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ARTICLE INFO ABSTRACT

Keywords: The kinetics of surface recombination of neutral oxygen atoms on nanocarbon deposited on oxidized cobalt

Plasma catalyst in inductively coupled radiofrequency plasma sustained in propane in the H-mode is presented. The

garbon nanowalls coefficient was measured in the range of temperatures between 300 and 800 K and pressures between 40 and
Xygen

200 Pa. A deep minimum in the coefficient at 0.03-0.06 was observed and explained by a deposition of a rather
smooth carbon film on the cobalt catalyst. Prolonged deposition caused the growth of perpendicularly oriented
multilayer graphene sheets with the distance between the neighboring sheets around 100 nm. The large aspect
ratio of the gaps, whose depth reached several micrometers after deposition time over 100 s, caused the trapping
of oxygen atoms and, thus, numerous collisions with the graphene-like surface, so the coefficient increased for
over an order of magnitude. The maximum coefficient over 0.5 was observed at low pressures and elevated
temperatures. The evolution of the recombination coefficient was explained by the peculiarities of the binding

Chemical vapor deposition
Recombination coefficient
Heterogeneous surface recombination

sites for oxygen atoms on graphene surfaces.

1. Introduction

Neutral oxygen atoms play a crucial role in many advanced surface
technologies, such as hydrophilization of polymeric materials [1], ash-
ing of photo resistors [2], doping of graphene [3], and water decon-
tamination [4]. A standard method for dissociating oxygen molecules at
low temperatures is the application of non-equilibrium oxygen plasma
[5]. Oxygen atoms are stable at low pressures since the conservation of
energy and momentum at two-body collisions prevents association in
the gas phase [6]. The loss of oxygen atoms in the gas phase by associ-
ation of O atoms to parent molecules increases with increasing pressure
because of the three-body collisions [7], where excessive potential en-
ergy before the collision is spent on the kinetic energy of molecules after
the three-body collision. The collision frequency for three-body colli-
sions increases as the square of the pressure [8], so the lifetime of short-
lived radicals like atoms is of the order of us at atmospheric pressure [9].
The loss of O-atoms in the reactors where plasma is sustained at low
pressure is predominantly by surface recombination [10].

The heterogeneous surface association of atoms to stable molecules
has attracted significant attention from the scientific community.
Different surfaces exhibit various coefficients, and a review of the
literature data was published recently [11]. The surface adsorption and
association of O-atoms on graphite or graphene materials were studied
in detail by several authors [12-15]. Moron et al. [16] provided detailed
mechanisms of surface adsorption and recombination of O atoms on
model graphite (0001) basal surface and found a moderate potential
barrier of about 0.3 eV for surface adsorption of O atoms. The O atoms
were preferentially bonded in the epoxy configuration (the bridge be-
tween 2 neighboring C atoms in the graphene plane). The recombination
by the Eley-Rideal (ER) model was found to correspond to the perpen-
dicular O — O orientation over the bridge site, while the Langmuir-
Hinshelwood (LH) recombination involved a parallel position of the
O-atoms. According to the ER model, the energy barrier for the recom-
bination was found to be as low as 0.1 eV, while for the LH model, it was
as high as 1.3 eV. The ER mechanism was found to be predominant in the
range of temperatures from 300 to 900 K. The authors [16] stressed that

Abbreviations: CNW, carbon nanowalls; PECVD, plasma-enhanced chemical vapor deposition; ER, Eley-Rideal; LH, Langmuir-Hinshelwood; RF, radio frequency;
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the calculated results were valid only for perfect graphite orientation
and material without defects. The recombination coefficient was found
to be between 10~ and 3 x 10~*. The maximum value was found at the
temperature of about 600 K.

Cui et al. added the effect of chemical etching of graphite to their
numerical code [17]. The etching rate increased with increasing tem-
perature and became the predominant mechanism of the O-atom loss at
temperatures above 900 K. They found the recombination coefficient
independent from the graphite temperature up to about 900 K, but
heating to higher temperatures caused a gradual coefficient decrease.
They calculated the coefficient for heterogeneous surface recombination
of O atoms to parent molecules as large as 0.3 in the range of graphite
temperatures between 500 K and 700 K and gradual decrease at larger
temperatures. The coefficient was about 0.1 at temperatures above
2000 K. The large coefficient calculated by Cui et al. code [17] as
compared to Moron et al. [16] is explained by the structure of the
graphite. While Moron et al. [16] took into account perfect mono-
crystals, the graphite examined by Cui et al. [17] was rich in defects, so it
is feasible to conclude that the rough surface on the nanoscale enables
much higher recombination coefficient.

