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Abstract: Atom oxygen (AO) can cause most spacecraft material erosion seriously. Liquid-exfoliated
graphene by jet cavitation was used to coat Kapton employed on spacecraft to enhance its AO erosion
resistance. The coating was prepared by vacuum filtering and transferring. After AO exposure,
compared with naked Kapton, the mass loss of coated Kapton reduced to 3.73% and the erosion
yield reduced to 3.67%. AO reacted with graphene and then was left in the coating. The coating was
degenerated slightly, but still performed well. We believe that graphene coating could be potentially
applied to increase the material’s life span on spacecraft.
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1. Introduction

Atom oxygen (AO), the main component of atmosphere in the low earth orbit, can cause most
spacecraft material erosion seriously, and then affect the normal operation of the spacecraft [1,2].
With the AO translational energy 4.5–5 eV, polymer bond can be easily broken and induced oxidative
decomposition [3,4]. Polyimide (named by “Kapton”) is widely used to cover the external surface of
spacecraft, because of its chemical and heat stability [5,6]. It has been experimentally evidenced that
Kapton is severely eroded by AO in space flight [1,7]. The erosion yield (Ey), which represents the
volume loss of material per AO, is 3 × 10−24 cm3/atom [8].

Nowadays, various kinds of coatings by chemical methods have been be applied to protect
Kapton from AO erosion: hybrid inorganic/organic polymers coating [9], silica coating [10–12],
boehmite-AlOOH coating [13], hybrid silica coatings [14,15], polysilazane coating [16], titanium
oxide coating [17], SnO2 coating [18], etc. For these coatings, sol–gel and copolymerizing are most
frequently-used, and strong acid and alkali are employed, which are environmentally unfriendly.
There are also many other coatings by physical methods: multilayer silica/alumina coating [19];
SiOx coating [20]; Mg-alloy coating [21]. Sputtering or plasma deposition are commonly employed,
which needs some severe conditions such as high vacuum, high energy, high temperature, etc. Therefore,
it restricts their industrial application.
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Graphene is a two-dimension nanomaterial which has excellent experimental characteristics,
and has shown great application prospects in various fields [22–25]. It has very rich sources which are
easy to be obtained, including graphite, organic fragments, or even biomass wastes and so on [26].
While it can also be made into graphene fibers to expand the application fields, such as healthcare,
energy, communication, reinforcement and so on [27]. Specifically, the monolayer graphene membrane
has been demonstrated to be used as gas barrier [28], and the defects in graphene will not influence
its application in impermeable nanomembranes [29]. Although AO can oxidize graphene with ease
and then form strong chemical bonds on its surface, but it’s hard for AO to pass through. This is
because the requested energy of passing through monolayer graphene is more than 5.98 eV, while AO
translational energy is only 4.5–5 eV, which is obviously insufficient [30]. Thus it’s definitely harder for
AO to permeate multilayer graphene.

Up to now, there are a few studies applying graphene and its derivative to resist AO erosion.
Zhang et al. grew multilayers graphene on copper by chemical vapor deposition (CVD) [31]. Ren et al.
grew nitrogen-doped graphene coating on copper by CVD [32]. Chen et al. grafted GO and silane
onto p-phenylene benzobisoxazole fibers through chemical reaction [33]. Peng et al. modified carbon
fiber-reinforced cyanate ester composites by polyhedral oligomeric silsesquioxane-graphene-TiO2

through melt method [34].
In 2011, our group first developed the jet cavitation method to prepare liquid-exfoliated graphene,

which can produce graphene on a large scale [35]. We try to explore its potential to improve AO
erosion resistance. Zhang et al. [36] and Liu et al. [37] prepared graphene-reinforced epoxy resin
nano-composites and graphene-reinforced cellulose acetate composite respectively. In especial, Yi et al.
selected few-layer graphene to prepare the polyvinyl alcohol composites [38]. Though good protective
effect was obtained, but the AO resistance remains a relatively low degree (40–65% decrease in
mass loss). That can be attributed to the undercutting peculiar to AO [39]. Therefore, it’s particularly
important to protect the material surface from intrusion, while graphene coating might be the right
answer. To date, the ability of graphene coating to improve the AO erosion resistance has not been
extensively investigated.

