chemisorption of water vapor on graphene inhibited the natural degradation
of graphene, even in air. To summarize the results obtained in this work: (1) the graphene
structure was maintained in vacuo at 300 K, while those in air were partially degraded;
(2) graphene was moderately volatilized in vacuo between 400 and 500 K; and (3) water
vapor prevented sequential oxidation by oxygen gas at 400-500 K in high-humidity air. To
the best of our knowledge, the natural degradation of graphene under various conditions
has not been previously clarified. Our findings are expected to contribute significantly
to graphene-related sciences. Further studies on the natural degradation of graphene are
necessary in various gas environments, especially in pure gas and via molecular simulation,
as well as ab initio calculation.

Author Contributions: Conceptualization, T.O.; software, T.O.; investigation, S.K., R.S. and TW.;
writing—original draft preparation, S.K., T.W. and T.O.; writing—review and editing, T.O.; supervi-
sion, T.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI grant number 23H01999 and the New Energy
and Industrial Technology Development Organization (NEDO) 21500726-0.

Data Availability Statement: Data are contained within the article.

Acknowledgments: XPS and UV /Vis measurements were conducted at the Center for the Chiba
Iodine Resource Innovation Center in Chiba University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Geim, A.K.; Novoselov, K.S. The Rise of Graphene. Nat. Mater. 2007, 6, 183. [CrossRef] [PubMed]

2. Bolotin, K.I; Sikes, K.J.; Jiang, Z.; Klima, M.; Fudenberg, G.; Hone, J.; Kim, P.; Stormer, H.L. Ultrahigh electron mobility in
suspended graphene. Solid State Commun. 2008, 146, 351-355. [CrossRef]

3. Murali, R; Yang, Y.X,; Brenner, K.; Beck, T.; Meindl, ].D. Breakdown current density of graphene nanoribbons. Appl. Phys. Lett.
2009, 94, 243114. [CrossRef]

4. Balandin, A.A.; Ghosh, S.; Bao, W.Z.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal conductivity of single-layer
graphene. Nano Lett. 2008, 8, 902-907. [CrossRef]

5. Lee, C.; Wei, X.D.; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer graphene.
Science 2008, 321, 385-388. [CrossRef]

6.  Stoller, M.D.; Park, S.J.; Zhu, YW.; An, ].H.; Ruoff, R.S. Graphene-Based Ultracapacitors. Nano Lett. 2008, 8, 3498-3502. [CrossRef]
[PubMed]

7. Bunch, ].S,; Verbridge, S.S.; Alden, ].S.; van der Zande, A.M.; Parpia, ].M.; Craighead, H.G.; McEuen, P.L. Impermeable atomic
membranes from graphene sheets. Nano Lett. 2008, 8, 2458-2462. [CrossRef] [PubMed]

8. Li, X.L.; Zhang, G.Y,; Bai, X.D.; Sun, X.M.; Wang, X.R.; Wang, E.; Dai, H.]. Highly conducting graphene sheets and Langmuir-

Blodgett films. Nat. Nanotechnol. 2008, 3, 538-542. [CrossRef] [PubMed]


https://doi.org/10.1038/nmat1849
https://www.ncbi.nlm.nih.gov/pubmed/17330084
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1063/1.3147183
https://doi.org/10.1021/nl0731872
https://doi.org/10.1126/science.1157996
https://doi.org/10.1021/nl802558y
https://www.ncbi.nlm.nih.gov/pubmed/18788793
https://doi.org/10.1021/nl801457b
https://www.ncbi.nlm.nih.gov/pubmed/18630972
https://doi.org/10.1038/nnano.2008.210
https://www.ncbi.nlm.nih.gov/pubmed/18772914

Nanomaterials 2024, 14, 166 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

Sun, H.; You, X,; Deng, J.E.; Chen, X.L.; Yang, Z.B.; Ren, J.; Peng, H.S. Novel Graphene/Carbon Nanotube Composite Fibers for
Efficient Wire-Shaped Miniature Energy Devices. Adv. Mater. 2014, 26, 2868-2873. [CrossRef]

Tang, Z.W.; Wu, H.; Cort, J.R,; Buchko, G.W.; Zhang, Y.Y.; Shao, Y.Y.; Aksay, .A,; Liu, J.; Lin, Y.H. Constraint of DNA on
Functionalized Graphene Improves its Biostability and Specificity. Small 2010, 6, 1205-1209. [CrossRef]