Several authors also measured the recombination coefficient for
graphite or graphene materials and reported various results. For
example, Stewart [18] reported a gradual decrease in the recombination
coefficient for carbon materials that are useful as heat-protecting shields
for space vehicles in the range of temperatures between 1200 and 2000
K. The measurements were performed in the range of oxygen pressures
between 500 and 3500 Pa, and the values were between 4 x 10™* and 3
x 1072, Drenik et al. [19] deposited carbon films by sputter deposition
in argon using a graphite target as a carbon source and reported a value
of about 2 x 10~2 at room temperature in the oxygen pressure range of
30-280 Pa. Our team reported the largest coefficient for almost pure
carbon in the form of perpendicularly oriented graphene sheets, with
about 1 pm distance between neighboring sheets [20]. We measured the
coefficient at a pressure of 50 Pa and found the value to be as large as
0.6. The perpendicularly oriented graphene sheets are also known as
carbon nanowalls. One of the more recent and promising applications of
carbon nanowalls is their use in solar cells [21-23], particularly in
perovskite solar cells [24-26].

The brief literature survey reveals large discrepancies, which indi-
cate that the coefficient for heterogeneous surface recombination of
oxygen atoms on the carbon surfaces depends significantly on other
parameters, including crystallinity and morphology. In the present
paper, we report the evolution of the recombination coefficient for
vertically oriented multilayer graphene sheets deposited on metal sub-
strates by plasma-enhanced chemical vapor deposition using propane as
the carbon precursor. The results explain the discrepancies between the
above-cited authors. We used well-oxidized cobalt as the substrate for
carbon deposits. The temperature and pressure dependence of the
recombination coefficient for oxygen atoms on the cobalt surface
(without carbon deposits) was studied in detail and reported in [27].
The coefficient in the range of temperatures between 300 and 800 K was
between 0.05 and 0.3. The source of oxygen atoms was an early after-
glow of inductively coupled oxygen plasma sustained in the H-mode.
Details about the dissociation of oxygen molecules in such plasma were
reported elsewhere [28]. Briefly, a coil connected to a radiofrequency
generator provides the energy to dissociate the molecular oxygen in the
system.

2. Experimental methods

Cobalt foils with a thickness of 0.05 mm and purity of 99.8 % were
purchased from Goodfellow (United Kingdom). The foil was cut into
discs with a diameter of 3 mm. The cobalt discs were spot-welded to
chromel-alumel thermocouple wires (type K) with a diameter of 0.1
mm. They were well oxidized by exposure to inductively coupled oxygen
plasma for a few minutes in order to obtain a stable oxide film of rich
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morphology. Such a treatment enables a stable recombination coeffi-
cient. Without the formation of the oxide film by exposure of the cobalt
disc to oxygen plasma, an unpredictable growth of the oxide film would
have occurred at elevated temperatures so that the recombination co-
efficient would have been dependent on the peculiarities of the previ-
ously performed experiments [27].

Thin films of vertically oriented multilayer graphene sheets were
deposited on well-oxidized cobalt substrates using the experimental
setup illustrated in Fig. 1 (a). The system was pumped with a two-stage
rotary vane pump Edwards E2M80 (Edwards, United Kingdom) with a
nominal pumping speed of 80 m3/h. The system was hermetically tight,
so the ultimate pressure, as measured with an absolute capacitive vac-
uum gauge Baratron 722A (MKS, USA), was below 1 Pa. A cobalt disc
was placed into the discharge tube at the center of the radio frequency
(RF) coil, as shown in Fig. 1 (a). The borosilicate discharge tube was
0.75 m long with outer/inner diameters of 4/3.6 cm. Before each series
of measurements, the system was pumped for about 15 min to achieve
the ultimate pressure; afterward, propane was introduced so that a
stable pressure of about 17 Pa was achieved. The RF generator coupled
to the RF coil via a matching network was set to the forward power of
500 W. The reflected power was between 5-20 W. A luminous plasma
expanded in the volume within the RF coil at such conditions as illus-
trated in Fig. 1 (a). The volume of the luminous plasma, where coupling
in the H-mode was achieved, was about 0.2 1, so the power density was
as large as about 2500 W/1. Such a large power density enabled exten-
sive dissociation of the propane precursor, as revealed by optical spectra
(Fig. 2 (a)) and mass spectra (Fig. 2 (b)). The optical spectra were ac-
quired with a wavelength-calibrated spectrometer (Avantes AviSpec-
3648) and mass spectra with a differentially pumped mass residual
gas analyzer (Pfeiffer Vacuum Prisma Pro QM6250). A typical temper-
ature of the cobalt disc during the deposition of nanocarbon, as deter-
mined by the thermocouple, is shown in Fig. 2 (c).