There are several methods for graphene to coat a flexible substrate, such as layer transfer (graphene
by CVD) [40] and spin coating (GO) [41]. It’s investigated that Vander Waals forces is strong enough
to bond graphene and substrate [42]. In this paper, graphene coatings were prepared by filtering
graphene dispersion onto organic filter membrane with a vacuum pump, and afterwards the graphene
film was transferred onto Kapton. The ground-based AO effect simulation facility was employed
to carry out the AO exposure experiment [43]. The AO erosion resistance of graphene coating was
evaluated and the mechanism was discussed. Both the preparation of graphene and its coating method
will be helpful for industrial production because of their low cost.

2. Experimental

2.1. Preparation of Graphene Dispersion

Graphite (Alfa Aesar, 43209, Shanghai, China) was used for preparing graphene. Jet cavitation
method reported by our group previously was employed to prepare graphene dispersion [35]. Firstly,
graphite was dispersed in N,N-Dimethyl formamide(DMF) [44] (3 mg/mL), and then cycling flowed
in the jet cavitation device (pressure20 MPa, 4 h). Secondly, the dispersion above was treated by a
centrifuge (L-600, Changsha XiangYi, Changsha, China, 2000 rpm, ×568 g, 0.5 h). The concentration
of supernate collected from the centrifugal dispersion was 170 µg/ml (calculated from the dispersion
absorbance obtained by a double-beam ultraviolet spectrophotometer (TU1901, Beijing Puxi General
Instrument Co., Ltd., Beijing, China). Figure 1 shows the preparation process of graphene dispersion.
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vacuum pump (GM-0.33A, Tianjin Jinteng, Tianjin, China, pumping rate 20 L/min) [48]. Thus the 
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square of 20 mm and immediately pasted onto Kapton with graphene against the Kapton surface 
with some pressure. Meanwhile, DMF was supplied to the edge of Kapton to extrude bubbles within 
the gaps between Kapton and graphene film. Subsequently, the adhesive layers was hot rolled by a 
roll laminator(FL271, Feiniao, Beijing, China, 30 min, 150 °C). After hot rolling, the adhesion force of 
nylon membrane decreased in a great extent and then were peeled off carefully [49]. Thus the 
graphene film was transferred onto the target substrate Kapton. Finally, the coated Kapton was 
heated at 140 °C in a vacuum drying oven for 10 h. This heat treatment can remove the DMF and 
reduce the gap between the graphene and the Kapton, resulting in increase of the adhesion [50,51]. 
So far we completed the Kapton coating of graphene. Figure 2 shows the coating process. 

Figure 1. The process of graphene dispersion preparation [45].

2.2. Preparation of Graphene Coatingon Kapton

The graphene film was obtained by vacuum filtering the graphene dispersion (170 µg/mL) onto
nylon membranes, and then transferring the graphene film onto the Kapton. This method can get
uniform coating thickness, and control the coating thickness easily via changing the concentration or
volume of the dispersion [46].

First, Kapton was cut into square of 15 mm, cleaned in acetone by a ultrasonic cleaner (KX-1620HG,
28 KHz, Kexi, Beijing, China) for 10 min, and dried for use [47]. Second, different volume (1, 2, 3,
4 mL) of the 170 µg/mL graphene dispersion prepared previously was diluted by 60 mL deionized
water, and then was filtered through a nylon membrane (ϕ50 mm, aperture size 450 nm, Shanghai
Xinya, Shanghai, China) on a filter (2000 mL, Jiangsu Sanaisi, Jiangsu, China) by a vacuum pump
(GM-0.33A, Tianjin Jinteng, Tianjin, China, pumping rate 20 L/min) [48]. Thus the graphene loadings
on nylon membrane (mass of graphene per square centimetre) are 8.7, 17.3, 26.0, 34.6 µg/cm2. It’s
worth noting that the graphene dispersion should be transferred into the filtering funnel very slowly
to avoid air bubbles. Third, the wet nylon membrane with graphene was cut into square of 20 mm
and immediately pasted onto Kapton with graphene against the Kapton surface with some pressure.
Meanwhile, DMF was supplied to the edge of Kapton to extrude bubbles within the gaps between
Kapton and graphene film. Subsequently, the adhesive layers was hot rolled by a roll laminator(FL271,
Feiniao, Beijing, China, 30 min, 150 ◦C). After hot rolling, the adhesion force of nylon membrane
decreased in a great extent and then were peeled off carefully [49]. Thus the graphene film was
transferred onto the target substrate Kapton. Finally, the coated Kapton was heated at 140 ◦C in a
vacuum drying oven for 10 h. This heat treatment can remove the DMF and reduce the gap between
the graphene and the Kapton, resulting in increase of the adhesion [50,51]. So far we completed the
Kapton coating of graphene. Figure 2 shows the coating process.

