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Abstract: Carbon powders exhibit electrical conductivity that causes the powders to agglomerate due
to the applied electrostatic forces and discharges capacitance when used for surface treatments with
plasma sources. To avoid this obstacle, a non-direct method is used with active gas that is generated
through plasma. This active gas is in contact with the carbon powder so that the hydrophilic charac-
teristics are formed. It is the carboxyl COO− functional group that causes hydrophilic improvement
and it is shown to increase in the carbon surface after soft oxidation. The wettability of carbon
powder gradually improves with more plasma treatment time. This is shown through a simple water
dispersion test. Eventually, the dispersed aqueous solution gradually separates the powder, which
either floats or sinks. The sample treated for 60 min is shown to continuously sustain dispersibility in
water over a long period of time.

Keywords: carbon powders; contact angle; CO2 plasma; hydrophilic treatment; water dispersion

1. Introduction

Carbon powders are useful in many ways, such as colorings, light-blocking additives,
and conductive materials that are used in secondary batteries and capacitors. These carbon
powders are added to the production of slurry that is used as an electrode material, in
which some type of suitable dispersion is required [1–3]. The carbon powder has low
surface energy due to the C-C bonds because it is manufactured with almost no functional
groups. In addition, it is difficult to be wetted in water [4].

To improve dispersion properties, additives such as surfactants or dispersive resins
are used. However, a few additives do not provide sufficient dispersion. On the other
hand, using more additives could reduce the carbon content and degrade the electrical
properties [4,5]. Due to this difficulty, there have been various surface treatments [6].

The existing conventional technology involves the use of chemical solutions, such
as nitric acid and hydrogen peroxide, which create hydrophilic functional groups by
combining a hydroxyl group (OH) or a carboxyl acid group [7–9]. This method is simple,
although it requires time for purification and drying.

There are gaseous methods that use ozone, nitrogen oxide, He-O2 plasma, and CO2
plasma treatment that mainly use oxygen-related radicals [10–16]. Carbon powder is
easy to degrade, making it difficult to be processed at high temperatures. Therefore, low-
temperature plasma is commonly used by capacitively coupled plasmas in vacuums with
a radio frequency of 2.45 GHz microwave power, or by dielectric-barrier discharge (DBD)
type atmospheric plasmas [10–16].

In vacuums, due to the long mean free path of particle interaction and low operation
pressure, the amount of the reactive gas concentration generated from plasma is small,
making it difficult to penetrate through the powder surface layer. Even at atmospheric
pressure, O2 plasma is difficult to control because of its strong oxidizing species. Especially
in ozone, the carbon powder surface tends to denature and erode. In particular, high ozone
concentrations may cause carbon powder to explode into flammable dust. Carbon powders
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are highly electrical and can interfere with electrode capacitance when in direct contact
with the plasma [17]. Therefore, we apply a non-direct method, where carbon powder is
remotely treated with the active gas generated from the atmospheric pressure DBD plasma.

When oxygen radicals are bound to the surface of the carbon powder, hydrophilic
functional groups, such as C–O, C=O, and COOH are formed, where it becomes possible to
be wetted with water [9,18,19]. Therefore, when the gas containing C and O is dissociated, a
similar functional group is created. Additionally, CO, O2, and O3, which are gaseous active
species generated from the CO2 plasma, react with the carbon powder so that hydrophilic
functional groups are bonded. The CO2 gas is relatively safe, non-toxic, and can easily be
generated from atmospheric pressure DBD plasmas. To optimize the production of CO2
plasma, surface functionalization of the carbon powder is carried out at a fixed flow rate of
1 L/min (liter per minute).

2. Materials and Methods

The carbon black powder (Ketjen Black 600JD) sample used for the experiment was
purchased from Infochems Inc., Goyang, Korea (CAS number: 1333-86-4). The sample
had an average powder size of 40 nm and could be used as a battery electrode or as
a semiconductor component for electro-conductive and antistatic agents. As shown in
Figure 1, CO2 activated gas from the plasma was supplied through a tube so that it was in
contact with the carbon powder.
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Figure 1. Schematic of a batch-type reactor for the carbon powder treatment with the CO2 plasma-
activated gas (PAG).

The DBD device that produced high concentrations of active gas was employed
for CO2 plasma-activated gas (PAG) generation, where the operating conditions were
optimized with an output power of 800 W at an AC frequency of 30 kHz [20]. To increase
the contact area of the powder, a vortex mixer (VM-96A, Lab Companion, Billerica, MA,
USA) installed at the bottom was used to stir the power. The gas flow of pure CO2
(99.9995%) was fixed at 1 L/min. Finally, at the end of the reaction, the gas was vented
through a 0.01 µm filter (SFB100-02, SMC Corporation, Tokyo, Japan).

