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Surface modification is required to improve the activity and compositing ability of carbonaceous materials
for their application in numerous areas such as energy storage, aerospace applications, and construction
reinforcement. However, current strategies are facing problems such as the involvement of expensive
and corrosive chemicals, poor controllability, and breakage of the carbon skeleton, thus sacrificing the
mechanical and electrical properties. In this study, a green and controllable self-boosting microwave
technology is proposed for the high-efficient surface modification of carbon. Air was used as the only
oxidant. A carbon fiber cloth (CFC) is exposed to microwave irradiation in air for 90 s, yielding CFC with
a surface oxygen content of 25.73%, 54.41%, and 52.56% at 1 atm, 8000 Pa, and 80 Pa, respectively, as
determined via X-ray photoelectron spectroscopy. Notably, the content of each oxygen-containing
functional group (e.g., —-C-OH and -C=0) is controllable by tuning the air pressure. Besides, CFC has
enhanced mechanical and electrical properties. In comparison, CFC treated with a strong acid for 2 h
only has a surface oxygen content of 21.4%, exhibiting greatly impaired electrical and mechanical
properties. Numerical simulations at different pressures suggest that air plasma is triggered and boosted
by the existence of CFC at 8000 Pa and 80 Pa, generating different electron number densities and
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1. Introduction

Carbonaceous materials, harboring the merits of lightweight,
rich micro/nano-structures and abundant precursors, have
received tremendous research interest.”> In numerous prac-
tical cases, the surface modification of carbon is required to
improve its suspensibility, compositing capability, and activity.
Among the carbonaceous materials, carbon fiber, due to its
outstanding mechanical and electrical property and chemical
stability, is emerging as a promising material in areas including
energy storage'®™® (e.g., carbon fiber fabric/MnO, hybrid mate-
rials for efficient electrode materials of supercapacitors®),
aerospace applications*?*** (e.g., carbon fiber-reinforced ultra-
high temperature ceramic composites for engine pro-
pulsions®), construction reinforcement*>* (e.g., reinforcement
concrete beams using carbon fiber-reinforced polymers®),
medical fields'***?¢ (e.g., carbon fiber-reinforced composite
implants in orthopedic surgery**), and adsorption.?” It can be
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electron temperature distributions, thus resulting in high-efficient and controllable modification.

seen that the application of carbon severely relies on its
compositing capability with other materials. However, pristine
carbonaceous materials are usually fabricated via high-
temperature pyrolysis in an inert gas atmosphere,**** which
makes the surface of carbon extremely hydrophobic, hindering
their application in numerous fields. For example, in the aero-
space field, carbon fiber must be composited with other resins
via interactions between active functional groups on the
surface. Thus, it is urgently needed to develop an effective
strategy for the surface modification of carbon products.

Currently, the main methods employed for the surface
modification of carbon include gaseous oxidation by oxidizing
gas such as ozone and wet or solid-phase chemical etching
assisted by strong acid or alkali. These methods involve the use
of numerous corrosive chemical reagents for hours,**?* which
are costly and not desirable in green chemistry. Besides, the
violent reaction conditions not only suffer from low efficiency
and poor controllability but also damage the skeleton of carbon,
thus sacrificing the mechanical and electrical properties of
carbon. The green, effective, and controllable surface modifi-
cation of carbonaceous materials remains challenging.

Plasma techniques have attracted considerable attention in
the field of materials engineering, particularly in the modifi-
cation of materials.>””** The plasma-processing strategy can help
maintain the integrity of the structure of materials, and
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distinctly enhance the wettability and electrochemical perfor-
mance of materials.’®**

Recently, due to its unique heating characteristics (i.e., fast
heating, selective heating, and hot spots) derived from the
dielectric loss-heating mechanism, microwave treatment has
been found to shorten the reaction time and save energy
significantly, and thus is very desirable for green chemistry. As
such, microwave treatment has received tremendous research
interest in the synthesis and modification of materials.**** For
example, Liu et al. thermally treated bamboo-based activated
carbon using microwave radiation in N, for minutes, generating
an activated carbon sample with increased C-O and less C=0,
thus getting a better methylene blue adsorption performance.*
However, most of the current work only applied microwave
irradiation under atmospheric pressure. The feasibility of using
air pressure to tune the treating effect of microwave irradiation
is yet to be explored. In addition, no microwave field simulation
has been studied to elucidate the mechanism of microwave
treatment in this area.