Kitayama, H.; Ekayev, M.C.; Ohba, T. Piezoresistive and chemiresistive gas sensing by metal-free graphene layers. Phys. Chem.
Chem. Phys. 2020, 22, 3089-3096. [CrossRef] [PubMed]

Ng, S.P; Qiu, G.Y;; Ding, N.; Lu, X.Q.; Wu, C.M.L. Label-free detection of 3-nitro-L-tyrosine with nickel-doped graphene localized
surface plasmon resonance biosensor. Biosens. Bioelectron. 2017, 89, 468-476. [CrossRef]

Liu, HJ.; Dai, S.; Jiang, D.E. Insights into CO, /N, separation through nanoporous graphene from molecular dynamics. Nanoscale
2013, 5, 9984-9987. [CrossRef] [PubMed]

Sun, C.Z.; Zhu, S.H.; Liu, M.C.; Shen, S.H.; Bai, B.F. Selective Molecular Sieving through a Large Graphene Nanopore with Surface
Charges. J. Phys. Chem. Lett. 2019, 10, 7188-7194. [CrossRef] [PubMed]

Sun, C.Z.; Bai, B.E. Improved CO,/CHy Separation Performance in Negatively Charged Nanoporous Graphene Membranes.
J. Phys. Chem. C 2018, 122, 6178-6185. [CrossRef]

Shimizu, K.; Ohba, T. Extremely permeable porous graphene with high H /CO, separation ability achieved by graphene surface
rejection. Phys. Chem. Chem. Phys. 2017, 19, 18201-18207. [CrossRef] [PubMed]

Celebi, K.; Buchheim, J.; Wyss, R.M.; Droudian, A.; Gasser, P.; Shorubalko, I.; Kye, ].I; Lee, C.; Park, H.G. Ultimate Permeation
Across Atomically Thin Porous Graphene. Science 2014, 344, 289-292. [CrossRef]

Xu, S.C.; Zhan, J.; Man, B.Y; Jiang, S.Z.; Yue, WW.,; Gao, S.B.; Guo, C.G,; Liu, H.P; Li, Z.H.; Wang, ] H.; et al. Real-time reliable
determination of binding kinetics of DNA hybridization using a multi-channel graphene biosensor. Nat. Commun. 2017, 8, 14902.
[CrossRef]

Sun, C.Z.; Wen, B.Y.; Bai, B.F. Application of nanoporous graphene membranes in natural gas processing: Molecular simulations
of CHy/CO,, CH4/H,S and CH4 /N separation. Chem. Eng. Sci. 2015, 138, 616-621. [CrossRef]

Pei, S.E.; Cheng, H.M. The reduction of graphene oxide. Carbon 2012, 50, 3210-3228. [CrossRef]

Kusunoki, M.; Suzuki, T.; Hirayama, T.; Shibata, N.; Kaneko, K. A formation mechanism of carbon nanotube films on SiC(0001).
Appl. Phys. Lett. 2000, 77, 531-533. [CrossRef]

Berger, C.; Song, Z.M.; Li, X.B.; Wu, X.S.; Brown, N.; Naud, C.; Mayou, D.; Li, T.B.; Hass, J.; Marchenkov, A.N.; et al. Electronic
confinement and coherence in patterned epitaxial graphene. Science 2006, 312, 1191-1196. [CrossRef]

Yu, Q.K,; Lian, J.; Siriponglert, S.; Li, H.; Chen, Y.P.; Pei, S.S. Graphene segregated on Ni surfaces and transferred to insulators.
Appl. Phys. Lett. 2008, 93, 113103. [CrossRef]

Li, X.S.; Cai, WW.,; An, ].H.; Kim, S.; Nah, J.; Yang, D.X; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, E.; et al. Large-Area Synthesis
of High-Quality and Uniform Graphene Films on Copper Foils. Science 2009, 324, 1312-1314. [CrossRef]

Sun, X,; Lin, L.; Sun, L.Z.; Zhang, ].C.; Rui, D.R;; Li, ].Y.; Wang, M.Z; Tan, CW.; Kang, N.; Wei, D.; et al. Low-Temperature and
Rapid Growth of Large Single-Crystalline Graphene with Ethane. Small 2018, 14, 1702916. [CrossRef]

Chen, C.S.; Hsieh, C.K. Effects of acetylene flow rate and processing temperature on graphene films grown by thermal chemical
vapor deposition. Thin Solid Film. 2015, 584, 265-269. [CrossRef]