As shown in Figure 2a, optical emission spectroscopy (OES) was used to identify the
active species of the CO2 plasma. From the schematic, an alumina plate was used as a
dielectric material having a size of 105 mm × 105 mm and 1 mm thick with a strip-type
electrode of 1 mm in width applied at high voltage. In addition, a ground electrode was
attached on the opposite side of the dielectric plate. Inside the acrylic reactor, a flow rate of
1 L/min of CO2 gas was supplied with an AC power source having a frequency of 30 kHz
and a pulse width of 1.5 µs applied at approximately 11.5 kV (pk-pk) voltage. The position
of the OES, having a fixed 10 mm diameter lens (QEPro, Ocean optics inc., Orlando, FL,
USA), was 40 mm away from the electrodes.
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Figure 2. CO2 optical emission spectroscopy (OES): (a) Schematic of the electrode for measuring
OES, (b) representative measured CO2 optical emission spectrum of the dielectric-barrier discharge
(DBD) electrode at 11.5 kV peak to peak.

Radicals produced from the CO2 plasma mainly involved the process of excitation, ioniza-
tion (e− + CO2→ 2 e− + CO2

+), dissociation (e− + CO2→ e− + CO + O), and (e− + CO2→ e−

+ C + O2) by electro-collisions [21,22]. The measured emission spectrum of CO2 plasma was
in the form of CO + (B2Σ ~X2Σ), which consisted of the First Negative System, 315, 327, 338,
352, 368, 387, 391, 392, 413 nm, CO2 + (A2Π ~ X2Π) band, CO (d3∆ ~ a3Π) low-intensity CO
peaks estimated to be triplet bands, 696 nm O2 line, 777 nm, and 844 nm oxygen atom radical
lines [23]. Primarily CO, CO2, O, and O2 were detected, where the same emission ratio was
detected irrespective of the measurement distance and input power condition.

The same emission would occur even in DBD electrodes with a similar configuration.
While the active species consisting of C and O generated from plasma passed through
the tube, charged particles were immediately extinguished due to their short lifetime of
a few microseconds or less. Active species that showed a long reaction time with the
carbon powder were monitored by using a quadrupole mass spectrometer (QMS) from
Hiden (HDR-20, Hiden analytical, Warrington, Cheshire, UK), where the measured data is
presented in Figure 3.

After 5 min, plasma was generated with only the CO2 gas flowing. During this period,
CO2 dissociates and its concentration decreased. On the other hand, the production of CO,
O2, O3, and small levels of CO3 were detected. A delay time of approximately 1 min was
observed due to the QMS sampling during the measurement process. When the plasma
was turned off, the CO2 gas returned back to its original state.
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Figure 3. Online monitoring data of CO2 PAG byproducts using QMS.

3. Results and Discussion

Figure 4 shows images of several dispersion tests, in which 50 mL of deionized (DI)
water was added to 0.05 g of the carbon powder sample. From the left, the untreated sample
is compared with the PAG treatment sample for 10 min, 30 min, and 60 min, respectively.
As shown in the untreated sample, the carbon powder before treatment shows very little
indication of being wetted and floats in water. It gradually becomes slightly moisturized
naturally and is not completely dispersed.
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Figure 4. Images of the water dispersion test at different experimental settings. Water is added
immediately (a) after the PAG treatment, (b) after a minute of stirring and left alone for 30 min, and
(c) when samples from (b) are left alone for 24 h.

The PAG-hydrophilized carbon powder momentarily suspends on top of the water, as
it is immediately dissolved into the water. If the untreated sample was strongly shaken by
hand (hand-shaking), it would become temporarily mixed, but the layer would eventually
separate again within a few minutes. Gradually, the separated component would either
float or sink into the water. The PAG-treated samples also show the separation of suspen-
sion over time. However, with longer treatment times, the precipitation time becomes
longer. From the sample images, the sedimentation time is not accurately determined.
Therefore, the samples were compared by transmitting light and measuring the output
light intensity.

As shown in Figure 5a, a 60 mL vial sample bottle was placed on top to measure the
suspension solution as it becomes less opaque over time. The visible light range, from
550 nm to 700 nm, of the light source, was selected using a tungsten-halogen lamp (HL-4000,
Ocean optics inc., Orlando, FL, USA). For the OES (Ocean Optics, QEPro) measurement,
integration time was fixed at 100 µs, where the scan was conducted over an average of
10 measurements at the center location. The measurement started immediately when the
solution was suspended, after stirring with a magnetic stirrer for 1 min.
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Figure 5. Quantitative evaluation of the dispersion by measuring transmittance light intensity. (a) Ex-
perimental setup for light intensity measurement, and (b) comparison of light intensity measurement
at several PAG treatment times of 10, 30, and 60 min.

As shown in Figure 5b, the untreated sample gradually becomes clear as the trans-
mitted light increases. In this case, suspended particles tend to stick to the wall or rise
and fall, interfering with the measurement of light intensity. The PAG-treated samples,
due to being wet, transmit less light as it becomes more opaque with more treatment
time. The light intensity appears to have a linear trend, where it is possible to compare
the differences in the dispersion of the suspended liquid. Especially for the 60 min treated
sample, there seems to be very little difference in the dispersion. As plasma time increases,
the sedimentation time becomes longer.