In this study, a self-boosting microwave plasma strategy was
developed for the high-efficient surface modification of carbon
fiber cloth at sub-atmospheric pressures based on the strong
interaction between carbon and microwave. Air was applied as
the only oxidant. It was found that by tuning the air pressure,
the content of total oxygen and each oxygen-containing func-
tional group could be well controlled. Further microwave
discharge simulation was done to give a possible explanation
for the high-efficient and controllable surface modification.

2. Materials and methods

2.1. Materials

A carbon-fiber cloth (CFC, W0S 1009, 0.33 mm thick) was
purchased from CeTech Co., Ltd, China. All chemicals were of
analytical grade and used as received.

2.2. Surface modification of the carbon-fiber cloth via a self-
boosting microwave strategy

A schematic illustration of the microwave reactor is shown in
Fig. S1.f In a typical experiment, pristine CFC of 1 cm x 1 cm
size was placed in a quartz tube sealed by a stainless-steel flange
that was connected to a vacuum gauge and a pump. After the air
pressure in the tube reached atmospheric pressure, 8000 Pa and
80 Pa, respectively, valve of the flange was closed. The tube was
then placed vertically into the wave-guide cavity, and exposed to
500 W 2.45 GHz microwave irradiation. The input and reflected
microwave powers were measured by power meters equipped on
the double directional coupler. The position of the short-
circuited plunger was tuned to minimize the reflected micro-
wave power. The pictures and general temperature values of
plasma were taken through the observation window (cut-off
wave-guide) on the cavity. After 90 s, the microwave power was
turned off and the quartz tube was naturally cooled to room
temperature and taken out. The treated CFC samples were
designated as CFC-atmosphere, CFC-8000 Pa, CFC-80 Pa,
respectively. As a control, the pristine CFC was refluxed in
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a mixture of concentrated sulfuric acid and nitric acid at
a volume ratio of 3 : 1 at 70 °C for 2 h and named as CFC-acid.

2.3. Characterization of the modified carbon fiber cloth

Static contact angles of the carbon fiber cloth surface were
measured using the sessile drop method (Dataphysics OCA50,
Germany). The morphology and elemental distribution of CFC
were analyzed via field emission scanning electron microscopy
(FESEM, EDS Mapping, Hitachi SU8020). The surface compo-
sition of CFC was analyzed via X-ray photoelectron spectroscopy
(XPS, Thermo Escalab 250Xi). The atomic structural defect of
CFC was analyzed on a Raman spectrometer (British Renishaw
in via) with a semiconductor laser (A = 532.0 nm) as an excita-
tion source. The mechanical strength of CFC was measured
using a universal material testing machine (Instron 5967,
American). The electrical conductivity of CFC was measured by
the four-probe method (KEITHLY MT2000).

2.4. Numerical simulation of microwave discharges

In order to figure out whether air plasma was created in the
quartz tube, a mathematical model was proposed and corre-
sponding numerical simulations were conducted to model
microwave propagation, and air breakdown in the key part of
the experimental setup (as shown in Fig. S2}) at different
pressures. However, since modeling the microwave discharges
in three dimensions involves a strongly nonlinear equation
system, generally requiring an extremely dense mesh structure
and an intolerably long computation time, reasonable simpli-
fications and approximations are inevitable under our current
conditions. It is worth noting that the following simplifications
and approximations were applied in the numerical modelings
of this study. (i) The calculation domain was simplified into two
dimensions, as shown in Fig. S3,7 whose validity has been
explained in the ESI; (ii) the CFC was assumed to be parallel to
the XY plane; (iii) electric neutrality was assumed for the plasma
and then the ambipolar diffusion approximation was used to
simplify the equation system. (iv) The air plasma chemistry and
the interactions between CFC and plasma particles were
neglected. The details of the mathematical model are depicted
in the ESL.}

3. Results and discussion

In this study, a microwave strategy in air was applied to modify
the surface carbon fiber cloth (CFC) in a simple microwave-
guided chamber based on a self-boosting strategy without the
assistance of any external substance. Particularly, three pres-
sure values were applied: atmospheric pressure, 8000 Pa, and 80
Pa. As shown in Fig. 1a-d, with the existence of CFC, only sparks
were generated at atmospheric pressure; at 8000 Pa, bright
yellow-white light was generated; at 80 Pa, the flame’s color was
purple-white. After 90 s of treatment, CFC samples were taken
out and one drop of water was dropped onto them. It can be
seen from Fig. 1e-h, CFC-pristine was extremely hydrophobic
and exhibited a contact angle of 137.1°, while for each of the
treated samples it was 0°, suggesting that the hydrophilic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pictures of triggered plasma at different air pressures (a—d) and hydrophilicity testing results of the corresponding products (e—h). The

inset in (e) is the contact angle of CFC-pristine.

modification of the CFC surface has been successfully realized
under all pressures. However, while CFC treated at 8000 Pa and
80 Pa remained intact, the edge of the CFC treated at atmo-
spheric pressure was severely combusted.