The recombination coefficient was determined in the configuration,
as shown in Fig. 1 (b). The cobalt disc with the nanocarbon deposits was
moved away from the dense H-mode plasma to prevent extensive
etching by reactive species from oxygen plasma (ions, metastables, and
vacuum ultraviolet radiation) and overheating. According to Cui et al.
[17], the etching becomes the predominant mechanism of the O-atom
loss at temperatures above 900 K. The O-atom density at the position of
the cobalt disc was measured with a calibrated catalytic probe (made by
Plasmadis Ltd. in Ljubljana, Slovenia). The O-atom density at the posi-
tion of the sample versus the oxygen pressure in the discharge tube is
shown in Fig. 3 (a), with the discharge power as the parameter. A sharp
drop in the O atom density for the curves measured at 200 and 300 W
corresponds to the transition of the discharge mode from H- to E-mode,
respectively.

A typical optical spectrum of oxygen plasma is shown in Fig. 3 (b).
The spectrum consists of atomic lines because of the high dissociation
fraction of O atoms and rather low electron temperature, which is
typical for plasmas in the H-mode. The temperature of the cobalt sample
with thick nanocarbon deposits increased during measurements of the
recombination coefficient, and the typical temporal evolutions at a few
pressures are shown in Fig. 3 (c) for the case of the discharge power of
500 W. The oxygen pressure is the parameter. The maximal achievable
temperature at this discharge power is close to 800 K.

The recombination coefficient was determined by calorimetry. A
cobalt disc with nanocarbon deposits was mounted into the discharge
tube, as shown in Fig. 1 (b). The temperature of the cobalt disc was
measured versus the exposure time to oxygen atoms. When the tem-
perature stabilized, the oxygen plasma was turned off, and the time
derivative of the temperature was measured. The recombination coef-
ficient (y) was determined as:

_ 8mc, dT
"= SWpsn dt
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Fig. 1. Illustration of the discharge chamber and the position of the cobalt substrate during deposition of nanocarbon carbon by plasma-enhanced chemical vapor

deposition (PECVD) (a) and when measuring the recombination coefficient (b).

Propane inlet via a precise needle valve and oxygen inlet via a mass flow controller.
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Fig. 2. Optical emission spectrum from propane plasma (a), mass spectrum of propane plasma (b), and the substrate temperature versus the treatment time during

PECVD (c). Plasma was ignited at the time of 2 s and turned off at 32 s in (c).
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Fig. 3. The O-atom density at the position of the cobalt disc with nanocarbon deposits (a), optical emission from oxygen plasma at pressure 42 Pa and power 500 W
(b), and the temperature of the cobalt disc versus the treatment time during measuring the recombination coefficient at maximum temperature of the probe tip and 5
different pressures (c). In Figure (c), plasma was ignited at t = 2s and turned off between 10 and 15 s.

where m is the mass of the probe tip, ¢, is the specific heat capacity of the
probe tip, ¥ is the average velocity of oxygen atoms, Wp = 5.16 eV is the
dissociation energy of an oxygen molecule, S is the surface area of the
probe tip, n is the neutral oxygen atom density at the position of the
sample, and dT/dt is the first time derivative of the temperature of the
probe tip.

The morphology of the carbon deposits on well-oxidized cobalt discs
was determined by scanning electron microscopy (SEM), Verios 4G HP
(Thermo Fisher, USA). It has a Schottky field emission electron gun with
a monochromator. Samples were scanned at an accelerating voltage of 5
kV and current of 25 pA and were analyzed with an in-chamber Ever-
hart-Thornley detector.

Additionally, the cross section of the sample was analyzed using
transmission electron microscope (TEM), with special care taken in the
preparation of the sample. The sample was gently mounted on a Si wafer
from the outside, cut into a block, and mounted in a brass ring with
epoxy glue. The TEM specimen was ground to a thickness of 100 pm and
dimpled down to 15 pm at the disc center (Dimple grinder, Gatan Inc.,

Warrendale PA, USA). The TEM specimen was finally ion-milled (PIPS,
Precision Ion Polishing System, Gatan Inc., USA) using 3 kV Ar" ions at
an incidence angle of 8° until perforation.