To identify if any surface deformation has taken place, the images of the samples
before and after PAG treatment were measured using field emission scanning electron
microscopes (FE-SEM) from Carl Zeiss microscopy (Gemini, Zeiss, Oberkochen, Gemany).
From Figure 6a, spherical-shaped carbon powders having a size of 40 nm are observed.
In Figure 6b, the sample treated by PAG for 60 min remains unchanged at the same size.
From the images, there seems to be no apparent surface damage when comparing the
size or differential shape due to the PAG treatment. As a result of the energy-dispersive
X-ray spectroscopy (EDX, NORAN System 7, Thermo Fisher scientific, Waltham, MA,
USA) elemental analysis, oxygen was 2.49%, with the rest of carbon and oxygen contents
increasing during the PAG treatment time. This indicates that the oxygen content is 10 times
higher for the 60 min treated sample. The oxygen content increases due to the formation of
C–O and C=O functional groups on the surface of the carbon powder.

As shown in Figure 7a, only C and O were detected in the X-ray Photoelectron
Spectroscopy (XPS) survey data. The spectra were taken with the ESCA 2000 spectrometer
(VG microtech, London, UK) by Al Ka radiation of 1486.6 eV and Mg Ka radiation of
1253.6 eV. With more PAG treatment time, the oxygen content gradually increases as
observed from the EDX elemental analysis. In Figure 7b, the O/C ratio is determined by
the ratio of oxygen and carbon element content. Starting at 0.06 before treatment, the O/C
ratio increases to 0.1 after 10 min of PAG treatment, and later up to 0.2 after 60 min. The
increase of the O/C ratio is also observed when comparing the hydrophilicity of materials,
such as polymer powders [24]. High-resolution spectra of C 1s in Figure 7c, indicate that
the carbon bonding peak intensities of the plasma-treated carbon powder are similar to
the untreated sample on three main components (284.6 eV, 285.7 eV, and 286.8 eV). The
peak at 284.6 eV represents graphitic carbons (C–C), the peak at 285.7 eV represents alkoxy
groups (C–O), and the peak at 286.8 eV represents carbonyl groups (C=O) [9,18,19]. On
the tall peak at 288.7 eV, the PAG-treated 60 min sample shows a carboxyl group, which
is a hydrophilic functional group, whereas the untreated sample is divided into 287.7 eV
(–COOH) and 289.2 eV (–COOR). This shows that the 287.7 peak and the 289.2 eV ester
groups were converted to carboxyl groups during the PAG treatment, leading to an increase
in the peak of the 288.7 eV group.
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Figure 7. Results of X-ray Photoelectron Spectroscopy (XPS) spectra analysis: (a) Full survey spec-
trum, (b) O/C ratio, and (c) high-resolution element carbon (C 1s) spectrum on the PAG-treated
60 min sample.

The contact angle was measured using the Washburn method to confirm the surface
hydrophilicity of the powder [6,25–27]. As shown in Figure 8a, when the carbon powder
sample was placed in a compressed column having a size of 12 mm, it is contacted with
the DI water solution, where the liquid is absorbed. The value of the contact angle could
be obtained by measuring the weight of the liquid permeating into the carbon sample. The
following modified Washburn equation is used to determine the weight of the liquid that
penetrates into the packed carbon powder over time (w2/t).

cosθ =
w2

t
× η

ρ2 × r× C
, (1)
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where η is viscosity, ρ is density, r is the surface tension of the liquid, C is a dimension
constant of the sample, and cosθ is the angle of contact. C is a material constant that
measures a liquid having low surface tension, such as n-hexane (18 mN m−1).
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the measuring device, (b) water contact angle results of plasma-treated carbon powder on water.

As shown in Figure 8b, the contact angle for DI water on the carbon powder before
treatment was 87◦. Afterward, with very low absorption of water, the contact angle changes
to 74◦ for 10 min, 63◦ for 30 min, and 30◦ for 60 min. When more PAG processing time is
applied, the surface of the carbon powder becomes hydrophilic.

4. Conclusions

The carbon powder was hydrophilized using CO2 PAG. The experiments were con-
ducted with a batch-type reactor that mixes the carbon powder with the CO2 discharge gas,
which is generated by a plasma device employing DBD electrodes at atmospheric pressure.
The PAG-treated carbon powder easily disperses in water when compared to the previous
pre-treated samples. Especially for the treatment time at 60 min, by comparing transmitted
light intensity, the dispersion appears to be nearly everlasting.

Through the analysis of OES and QMS, components of the CO2 PAG were identified
as CO, O2, and O3 active species. In the XPS measurement, COOH carboxyl hydrophilic
functional groups are shown to increase on the surface of the PAG-treated carbon powder.
In addition, the O/C ratio, due to carbon oxidation has a maximum ratio of 0.2. With the
Washburn method, the water contact angle of DI water is reduced from 90◦ to 30◦. The
wettability properties make PAG-treated carbon powder a useful product for water-based
dispersion and water-based slurry production [28–30].
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