The XPS analysis was performed to characterize the gener-
ated functional groups, and the results are shown in Fig. 2.
Fig. 2a shows the XPS spectra of the CFC samples, from which
the atomic ratio (at%) of oxygen in each sample could be
calculated, with the results listed in Table 1. CFC-pristine had
a surface oxygen content of 5.73 at%, while the surface oxygen
contents for CFC-atmosphere, CFC-8000 Pa, CFC-80 Pa and
CFC-acid were 25.73 at%, 54.41 at%, 52.56 at% and 21.40 at%,

respectively. This indicated that the microwave strategy was
more efficient than the acid method in the surface modification
of CFC, and sub-atmospheric pressures were more efficient
than atmospheric pressure for the hydrophilic treatment under
microwave irradiation. Notably, no peak for N 1s was observed,
suggesting that there was almost no nitrogen content. Hence,
nitrogen was not doped, which is consistent with the results of
the plasma treatment in mixed gases containing N, in the
literature.*® The possible reason is that the ultraviolet radiation
of air is very high, inhibiting the grafting of nitrogen.*® Fig. 2b—f
represent O 1s spectra of CFC-pristine, CFC-atmosphere, CFC-
8000 Pa and CFC-80 Pa, CFC-acid, respectively. The O 1s peak
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(a) XPS spectra of carbon fiber samples; the O 1s spectra of (b) CFC-pristine, (c) CFC-atmosphere, (d) CFC-8000 Pa, (e) CFC-80 Pa, and (f)
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Table 1 Atomic ratio (at%) of oxygen and the percentage (%) of numerous oxygen-containing functional groups
(%) CFC-pristine CFC-atmosphere CFC-8000 Pa CFC-80 Pa CFC-acid

O content 5.73 25.73 54.41 52.56 21.40
C-0-C 42.5 20.9 8.4 11.0 7.9
C=0 36.0 32.8 31.2 19.2 23.8
C-OH 17.3 26.9 30.6 48.2 38.7
0-C=0 4.2 19.4 29.8 21.6 29.6
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Fig. 3 FESEM images of CFC-pristine (a—c), CFC-atmosphere (d-f), CFC-8000 Pa (g—i), CFC-80 Pa (j—l), CFC-acid (m-o0).
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could be divided into four peaks located at 531.4, 532.2, 532.9,
and 534.0 eV, corresponding to C-O-C, C=0, C-OH, and O-
C=0."">> Among the four groups, the interacting capacity of C-
OH and O-C=0 with other materials is much higher than that
of C-O-C and C=O0. Hence, the percentages of these two
functional groups are of particular interest. According to the
area ratio of the four peaks, the percentage of each oxygen-
containing functional group can be calculated. As shown in
Table 1, C-OH and O-C=0 contributed to 46.3%, 60.8%, 69.8%
and 68.3% of the total oxygen content in CFC-atmosphere, CFC-
8000 Pa, CFC-80 Pa and CFC-acid, respectively. This suggested
that low working pressure was good for the production of the
active groups. We found that atmospheric pressure was favor-
able for the production of C-O-C and C=O0; 8000 Pa was
beneficial for yielding C=0 and O-C=O0, and 80 Pa was the
best for obtaining C-OH. As such, it is concluded that by tuning
the reaction pressure, both the total oxygen content and each
oxygen-containing group on the CFC surface could be tuned in
the microwave strategy, illustrating the superiority of the
microwave treatment.

The morphologies of the carbon fiber clothes were also
examined. Compared to CFC-pristine (Fig. 3a-c), carbon fibers
in the CFC-atmosphere were broken and the body was etched
severely as indicated by the red boxes in Fig. 3d-f, which was
consistent with the outlook picture of the sample in Fig. 1 and
consistent with the literature.>*** At 8000 Pa, the carbon fibers
were well maintained, and few carbon rods were generated on
the fiber walls. At 80 Pa, the carbon fibers were not broken, but