Detailed investigations were performed using Spectra 300 (Ther-
moFisherScientific, Eindhoven, Netherlands) scanning transmission
electron microscope (S/TEM) at an accelerating voltage of 200 kV.
HRTEM images were captured with the Ceta M Camera to achieve high-
quality atomic resolution through high-speed dynamic recording. STEM
images were simultaneously recorded with a high-angle annular dark-
field (HAADF) and a bright-field (BF) detector. The microscope is
equipped with a Cs S-CORR probe corrector, a 4 x 30 mm? windowless
Super-X EDS detector, an electron microscope pixel array detector
(EMPAD), and a monochromator that, combined with the X-FEG gun
and ultra-high stability, allows recording Electron Energy Loss Spectra
(EELS) with high energy resolution.



D. Paul et al.

3. Results and discussion

The nanocarbon deposits were prepared on numerous cobalt sub-
strates (disks) using propane as the carbon precursor. The PECVD
deposition times selected for this study ranged from 1 to 300 s. The
cobalt discs were characterized by SEM after the deposition of nano-
carbon. The evolution of the surface morphology is presented in SEM
micrographs in Fig. 4. Images at other treatment times are available in
the repository [29]. The SEM micrographs reveal rich morphology
already for well-oxidized cobalt samples without a carbon deposit (Fig. 4
(a)). Such rich morphology is typical for many metal oxides and is the
consequence of the oxidation in oxygen plasma at elevated temperatures
[30,31]. The morphology is rich on the micrometer scale because the
crystals in Fig. 4 (a) have a lateral dimension of around 1 pm.

A short 5-s treatment in propane plasma does not cause a significant
change in the surface morphology on the micrometer scale, as revealed
in Fig. 4 (b). The morphology on the micrometer scale is retained
because the nanocarbon deposits are thin and fairly evenly deposited on
the surface of the well-oxidized cobalt samples. Other morphological
features are observed in Fig. 4 (b). The crystallites of cobalt oxides are
covered with a thin film of carbon deposits, which grow on the substrate
surface by thermal decomposition of the radicals formed in the propane
plasma. According to Fig. 2 (a) and (b), the propane plasma is rich in
various CyHy radicals. The radicals stick to the surface and decompose at
the high surface temperature, which is close to 1000 K, as revealed in
Fig. 2 (c). Gaps or pores between the neighboring grains of cobalt oxide
are still observed in Fig. 4 (b) because the carbon deposits are thin. In
Fig. 4 (c), after 15 s of deposition, a thin (and more even) layer of more
developed nanostructures can be observed. The underlying cobalt oxide
structures are still visible.

A significant change in the morphology happens after prolonged
PECVD. Fig. 4 (d) reveals SEM micrographs of vertically oriented thin
multilayer graphene sheets after depositing carbon for 30 s. The distance
between the sheets is a few 100 nm. The exact growth mechanism is still
not well understood, but the previous scientific reports confirmed that
the carbon sheets consist of multilayer graphene flakes, often called
carbon nanowalls [32-38]. Taking into account the rich composition of
the plasma sustained in propane at the selected power (Fig. 2 (a) and
(b)), it is clear that the mechanisms on the atomic scale will be difficult
to explain by a theoretical model. Whatever the detailed mechanism, the
vertically oriented nanocarbon covers the entire surface of the cobalt
substrate after half a minute of PECVD time, as revealed in Fig. 4 (d).

The morphology of the carbon deposits is enriched after a prolonged
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deposition time, as shown in SEM micrographs (Fig. 4 (e) and (f)). It is
not feasible to determine the thickness of the nanocarbon film on a
substrate of such a rich morphology as our well-oxidized cobalt samples
(Fig. 4 (a)), but the deposits can be peeled off the substrates after a
prolonged PECVD process. Fig. 5 shows SEM micrographs of deposits
scratched from the substrate after different deposition times. The height
of the carbon deposit after a deposition time of 300 s (Fig. 5 (d)) is about
30 pm, and the deposit grows as columns from the surface of cobalt
oxide crystallites. The width of the columns increases with the deposi-
tion time, and the columns eventually stick together to form a relatively
continuous nanocarbon film, as revealed in Fig. 4 (f). We determined the
thickness of the samples at selected PECVD times, shown on SEM mi-
crographs (Fig. 5). We found a fairly linear increase, so the deposition
rates are estimated to be several um/min.