2.3. AO Exposure Experiment

The AO exposure experiment was carried out in the ground-based AO effects simulation facility
designed by our group [43] (pressure 0.15 Pa, 48 h). Figure 3 shows the schematic of the experiment
and the simulation facility. In vacuum chamber the heated filament liberates electrons (e−), which
can decompose and ionize the oxygen molecules (O2) into AO and oxygen ion (O2

+, O+). Lots of
permanent magnets arranged in the vacuum chamber wall limit the plasma (e−, O2

+, O+) in the middle
part. The AO proportion is 3 orders higher that of ion by testing [43]. Therefore the effect of ion on
samples is negligible, and AO is the dominant component in the experiment. In order to investigate
the erosion resistance of the graphene coating under different AO flux, we took out the samples from
the vacuum chamber of simulation facility at 8, 16, 24, 32, 40, 48 h. The corresponding AO flux were
1.11, 2.28, 3.54, 4.87, 5.93, 7.09 × 1020 atoms/cm2, which were obtained from the mass loss of naked
Kapton [36] (Ey = 3 × 10−24 cm3/atom). The 48 h AO flux (7.09 × 1020 atoms/cm2) was equivalent to
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103 days exposure in space environment (altitude 400 km, average value of solar activity, AO number
density108 atoms/cm3, the spacecraft orbiting at 8 km/s) [52].Coatings 2020, 10, x FOR PEER REVIEW 4 of 16 
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2.4. Characterization

Transmittance spectra of coated Kapton was evaluated by a double-beam ultraviolet
spectrophotometer (TU1901, Beijing Puxi General Instrument Co., Ltd., Beijing, China). Atomic force
microscope (AFM) (MultiMode V8, ScanAsyst mode, Bruker Nano Inc., New York, NY, USA) was
used to investigate the height information and morphology. The Raman spectrum (Rm2000, 514 nm
laser, Renishaw Ltd., London, England) were made on dried graphene film. The balance (BT 25S,
Beijing Sartorius, Beijing, China, sensitivity 0.01 mg) was used to measure the mass of samples.
Scanning electron microscopy (SEM) (LEO-1530VP, Carl Zeiss AG, Oberkochen, Germany) was
employed to measure the surface morphology. X-ray photoelectron spectrometer (XPS) (ESCALAB-250,
Thermo Fisher Scientific Inc., Boston, MA, USA) was uesd to investigate surface compositions.

3. Results and Discussion

3.1. Graphene and Graphene Film Prepared

To understand the characters of the graphene prepared, AFM was utilized to gain the thickness
and size information visually. Figure 4a is the photograph of graphene dispersion. Figure 4b shows the
AFM image which can indicate that the number of graphene layers is less than 3. Figure 4c illustrates
Raman spectra of a dried graphene cake and pristine graphite powder. While 2D band in Raman
spectra can reflect information of graphene layers. It is observed that the 2D band of the graphene
cake and the pristine graphite shows a marked difference, which indicates the success of graphene
preparation [53]. In addition, the rise of D band illustrates that some defects were introduced into the
graphene during the preparation process [54].