Weatherup, R.S.; Dlubak, B.; Hofmann, S. Kinetic Control of Catalytic CVD for High-Quality Graphene at Low Temperatures.
ACS Nano 2012, 6, 9996-10003. [CrossRef]

Martin, M.B.; Dlubak, B.; Weatherup, R.S.; Piquemal-Banci, M.; Yang, H.; Blume, R.; Schloeg], R.; Collin, S.; Petroff, F.; Hofmann,
S.; et al. Protecting nickel with graphene spin-filtering membranes: A single layer is enough. Appl. Phys. Lett. 2015, 107, 012408.
[CrossRef]

Zhang, J.; Li, J.].; Wang, Z.L.; Wang, X.N.; Feng, W.; Zheng, W.; Cao, W.W.; Hu, P.A. Low-Temperature Growth of Large-Area
Heteroatom-Doped Graphene Film. Chem. Mater. 2014, 26, 2460-2466. [CrossRef]

Zhang, B.; Lee, W.H.; Piner, R.; Kholmanov, I.; Wu, Y.P; Li, H.E; Ji, HX.; Ruoff, R.S. Low-Temperature Chemical Vapor Deposition
Growth of Graphene from Toluene on Electropolished Copper Foils. ACS Nano 2012, 6, 2471-2476. [CrossRef]

Kang, C.; Jung, D.H.; Lee, ].S. Atmospheric Pressure Chemical Vapor Deposition of Graphene Using a Liquid Benzene Precursor.
J. Nanosci. Nanotechnol. 2015, 15, 9098-9103. [CrossRef] [PubMed]

Ji, E.; Kim, M.].; Lee, J.Y.; Sung, D.; Kim, N.; Park, JW.; Hong, S.; Lee, G.H. Substrate effect on doping and degradation of
graphene. Carbon 2021, 184, 651-658. [CrossRef]

Gao, A.; Lee, CJ.; Bijkerk, F. Graphene defect formation by extreme ultraviolet generated photoelectrons. J. Appl. Phys. 2014,
116, 054312. [CrossRef]

O’Brien, EE.M. The Control of Humidity by Saturated Salt Solutions. J. Sci. Instrum. 1948, 25, 73. [CrossRef]

Steele, W.A. The physical interaction of gases with crystalline solids: I. Gas-solid energies and properties of isolated adsorbed
atoms. Surf. Sci. 1973, 36, 317-352. [CrossRef]

Marks, N.A. Generalizing the environment-dependent interaction potential for carbon. Phys. Rev. B 2001, 63, 035401. [CrossRef]
de Tomas, C.; Suarez-Martinez, I.; Marks, N.A. Graphitization of amorphous carbons: A comparative study of interatomic
potentials. Carbon 2016, 109, 681-693. [CrossRef]

Hwangbo, Y.; Lee, C.K.; Mag-Isa, A.E.; Jang, ].W.; Lee, H.].; Lee, S.B.; Kim, S.S.; Kim, ].H. Interlayer non-coupled optical properties
for determining the number of layers in arbitrarily stacked multilayer graphenes. Carbon 2014, 77, 454—-461. [CrossRef]


https://doi.org/10.1002/adma.201305188
https://doi.org/10.1002/smll.201000024
https://doi.org/10.1039/C9CP05586J
https://www.ncbi.nlm.nih.gov/pubmed/31967130
https://doi.org/10.1016/j.bios.2016.04.017
https://doi.org/10.1039/c3nr02852f
https://www.ncbi.nlm.nih.gov/pubmed/23990030
https://doi.org/10.1021/acs.jpclett.9b02715
https://www.ncbi.nlm.nih.gov/pubmed/31682132
https://doi.org/10.1021/acs.jpcc.8b00181
https://doi.org/10.1039/C7CP03270F
https://www.ncbi.nlm.nih.gov/pubmed/28675236
https://doi.org/10.1126/science.1249097
https://doi.org/10.1038/ncomms14902
https://doi.org/10.1016/j.ces.2015.08.049
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.1063/1.127034
https://doi.org/10.1126/science.1125925
https://doi.org/10.1063/1.2982585
https://doi.org/10.1126/science.1171245
https://doi.org/10.1002/smll.201702916
https://doi.org/10.1016/j.tsf.2014.12.012
https://doi.org/10.1021/nn303674g
https://doi.org/10.1063/1.4923401
https://doi.org/10.1021/cm500086j
https://doi.org/10.1021/nn204827h
https://doi.org/10.1166/jnn.2015.11557
https://www.ncbi.nlm.nih.gov/pubmed/26726650
https://doi.org/10.1016/j.carbon.2021.08.048
https://doi.org/10.1063/1.4892485
https://doi.org/10.1088/0950-7671/25/3/305
https://doi.org/10.1016/0039-6028(73)90264-1
https://doi.org/10.1103/PhysRevB.63.035401
https://doi.org/10.1016/j.carbon.2016.08.024
https://doi.org/10.1016/j.carbon.2014.05.050