A TEM analysis was performed on the interface of carbon and cobalt
oxide, as shown in Fig. 6 (a). Three areas of the sample were selected for
a fast Fourier-transform (FFT) to determine the lattice constants: the first
in the region of the oxidized cobalt (Fig. 6 (b)), the second in the
interface region (Fig. 6 (c¢)), and the third in the region of carbon
nanowalls (Fig. 6 (d)). As is visible from Fig. 6, only the first area was
crystallinic, with lattice constants of 18.5 nm ! and 7.92 nm™!. This is in
perfect agreement with Fig. 4, as the CNW layer is amorphous (Fig. 6
(d)), while the cobalt oxide underneath has a distinct crystallinic
structure (Fig. 6 (b)). The FFT of the interface area (Fig. 6 (c)) is a mix of
the other two areas, with blurry peaks, which points to a mix of a
crystallinic and amorphous structures. Performing energy dispersive
spectroscopy (EDS) on the samples, we identified the elements present in
each of the three regions (Fig. 7 (a)). Plotting the atomic fractions of C,
Co, and O in a linear profile across the interface region (Fig. 7 (b)) gives
us a clearer picture of the interface region (Fig. 6 (c)): cobalt oxide is
reduced, as observed by the lower fraction of oxygen and higher fraction
of cobalt. From this, it is evident that a reduction of a thin layer of cobalt
oxide on the surface of our metallic sample took place during the
deposition process. The pure(er) cobalt along with the deposited carbon
at the interface region exhibit a more amorphous structure than cobalt
oxide while still retaining some crystallinity, explaining the FFT in Fig. 6
(o).

Numerous samples with carbon deposits were synthesized and
installed separately into the system, as shown in Fig. 1 (b), to determine
the recombination coefficient. As already mentioned, after a sample
with a carbon deposit was placed into the reactor in Fig. 1 (b), the
reactor was evacuated, oxygen at selected flow was leaked, and plasma
was sustained at different pressures. We measured the recombination

Fig. 4. SEM micrographs of the same magnification for the nanocarbon deposited on well-oxidized cobalt samples after PECVD for (a) 0, (b) 5, (c) 15, (d) 30, (e) 120,

and (f) 300 s. The scale bar in all SEM micrographs is 5 pm.
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Fig. 5. SEM micrographs of CNW scratched off the surface of the cobalt oxide sample after 30 (a), 60 (b), 120 (c), and 300 (d) s deposition time. The thickness of the

scratched-off layer increased rather linearly with increasing deposition time.

coefficients for samples with carbon deposits at the oxygen pressures of
42,79, 117,156, and 214 Pa, corresponding to oxygen flow of 250, 630,
1065, 1520, and 2240 cm, respectively. We selected the discharge
powers for sustaining oxygen plasma of 500, 200, 100, 50, and 30 W. We
measured the heating curves (as shown in Fig. 3 (c)) during exposure to
the early afterglow of oxygen plasma and calculated the recombination
coefficient according to Equation (1). The original measurements are in
the repository [39].

Fig. 8 shows the evolution of the recombination coefficient for
neutral oxygen atoms versus the deposition time of nanocarbon. Fig. 8
(a) reveals the recombination coefficient at the maximal achievable
temperature of the samples. The maximal achievable temperature de-
pends on the recombination coefficient because heterogeneous surface
recombination is practically the only mechanism of the sample heating
when placed at the position marked in Fig. 1 (b), i.e., 10 cm away from
the dense oxygen plasma sustained in the H mode. The temperatures, of
course, also depend on the density of O atoms in the vicinity of the
sample installed into the system shown in Fig. 1 (b), and the O-atom
density, in turn, depends on the discharge power and oxygen pressure in
the system during the discharge. From this point of view, more repre-
sentative are the curves in Fig. 8 (b), (c), and (d), which represent the
recombination coefficient versus the nanocarbon deposition time at
temperatures of 550, 450, and 350 K, respectively. Here, it is worth
mentioning that these temperatures were not always achievable. For
example, the temperature of 350 K was achieved practically for all
samples, whereas 550 K was not achievable in the minimum of the
curves at low pressures. The reason is that the heating by heterogeneous
surface recombination was insufficient to enable such high temperatures
in the case of low recombination coefficients.

All curves presented in Fig. 8 exhibit qualitatively the same behavior:
the recombination coefficient is rather large for well-oxidized cobalt
substrates (zero treatment time). The coefficient of cobalt depends on
the pressure, and the reasons are explained in detail in the recent paper

[27]. The coefficient also depends on the temperature of the well-
oxidized cobalt surface.

Even a few seconds of treatment in propane plasma (configuration as
in Fig. 1 (a)) causes a significant decrease in the recombination coeffi-
cient, as revealed in Fig. 8. A minimum appears in all curves in Fig. 8.
The minimum appears for the samples treated with propane plasma for
about 15 s. After that, the recombination coefficient increases and may
reach the value already reported for perfectly vertically oriented
multilayer graphene sheets [20], i.e., about 0.5. Interestingly enough,
the pressure dependence of the recombination coefficient is well
exhibited for very short or long deposition times. However, the pressure
dependence is not so obvious in the range of deposition times, which
corresponds to the minima in the curves in Fig. 8.