Our group have done detailed analysis on the nature of graphene films prepared by vacuum
filtration in 2014. The following vacuum filtration process didn’t drive graphene flakes into bulk
graphite, but only made the graphene flakes stacked to form multi-layer structure [55]. However,
in the following transfer process, the nature of the films still attracts our attention. So we investigate
the Raman spectra of the film before and after the transfer, as is shown in Figure 5a. It worth noting
that the Raman spectra reflects the condition around the whole scope. Intuitively, no significant change
appears in D band which can indicate the defects degree. Therefore, the transfer process of graphene
film has few cracks and tears, which implies the graphene film was successfully transferred onto
Kapton. In addition, the nearly indistinguishable 2D band on Kapton and filtered membrane illustrates
that there is few change inside the multi-layer structure [53]. In other words, we transfer the graphene
coating without losing naure of the film. Therefore the coating on Kapton is still the multi-layer
structure constituted by graphene flakes. Furthermore, the morphology feature of graphene coating on
Kapton was revealed by the AFM image (Figure 5b). As shown, aggregation was introduced into the
graphene coating, but the film still has good continuity.

It’s investigated that Van der Waals forces is strong enough to bond the graphene and the substrate,
and also graphene flakes in the coating. In addition, this strong adhesive force are not limited to
any substrate since Van der Waals forces exist everywhere [42]. For instance, the graphene oxide
(GO) coating prepared by the same method can retain its reliability after a series of lithographic
processes [56]. Therefore, it can be concluded that the graphene coating has a good binding force with
the substrate Kapton.

In addition, we investigated the transmissivity of coating samples with different graphene loadings
(8.7, 17.3, 26.0, 34.6 µg/cm2) by ultraviolet spectrophotometer, as shown in Figure 6. It can be seen that
the transparency is still preserved to some extent after coating and the transmissivity decrease with the
graphene loadings increase. Consequently, balancing between transparency and AO erosion resistance
should be determined by the requirements of practical applications.
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3.2. AO Resistance of Coated Kapton

As shown in Figures 7 and 8, the mass loss (M-L, the reduction in weight of sample) and Ey of
coated Kapton with different graphene loadings were recorded. Ey can be calculated from the M-L
of samples via the the following equation. ∆MS is the M-L of samples (g), ρ is the density of Kapton
(1.4 g/cm3), A is the area of the sample (cm2), F is the AO flux (atoms/cm2).

Ey =
∆MS

ρAF
(1)
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The graphene loadings on Kapton were 8.7, 17.3, 26.0, 34.6 µg/cm2. Higher graphene loading
means thicker film [46]. It can be illustrated from Figures 7 and 8 that the M-L and Ey of coated Kapton
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had dramatic drops compared with the naked Kapton, demonstrating the excellent protective effects
of the graphene coatings. In addition, both the M-L and Ey first decrease and then increase with the
increase of graphene loading. For the graphene loading of 26.0 µg/cm2, in the early exposure of 16 h
(AO flux: 2.28 × 1020 atoms/cm2), there was negligible M-L and Ey. After 48 h exposure (AO flux:
7.09 × 1020 atoms/cm2), the M-L and the Ey of coated Kapton are only 3.73% and 3.67% of those of the
naked Kapton, respectively. But if the graphene loading is further increase from 26.0 to 34.6 µg/cm2,
the performance is degraded.

There are two factors that affect the resistance to AO erosion. One is self nature of the coating
material. The other is compactness and completeness of the coating. A study on graphene by CVD
against AO erosion was developed, which concludes that multilayer graphene has better AO resistance
than monolayer grapheme [31]. In our study, the graphene coatings are prepared by stacking graphene
flakes, which can increase the number of graphene layers in a sense. Therefore, in coating’s self nature
of AO resistance, it’s a positive effect that graphene loading increases. Therefore, in consideration of
the degradation of the coating with 34.6 µg/cm2 graphene loading, the compactness and completeness
of the coating may be the negative factor. This may attribute to the severe aggregation caused by high
graphene loading. Based on our experimental data here, the optimal graphene loading is found to be
around 26.0 µg/cm2.