o
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their surface carbon was transformed into a cone-like carbon. It
is probably that the active particles in the plasma bombarded
the carbon atoms on the carbon fiber, forming some carbon-
containing active particles, which were chemically deposited
to form cone-like carbon rods.>® SEM-EDS mapping was con-
ducted to examine the distribution of elemental O on the
surface of CFC. It can be seen in Fig. S47 that little O was
mapped out in CFC-pristine, while numerous O was distributed
all around the surface of CFC-8000 Pa and CFC-80 Pa. The O
contents were estimated to be 2%, 60% and 53%, respectively,
which were quite in agreement with the quantitative results
derived from XPS. Raman spectra of all the carbon fiber samples
shown in Fig. 4a exhibit peaks at around 1350 cm ™' and
1600 cm ™, which corresponded to the D band and G band of
carbon.*** The intensity ratio of the D band and G band (Ip/I)
is an indicator of the graphitization degree of the carbon.***
The smaller the I/I; value, the more graphitized the carbon in
the carbon fiber cloth is, which may be beneficial for better
mechanical strength and electronic conductivity. CFC-pristine,
CFC-atmosphere, CFC-8000 Pa and CFC-80 Pa had I/I; values
of 0.98, 1.08, 0.92 and 0.86, respectively. This indicated that the
microwave treatment at 8000 Pa and 80 Pa increased the crys-
tallinity of the carbon, while the treatment at atmospheric
pressure led to more structural defects in the carbon crystal.
The mechanical properties of all carbon fiber samples were
characterized, and the results are shown in Fig. 4b and c.
Compared to CFC-pristine, the tensile strength of CFC-
atmosphere decreased by 40.1%, that of CFC-8000 Pa was

b 3.0
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Fig. 4 Raman spectra (a), tensile strength values (b), elastic modulus values (c), and conductivity values (d) of the CFC samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 9955-9963 | 9959


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00104c

Open Access Article. Published on 08 March 2021. Downloaded on 4/12/2026 12:05:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

enhanced by 34.0%, and that of CFC-80 Pa increased by 1.5%.
The elastic modulus of CFC-atmosphere decreased by 38.1%,
that of CFC-8000 Pa was enhanced by 8.6% and that of CFC-80
Pa increased by 26.5%. The decrease in the tensile strength of
CFC-atmosphere was probably because of the broken fiber
structure and etched microstructure, as indicated in FESEM
images, and increased the disordered atomic carbon structure,
as indicated by Raman spectra, which also resulted in a signif-
icant decrease in elastic modulus. Similarly, the enhanced
tensile strength and elastic moduli of CFC-8000 Pa and CFC-80
Pa were regarded to be derived from the well-maintained
continuous fiber structure, the newly formed surface micro-
structure and improved graphitic structure. The simultaneous
improvement in the hydrophilic property and mechanical
property of CFC was probably because the active substance in
the air only hit the surface of the carbon fiber cloth, leading to
an active surface and intact inner body. Moreover, the thermal
effect of the microwave was able to reach and enhance the
carbon skeleton. As a control, the tensile strength and elastic
modulus of CFC-acid were demonstrated to decrease greatly,
indicating the broken carbon skeleton during the fierce chem-
ical reaction. The conductivities of the carbon fiber cloth
samples were also characterized. As shown in Fig. 4d, the
electronic conductivities of CFC-pristine, CFC-atmosphere,
CFC-8000 Pa, CFC-80 Pa, and CFC-acid were 26 510, 23 680,
56 790, 98 620, and 186 S m™ ", respectively. After microwave
treatments at 8000 Pa and 80 Pa, the electronic conductivities of
samples were greatly enhanced. The reason was that the carbon
fiber skeleton was not interrupted, as indicated in FESEM
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images, while the graphitization of carbon was improved, as
indicated by Raman spectra.

In conclusion, based on the microwave-air technology, the
surface of the carbon fiber cloth was successfully modified to
have an oxygen content of 52.56% wherein C-OH and O-C=0
accounted for 69.8%, while the mechanical and electrical
properties of the carbon fiber cloth were simultaneously
enhanced.

To figure out the mechanism of the microwave surface
modification of CFC, a corresponding numerical simulation on
the microwave discharges in the experimental setup was done.
It can be seen from Fig. 5a that the incoming microwave was
reflected and become a standing wave in the waveguide.
Besides, electric field intensities in the areas on the left of the
reacting tube were all significantly higher than those on the
right of it, indicating that microwave was either reflected or
dissipated in the quartz tube. When comparing the simulation
results with and without the carbon fiber cloth, we found that at
atmospheric pressure, the existence of the carbon fiber cloth
contributed much, though not all, in affecting the microwave
field distribution. However, at 8000 Pa and 80 Pa, the difference
in the microwave field distribution with and without the carbon
fiber cloth was small. The distribution of the microwave power
dissipation shown in Fig. 5b indicates a strong interaction
between CFC and microwave at ¢t = 0 s. At t = 1000 ns, signifi-
cant microwave power dissipation by CFC was still observed
under 1 atm. However, no microwave power was dissipated by
CFC under either 8000 Pa and 80 Pa. The simulation results
suggested a strong interaction (dissipation) between the carbon
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Fig. 5 (a) Distributions of the microwave electric field under different reacting conditions at the time of 1000 ns (unit: V. m™); (b) distribution of

microwave power dissipation at all pressures with CFC (unit: W m~3).