The appearance of the minimum in diagrams presented in Fig. 8 is
worth discussing. As already mentioned, the recombination coefficient
of perfectly smooth cobalt oxide and graphite is about 10~* and 1073,
respectively. In an approximation of perfectly smooth substrates and
epitaxial growth of carbon in the form of a thin film, the recombination
coefficient should be roughly 107! before depositing carbon and 1073
after the entire cobalt surface has been covered with a monolayer of
graphene. The hypothetical evolution of the recombination coefficient
for such a (non-realistic, of course) case is illustrated in Fig. 9 (a). The
recombination coefficient should decrease linearly with increasing
coverage of the cobalt substrate with horizontally deposited graphene.
Fig. 9 (a) is plotted in the lin-log scale, so the curve is not linear. Once
the full coverage with a monolayer of horizontally oriented graphene is
achieved, the recombination coefficient should stabilize at the value
typical for perfectly smooth graphene, which is about 1073 [16,18,19].
Fig. 9 (a) takes into account the perfectly smooth substrate surface and
growth of carbon in the form of perfectly horizontal monolayers.

On the other hand, it is known that perfectly vertically oriented
carbon nanowalls exhibit large recombination coefficients over 0.5 [20].
The hypothetical recombination coefficient for perfectly thin, vertically
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Fig. 6. HR-TEM image of the cross section of CNW deposited on an oxidized cobalt sample (a), where three regions were selected - the first in the cobalt oxide area,
the second in the interface area, and the third in the CNW area. FFT diffraction patterns of the first (b), second (c), and third (d) are also shown.

oriented carbon nanowalls on the surface of perfectly smooth graphite is
illustrated in Fig. 9 (b). In this approximation (not realistic either), the
coefficient for the substrate without any vertical structure should be
about 1073, the same as for the perfectly smooth cobalt fully covered
with a perfectly smooth vertically oriented graphene. The coefficient
will increase as soon as vertically oriented features appear on the surface
of the perfectly smooth substrate and will increase with the increasing
aspect ratio of the vertically oriented features. In the limited case, i.e.,
infinitely high vertical features of infinitely small thickness, the
recombination coefficient will approach the theoretically maximal
value, i.e., 1, because all atoms impinging such hypothetical structures
will be trapped inside such a structure.

Taking into account the upper discussion and both illustrations in
Fig. 9, the minimum in the measured curves presented in diagrams in
Fig. 8 should be much deeper (recombination coefficient about 1073).
Real materials behave differently, of course, and an explanation of the
curves presented in Fig. 8 is provided as follows. Fig. 10 illustrates the
growth of the nanocarbon films in the realistic scenario, i.e. using the

substrates as disclosed in Fig. 4 (a). The well-oxidized cobalt surface
(Fig. 10 (a)) exhibits a rich morphology on the micrometer scale, as also
revealed by SEM micrographs in Fig. 4 (a). The surface is exposed to
condensable radicals upon treatment with propane plasma and is
partially depleted of O atoms by H radicals partly reducing the oxide
layer, as observed in the TEM and EDS analysis (Figs. 6 and 7). The
radicals will condense on the exposed cobalt surfaces, and very few will
be able to penetrate deep into the micro gaps between the neighboring
cobalt oxide columns, so the exposed surface will be covered with a thin
film of nanocarbon. Still, the pores will remain almost free from nano-
carbon deposits, as illustrated in Fig. 10 (b), because the radicals are lost
by adsorption on the surfaces facing plasma and cannot reach the surface
deep inside the gaps between the neighboring columns of cobalt oxide.
The recombination coefficient in the range of treatment times in pro-
pane plasma up to about 15 s decreases monotonously with increasing
deposition time because the area covered with carbon increases with
increasing deposition time. As already explained in detail by Moron
et al. [16] and confirmed experimentally by other authors [12-15 19],
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temperature during exposure of the samples to the early afterglow of oxygen plasma; (b), (c), and (d) at the temperature of 550, 450, and 350 K, respectively.
Achieving those temperatures was possible by varying the input power of the plasma generator.

graphene or graphite should exhibit a very low activity for heteroge-
neous surface recombination of oxygen atoms because of the limited
concentration of the adsorption sites on the graphite surface as well as
the rather large energy barrier of about 0.3 eV [16]. The appearance of
the graphene-like material on the surface of the substrates should,
therefore, cause a significant decrease in the recombination coefficient.
However, the carbon deposits do not cover the entire surface, so a sig-
nificant area is free from carbon deposits for short deposition times, as
illustrated in Fig. 10 (b). The oxygen atoms impinging the surface after

the initial growth of nanocarbon are, therefore, likely to hit the un-
covered surface of cobalt oxide, where they recombine effectively, as
shown in [27]. The recombination coefficient is thus moderate after
short deposition times.