Meanwhile, we investigated the Ey of coated Kaptonin a different dimension, as shown in Figure 9.
It can be illustrated that the Ey is high and stable in the naked Kapton, while those are much lower in
the coated Kapton. Meanwhile, the Ey slightly increase with the exposure time increases, indicating
lower AO erosion resistance at high AO flux. This may be attributed to that high AO flux can cut the
graphene flakes into smaller pieces and then generate more edge structure [57–59], resulting in more
cracks to destroy the completeness and compactness of the coatings.
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It is worth reminding that the Ey of carbon-carbon-fiber (C–C) composites, highly oriented
pyrolytic graphite (HOPG), and pyrolytic graphite (PG) are 1.093, 0.538, 0.692 × 10−24 cm3/atom
respectively [60]. Among these carbon materials, HOPG was employed to prepare graphene [61].
Yet the Ey of all coated samples in this study are nearly under 0.5 × 10−24 cm3/atom, and especially the
one with graphene loading of 26.0 µg/cm2 is an order of magnitude lower. Hence, this provides side
evidence that the graphene flakes in the coating didn’t reassemble into graphite.

We examined the surface morphology of the naked Kapton and the coated Kapton with the optimal
graphene loading of 26.0 µg/cm2 before and after AO exposure (7.09 × 1020 atoms/cm2) respectively,
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as shown in the SEM images in Figure 10. It can be seen that the surface of the naked Kapton is smooth
and uniform before AO erosion (Figure 10a). After the AO exposure of 48 h, the surface turn into
the “corduroy-like” structure, indicating that the Kapton is eroded by AO significantly (Figure 10c,e).
Meanwhile, before exposure the surface of coated Kapton is covered by graphene flakes (Figure 10b).
After AO exposure, the surface was still covered by graphene flakes (Figure 10d,f), and it’s hard to find
the “corduroy-like” structures which is the typical erosion morphology of AO on Kapton. There are
only some flake fragmentations in morphology of coating Kapton after erosion. Although the coating
surface has a poor consistency and a few areas are not covered completely, it still shows a perfect
protective effect on the substrate which can be intuitively obtained from the SEM.Coatings 2020, 10, x FOR PEER REVIEW 10 of 16 
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Figure 10. (a) SEM images of Kapton before AO erosion; (c, e)SEM images of Kapton after AO
erosion; (b) SEM images of coated Kapton with graphene loading 26.0 µg/cm2 before AO erosion;
(d, f) SEM images of coated Kapton with graphene loading 26.0 µg/cm2 after AO erosion (AO flux:
7.09 × 1020 atoms/cm2).
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Beyond fragmentation, there are also other changes in the graphene coating: rougher flake surface,
smaller flake size, and blunter flake edge, which are related to the fact that defects and edges can react
with AO and then form cracks, resulting in abundant fragmentations in the film [37,62].

Furthermore, the coated Kapton best-behaved in the AO exposure experiment (graphene loading
26.0 µg/cm2) was characterized by XPS, as shown in Figure 11. The element contents listed in Table 1
are calculated from XPS. It can be seen that the oxygen content increases obviously after AO erosion.
We suggest that this increase is due to the combination of carbon and oxygen to from carbon-oxygen
bond, leading to the oxygen retention on surface [36,37,62]. Before and after AO erosion, Nitrogen
content of coating Kapton are both less than 1%, which demonstrates that vast majority of surface are
covered by graphene flakes and no obvious new Kapton is exposed after AO erosion. Hence, it can
also demonstrate that the graphene coating can protect Kapton perfectly.Coatings 2020, 10, x FOR PEER REVIEW 11 of 16 
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Figure 11. XPS of coated Kapton with a graphene loading of 26.0 µg/cm2.; (a) before AO erosion
(b) after AO erosion (7.09 × 1020 atoms/cm2).

Table 1. Surface composition of Kapton and coated Kapton with graphene loading 26.0 µg/cm2 before
and after AO erosion (7.09 × 1020 atoms/cm2) (%).

Element

Material Kapton Coated Kapton with Graphene

Before After Before After

C 78.88 68.25 94.34 86.96

O 14.04 26.49 4.96 12.50

N 7.08 5.26 0.70 0.54

Figure 12 is the schematic of the mechanism that graphene coating protects Kapton from AO
erosion. AO reaches the coating surface, and meets the top flakes. Some are blocked outside by
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graphene flakes [38], while some react with defects and edges of graphene flakes [63,64]. Moreover,
with increase of AO flux, large amount of defects and edges are oxidized by AO, to bring about
the holes and cracks growing in flakes and flakes fragmenting into small pieces [32]. As a result,
after exposure, the surface of graphene became rough and fragmentized, illustrated in Figure 10.Coatings 2020, 10, x FOR PEER REVIEW 12 of 16 
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Figure 12. Schematic of the mechanism that graphene coating protect Kapton from AO erosion.