Nanomaterials 2024, 14, 166 16 of 16

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Lucchese, M.M; Stavale, E; Ferreira, E.H.M.; Vilani, C.; Moutinho, M.V.O.; Capaz, R.B.; Achete, C.A.; Jorio, A. Quantifying
ion-induced defects and Raman relaxation length in graphene. Carbon 2010, 48, 1592-1597. [CrossRef]

Boukhvalov, D.W. Oxidation of a Graphite Surface: The Role of Water. J. Phys. Chem. C 2014, 118, 27594-27598. [CrossRef]
Feng, X.F.; Maier, S.; Salmeron, M. Water Splits Epitaxial Graphene and Intercalates. J. Am. Chem. Soc. 2012, 134, 5662-5668.
[CrossRef]

Das, A.; Chakraborty, B.; Sood, A.K. Raman spectroscopy of graphene on different substrates and influence of defects. Bull. Mater.
Sci. 2008, 31, 579-584. [CrossRef]

Ahmed, M,; Kishi, N.; Sugita, R.; Fukaya, A.; Khatri, I.; Liang, ].B.; Mominuzzaman, S.M.; Soga, T.; Jimbo, T. Graphene synthesis
by thermal chemical vapor deposition using solid precursor. J. Mater. Sci. Mater. Electron. 2013, 24, 2151-2155. [CrossRef]
Claramunt, S.; Varea, A.; Lopez-Diaz, D.; Velazquez, M.M.; Cornet, A.; Cirera, A. The Importance of Interbands on the
Interpretation of the Raman Spectrum of Graphene Oxide. J. Phys. Chem. C 2015, 119, 10123-10129. [CrossRef]

Bellunato, A.; Tash, H.A_; Cesa, Y.; Schneider, G.F. Chemistry at the Edge of Graphene. Chemphyschem 2016, 17, 785-801. [CrossRef]
Liang, Z.; Khanna, R; Li, K.J.; Guo, F; Ma, Y.; Zhang, H.; Bu, Y.S,; Bi, Z.S.; Zhang, ].L. Impact of oxidants O, H,O, and CO,
on graphene oxidation: A critical comparison of reaction kinetics and gasification behavior. Chem. Eng. J. 2022, 450, 138045.
[CrossRef]

Yoon, D.; Son, Y.W.; Cheong, H. Negative Thermal Expansion Coefficient of Graphene Measured by Raman Spectroscopy. Nano
Lett. 2011, 11, 3227-3231. [CrossRef]

Bulat, F.A.; Burgess, ].S.; Matis, B.R.; Baldwin, ].W.; Macaveiu, L.; Murray, J.S.; Politzer, P. Hydrogenation and Fluorination of
Graphene Models: Analysis via the Average Local Ionization Energy. J. Phys. Chem. A 2012, 116, 8644-8652. [CrossRef]

Li, X.S.; Zhu, Y.W.,; Cai, WW.; Borysiak, M.; Han, B.Y.; Chen, D.; Piner, R.D.; Colombo, L.; Ruoff, R.S. Transfer of Large-Area
Graphene Films for High-Performance Transparent Conductive Electrodes. Nano Lett. 2009, 9, 4359-4363. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.carbon.2009.12.057
https://doi.org/10.1021/jp509659p
https://doi.org/10.1021/ja3003809
https://doi.org/10.1007/s12034-008-0090-5
https://doi.org/10.1007/s10854-013-1073-x
https://doi.org/10.1021/acs.jpcc.5b01590
https://doi.org/10.1002/cphc.201500926
https://doi.org/10.1016/j.cej.2022.138045
https://doi.org/10.1021/nl201488g
https://doi.org/10.1021/jp3053604
https://doi.org/10.1021/nl902623y

	Introduction 
	Experimental and Simulation Procedure 
	Materials 
	Natural Degradation Conditions 
	Characterizations 
	MD Simulations 

	Results and Discussion 
	Graphene Degradation at 300 K 
	Graphene Degradation at 400, 450, and 500 K 
	Substrate Effects on Graphene Degradation at 450 K 

	Conclusions 
	References