As the deposition time increases, a larger surface in the gaps between
the columns of cobalt oxide becomes covered with carbon deposits. If
the entire surface of cobalt oxide were covered with a thin film of car-
bon, the recombination coefficient should have dropped to the value
typical for carbon deposits as obtained by sputter deposition, i.e., of the
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order of 1073 [19]. The minima in the curves in Fig. 8, however, exhibit
a moderate coefficient of the order of 1072, The paradox is explained by
an evolution of the surface morphology of carbon deposits. Fig. 4 reveals
structures that are often called carbon nanowalls [40-43]. Fig. 4 (d)
shows thin nanowalls oriented perpendicularly on the surface of the
cobalt oxide. The distance between the neighboring nanowalls is of the
order of 100 nm. The nanowalls are high enough to cover the gaps be-
tween the neighboring cobalt oxide columns, so of the order of um. The
effect is illustrated in Fig. 10 (c). The oxygen atoms impinging the sur-
face of the samples coated with the nanowalls will be trapped in the
volume between the neighboring nanowalls because their mean free
path at the pressures between 42 and 214 Pa is roughly 100 pum, orders of
magnitude larger than the distance between the neighboring nanowalls.
The O atoms will experience numerous collisions with the graphene-like
surface. Although the loss coefficient at each collision is low [16], the
considerable number of collisions makes the recombination coefficient
large. The height of the nanowalls increases with increasing PECVD
time, as does the number of collisions of O atoms in the gaps between
neighboring nanowalls. This effect explains the rapid increase in the
recombination coefficient in the range of deposition times between
about 15 and 25 s (curves in Fig. 8).

More prolonged exposure of substrates to propane plasma causes
densification of the nanocarbon deposits, as shown in Fig. 4 (f). The
denser nanowalls and, thus, decreasing distance between two neigh-
boring nanowalls cause a further increase in the recombination coeffi-
cient, as revealed in Fig. 8. The structure of the carbon deposits after
prolonged deposition times using propane plasma is illustrated in Fig. 10
(d). The thickness of the deposits after the PECVD for 300 s was esti-
mated by SEM (Fig. 5) after peeling off the nanowalls and was as large as
about 30 um. The distance between the neighboring nanowalls for the
deposition time of 300 s is roughly 100 nm (Fig. 4 (f)), so the aspect ratio
is very high. Few O atoms will escape from the gaps between the
neighboring nanowalls, so the recombination coefficient becomes very
large for such thick deposits.

The temperature dependence of the recombination coefficient is
revealed in Fig. 11. The diagrams represent the measured coefficients
versus the temperature of the cobalt substrates coated with the carbon
deposits. Qualitatively, the behavior of the coefficient is the same for all
experimental conditions: The coefficient increases monotonously with
increasing sample temperature, and the minimal values are always
observed for the samples exposed to propane plasma for about 15 s. This
is due to two contradictory effects. At first, the recombination coefficient
decreases, since the recombination coefficient of carbon is low.

However, as the nanostructures begin to develop, impinging atoms can
become trapped in the nanostructures, facilitating multiple collisions,
and we can observe an increase in the recombination coefficient. The
observed deposition time of 15 s represents the point where the effect of
nanostructures entrapping the impinging atoms overtakes the effect of
carbon’s low recombination coefficient. The samples coated with thick
carbon deposits (prolonged treatment time in the propane plasma) were
heated extensively upon exposure to oxygen atoms in the system shown
in Fig. 1 (b), so it was possible to measure the coefficient also at high
temperatures up to about 800 K. This temperature is still low enough to
prevent significant etching; hence, the samples remained visually intact
even after exposure to O atoms at elevated temperatures. As shown by
Cui et al [17], the significant etching of the carbon occurs only at tem-
peratures above 900 K. Such large temperatures were not achievable in
our system, even at large discharge powers.