9960 | RSC Adv, 2021, 11, 9955-9963

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00104c

Open Access Article. Published on 08 March 2021. Downloaded on 4/12/2026 12:05:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a
& 6x10"

E X —— 80 [Pa]

= == 80 [Pa] without carbon fiber cloth

2 5x10'?4[—— 8000 [Pa]

‘B === 8000 [Pa] without carbon fiber cloth

% 0 =—o— | [atm]

-E 4x107 1 ———
7} e

t -~

10" -

2 3x10

-]

2 ’

5 2x10" 1

D

©

T 1x10

£

2

< 0 T f Y 7 ¥ T

0 200 400 600 800 1000
Time (ns)

Fig. 6

View Article Online

RSC Advances

{ \/ 38 38
5 Vv
Microwave ;: *
R 32
30 30
28 8
V269 269
8000 Pa
C - A l‘o&
e \ 0
Microwave | s
100
= vou
80 Pa 8000 Pa

(a) Variation of the averaged electron number density with time; (b) natural logarithm distribution of the electron number density (In(n,)) at

the time of 1000 ns (n is in the unit of m~3); (c) distributions of electron temperature at the time of 1000 ns (unit: eV).

fiber cloth and microwave, and the air has probably been
ionized, generating a large number of charged particles, thus
shielding microwave from penetrating the tube and interacting
with CFC directly at 8000 Pa and 80 Pa.

Fig. 6a shows that the averaged electron number density at
atmospheric pressure did not increase with time. As such, the
gas discharge was not triggered at atmospheric pressure at
a microwave power of 500 W. However, at either 8000 Pa or 80
Pa, the electron number density rapidly exceeds 1 x 10" m >
within 100 ns, confirming that the microwave air breakdown
occurred at these two pressures and gas discharge was
successfully triggered to generate plasma. The mean-free path
of electrons became long when the pressure became low,
allowing enough time for the microwave electric field to accel-
erate electrons. Hence, microwave breakdown occurred under
low pressures. Besides, it was found that electron number
densities were generally higher in the presence of the carbon
fiber cloth. For example, at 80 Pa, with the existence of the
carbon fiber cloth, the averaged electron number density was
about 4 x 10"® m™? at 1000 ns, while that for the system without
the carbon fiber cloth it was about 2.8 x 10'® m™>. This sug-
gested a boosting effect of the carbon fiber cloth. Based on this,
it was believed that due to the self-boosting generation of
plasma providing more active particles (i.e., free electrons and
radicals) at the two sub-atmospheric pressures, the surface
oxygen contents of CFC-8000 Pa and CFC-80 Pa were much
higher than that of CFC-atmosphere.

From Fig. 6a, we can also see that the averaged electron
number density was calculated to be higher at 80 Pa than at
8000 Pa at all simulated times. To help understand the mech-
anism for the different modifying effects at 80 Pa and 8000 Pa,
the distribution of the electron number density and the electron
temperature is presented. Fig. 6b and c shows that the electron
distributions were totally different under 80 Pa and 8000 Pa. In
the carbon fiber cloth area, free electrons were more at 80 Pa
than at 8000 Pa. However, the temperatures of electrons were

© 2021 The Author(s). Published by the Royal Society of Chemistry

comparable at 80 Pa and 8000 Pa. It is probable that the higher
C-OH content and lower C=0 and O-C=O0 contents in CFC-80
Pa than those in CFC-8000 Pa were caused by more active
particles that were capable of creating more carbon active sites,
which when reacting with air tend to form C-OH.*

4. Conclusion

In this study, a carbon fiber cloth was treated under microwave
in air under three pressures. Through microwave simulation,
we found that at 8000 Pa and 80 Pa, plasma was successfully
triggered, giving yield to carbon fiber cloth's surfaces with more
than 50% oxygen content. Moreover, the electronic and
mechanical properties of the microwave-treated carbon fiber
samples under these two sub-atmospheric pressures were
enhanced simultaneously. Notably, the content of each oxygen-
containing functional group could be tuned by the working
pressure.
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