Since the coating consists of multi-layers of graphene flakes, after top-layer eroded, sub-layer
takes the responsibility to resist AO, and so on. Whereas, for some areas with few layers, the coating is
eroded severely, resulting in the substrate Kapton newly exposed. The more Kapton areas uncovered,
the higher Ey of the sample. Hence, there is an upward trend of Ey with the increase of AO flux. It can
be inferred that high AO flux would decay the coating erosion resistance, and the increase of Ey is an
acceleration process as well. Nevertheless, it’s a slight rise.

Despite the excellent AO resistance was not restricted by the aggregation and imperfect
compactness of graphene coating, the transparency of coated Kapton should be taken into consideration
as well. After all the high transparency materials have wider range of application. Therefore, if the
graphene was well dispersed in the coating process, with the equivalent AO resistance in this study,
the coating would be much thinner and much clearer, and the graphene dosage would be minimized.

In view of the current fully development, graphene composites would expend a new dimension
for AO resistance. Furthermore, for polymer composites by sol–gel, copolymerizing, and solution
mixing method, graphene and other inorganic materials (silicon oxide, alumina or titanic oxide etc.)
could be introduced into the solution online. While the polymers are employed actually as dispersant
and binder to increase the adhesive property of inorganic materials in the coating. However, compared
with inorganic coatings, the mass loss will increases as well, since the polymers are easily oxidative and
decomposed by AO. There have been some researches about graphene composites to resist AO erosion,
whose mass loss remains a relatively low degree (40–50% decrease), while the pristine graphene
coating in this manuscript makes 96% decrease in mass loss. Moreover, it’s worth noting that the
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composites preparation may becomes somewhat more complicated than that of pristine graphene
coating. Nevertheless, what is clear is that the introduction of polymers will makes the adhesive
property be improved in the coating and between the coating and substrate.

Therefore, graphene composites with polymers and metal oxides could be favorable for further
study to resist AO erosion. Meanwhile, the dispersibility of graphene and the adhesive property of the
graphene coating should deserve more attention.

4. Conclusions

In conclusion, liquid-exfoliated graphene by jet cavitation was used to coat the most employed
material (Kapton) on spacecraft to enhance its AO erosion resistance.

The coating was prepared by filtering the graphene dispersion onto organic filter membrane with
a vacuum pump, and then transferring the graphene film onto the Kapton. Raman spectra indicates
that the transfer process was successful. The transmittance spectra evidences that the transparency of
coated Kapton is preserved in some extent. Both the preparation of graphene and graphene coating
are hopeful for industrial production with low cost.

The prepared graphene coating can protect Kapton from AO erosion excellently. With an AO flux
of 7.09 × 1020 atoms/cm2, the M-L and the Ey of coated Kapton were only 3.73% and 3.67% of those of
naked Kapton. An optimal graphene loading of coating is found to be around 26.0 µg/cm2 in this paper.

Meanwhile, the SEM and XPS results prove that most Kapton surface is covered by graphene
flakes. After AO exposure, the flakes in coating got fragmented, surface roughed, and edge blunted.
Therefore, AO can erode graphene flakes of coating surface and even expose a small amount of new
Kapton. So with the increasing AO flux, the coating was degenerated. AO react with graphene and
then left in the coating. The barrier and bonding effect provide combined protection for the Kapton.
Meanwhile, the multi-layers structure of graphene flakes played a important role in protecting, with the
flakes eroded layer by layer.

However, the degeneration and the surface change of coating after AO exposure are extremely slight.
Hence, the graphene coating performed excellently in AO resistance. We believe that graphene
coating is promising for protecting Kapton from AO erosion, and could be potentially applied
to spacecraft material to increase its life span. The dispersibility of graphene and the adhesive
property of the graphene coating should deserve more attention, and graphene composites will be the
promising materials.
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