Fig. 11 reveals a small coefficient, say between approximately 1 and
5 x 1072 at the lowest achievable temperature, which was just above
300 K. Such low coefficients are sound with the experimental results
reported by Drenik et al. [19], who performed the measurements at
room temperature and found values as low as 2 x 1073, It is also sound
with the calculation performed by Moron et al. [16]. The very low co-
efficient at the minimum in the curves plotted in Fig. 8 indicates that the
thin carbon deposits represent a very weak drain of O atoms. This is in
agreement with the general opinion that the O atoms bind strongly onto
the graphene surface, so the interaction of the adatom with an atom
from the gas phase is unlikely to occur. Moron et al. [16] calculated the
coefficient as low as 2 x 107° at the oxygen pressure of 100 Pa and
temperature of 300 K for perfect crystalline orientation. Our measure-
ments presented in Fig. 11 provided larger coefficients, which may be
explained by numerous defects in the deposited graphene structures. As
mentioned above, Cui et al. [17] found much larger coefficients by
considering the defects. Another feasible explanation for the coefficient
between about 1 and 5 x 1072 at a temperature just above 300 K could
result in incomplete coverage of the catalytic substrate with carbon
deposits, as illustrated in Fig. 10.

Elevated temperatures, above 400 K, were achievable in our exper-
imental system for almost all samples. As revealed in Fig. 11, the coef-
ficient increased monotonously with increasing temperature, which
could be explained by either the E-R or L-H model. Since the L-H model
predicts surface diffusion and association to form oxygen molecules with
a moderate potential barrier, the increasing coefficient, as revealed in
Fig. 11, is probably due to the L-H model. It should be stressed that the
large potential barrier for an association of two adatoms reported by
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Fig. 10. The illustration of the formation of nanocarbon deposits upon PECVD in propane plasma. The well-oxidized cobalt surface exhibits a rich morphology on the
micrometer scale (a). A short propane plasma treatment causes partial reduction of a thin oxide layer, shown as a green line, and a preferential carbon deposit growth
on exposed areas (b). The deposition time of about 30 s enables the coating of the entire cobalt surface with multilayer graphene flakes (c). Long deposition times
cause the formation of thick films of dense nanoflakes (d).

Moron et al. [16] is calculated for perfect crystal orientation, free from
defects. The barrier should be much smaller in our case because carbon
nanowalls, which grow at prolonged treatment times, are rich in defects
[44-46]. A lower barrier for surface diffusion of adsorbed oxygen atoms

will result in a higher probability for surface recombination of two
adatoms by the Langmuir-Hinshelwood path [47].

Oxygen molecules will not chemisorb on the graphite surface, but
there is a weak potential well for physisorption, as explained in the
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literature [48]. The surface density of physisorbed molecules will
decrease with increasing temperature and increase with increasing
pressure. The physisorbed molecules have a screening effect for binding
sites of O atoms [49], so the recombination coefficient will likely in-
crease with increasing temperature and decreasing pressure. The results
summarized in Fig. 11 support the temperature dependence in the range
of temperatures from 300 to 800 K and the pressure dependence at
temperatures above about 400 K. Some deviations may be observed,
especially for low coverage of oxidized cobalt with carbon, which is
difficult to explain. It is worth mentioning that the accuracy of the
catalytic probes for determining the density of oxygen atoms is about +
20 %. The error bars shown in all diagrams, including Figs. 8 and 11,
represent only the statistical error because we repeated the measure-
ments several times. Adding the systematic error, the deviations
observed for low coverages in Fig. 11 should be within the limits of the
experimental error.

10

4. Conclusions

The coefficient for heterogeneous surface recombination of oxygen
atoms on the nanocarbon was measured systematically in the range of O-
atom flux of 7 x 102! and 10%® m~2s™?, pressures between 42 and 214
Pa, and temperatures between 300 and 800 K. Nanocarbon was depos-
ited on cobalt substrates using the PECVD method. As the nucleation of
nanocarbon on the substrate occurs, the recombination coefficient starts
decreasing because carbon exhibits a much lower coefficient for het-
erogeneous surface recombination of oxygen atoms than the oxidized
cobalt substrate. With an increasing surface area of the substrate
covered by carbon, the recombination coefficient decreases monoto-
nously and reaches a value as low as 1072, Longer deposition times,
which correspond to the thickness of the carbon film of a few 100 nm,
cause the formation of carbon nanowalls. The oxygen atoms impinging
the surface of such materials are trapped in the gaps between the
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neighboring nanowalls and exhibit numerous collisions before escaping.
Each collision provides a new chance for successful recombination,
therefore multiple collisions lead to a higher recombination coefficient.
Prolonged deposition times cause a larger aspect ratio of the gaps be-
tween neighboring carbon nanowalls, so the recombination coefficient
keeps increasing with increasing deposition time. The maximum
recombination coefficients of around 0.5 were measured for thick car-
bon deposits of rich morphology at high temperatures (above 700 K) and
rather low pressures (42 Pa).
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