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Abstract: Although the surface area of graphene oxide (GO) is lower than that of reduced graphene oxide (rGO), the
amount of carbon dioxide adsorbed on GO is higher compared to graphene or rGO. According to the Lerf-Klinowski model,
GO contains hydroxyl, epoxide, carbonyl, and carboxyl groups on its edges and basal planes, which strongly bind carbon di-
oxide molecules, even leading to chemisorption. In this study, we explored the correlation between carbon dioxide sorption
affinity and oxygen content in GO by applying oxygen plasma/UV ozone and thermal treatments. The variation in oxygen
content was confirmed using XPS and FT-IR analysis. Interestingly, the trend of carbon dioxide sorption in GO was not di-
rectly proportional to the overall oxygen content. XPS peak analysis revealed that carbonyl groups significantly contribute to
carbon dioxide sorption. These findings provide insight into the intrinsic properties of GO and its potential applications in
carbon capture and gas storage.
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1. Introduction

Graphene is a single-atom-thick sheet of sp” hybri-
dized carbon atoms arranged in a hexagonal lattice.
Since its experimental discovery in 2004[2], various
methods have been developed to synthesize graphene

and its derivatives. For instance, large-area, single-layer

graphene can be synthesized on transition metals using
the chemical vapor deposition (CVD) method[3].
Alternatively, graphene oxide (GO) and reduced (rGO)
are produced through chemical exfoliation of natural
graphite[4-6], a method that is effective for large-scale
production. These graphene-like materials are utilized
in applications such as electronic devices, hydrogen
storage, and carbon capture[7-10].
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GO is highly soluble in water and various organic
solvents[11] due to the hydrophilicity induced by oxy-
gen functional groups present on its basal planes and
edges. Despite extensive research, knowledge about the
atomic structure and physical properties of GO remains
limited. Several models have been proposed to describe
the structural features of GO, including those by
Hofmann[12], Ruess[13], Scholz-Boehm[14], Nakajima-
Matsuo[15], and Lerf-Klinowski[1]. The widely ac-
cepted Lerf-Klinowski model suggests that GO con-
tains epoxy and hydroxyl groups bonded on the basal
planes, with carboxyl groups functionalized at the
edges. While the interlayer spacing of graphite is 0.34
nm, oxidation disrupts the sp® hybridized carbon-carbon
aromatic rings due to the action of oxygen-containing
acids. As a result, the incorporation of functionalized
oxygen groups expands the interlayer spacing of GO to
approximately 0.8~0.9 nm.

One potential application of GO (GO) is gas storage
and carbon dioxide capture. To function effectively as
an absorbent, a material should have high porosity, a
large surface area, and specific functional groups that
preferentially interact with the target gas. Recently,
three-dimensional metal-organic frameworks (MOFs),
composed of metal oxide clusters, have demonstrated
large internal surface areas and have shown great
promise in gas adsorption and storage[16,17]. Studies
have indicated that carbon dioxide binds more stably to
carboxylic acid and hydroxyl groups compared to other
functional groups[18-20]. Given that GO contains these
carboxylic acid and hydroxyl groups and also has a
high surface area, it is well-suited for carbon dioxide
absorption.

In this study, we synthesized GO sheets using the
modified Hummers’ method[4] and evaluated their gas
sorption properties with nitrogen, hydrogen, and carbon
dioxide. We assessed the sorption affinity of GO for
carbon dioxide under both low- and high-pressure
conditions. We hypothesized that the oxygen functional
groups in GO play a crucial role in its interaction with
carbon dioxide, and that increasing the oxygen content

on the basal plane or edges of GO would enhance its

carbon dioxide sorption capacity. To manipulate the
oxygen content, we used oxygen plasma and UV
ozone treatments, which are known to introduce un-
stable oxygen radicals that break the sp® carbon-carbon
rings, forming carboxyl, carbonyl, and hydroxyl groups
[21]. Additionally, thermal treatment was employed to
reduce the oxygen content by removing these func-
tional groups[22].

The variations in oxygen content were confirmed us-
ing X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FT-IR). Contrary to
our expectations, the carbon dioxide sorption measure-
ments revealed that the amount of CO, adsorbed was
not directly proportional to the oxygen content. We hy-
pothesize that specific oxygen functional groups are
primarily responsible for strong CO, binding. Through
multi-peak analysis using XPS, we examined the
changes in various oxygen groups to identify those
most critical for carbon dioxide sorption.

2. Experimental Section

2.1. Synthesis of GO

Synthetic graphite powder (SP-1, fine grade) was
supplied by Bay Carbon Inc. (Bay City, MI, USA) and
used without further purification. All other reagents, in-
cluding sulfuric acid (H,SO4, 97%), hydrochloric acid
(HCl, 37% in water), hydrogen peroxide (H>O,, 50%
in water) from Aldrich Chemical Co. (Milwaukee, WI,
USA), and KMnO, from JUNSEI Chemical Co.
(Tokyo, Japan), were of analytical grade and used as
received.

GO was synthesized using the modified Hummers
method[6]. Graphite powder was oxidized with KMnQO4
in concentrated sulfuric acid. After oxidation, the sol-
ution was treated with a mixture of hydrogen peroxide
and deionized water. The suspension was then filtered
and washed with a 1 M hydrochloric acid solution and
deionized water. The resulting colloidal suspension was
separated by centrifugation and dried under vacuum.
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2.2. Physical sorption measurement (BET, high—-
pressure sorption)

Nitrogen gas adsorption isotherms were measured at
77 K, and carbon dioxide measurements were con-
ducted at 273.15 K using a surface area and porosim-
etry analyzer (ASAP 2020, Micromeritics Instrument
Corp., Norcross, GA, USA). The gas sorption techni-
que was based on the Brunauer-Emmett-Teller (BET)
method and the Horvath-Kawazoe method. Samples
were placed in the sample chamber and subjected to
vacuum overnight at 60°C to remove any gas
impurities. The dried sample weight was then used to
determine the specific adsorption of nitrogen, hydro-
gen, and carbon dioxide.

High-pressure sorption was conducted using the
manometric method[23], which measures the pressure
or volume of gas adsorbed or desorbed from the sam-
ple at equilibrium with the gas at a set temperature.
The equipment includes two isolated chambers (Vi,
V,). After placing the sample in V,, both chambers
were degassed for 12 hours, and gas was introduced
into V; at a set pressure. When the valve between the
two chambers was briefly opened and then closed, the
pressure in both chambers equalized, but over time, the
pressure in V, decreased as the gas was adsorbed until
equilibrium was reached. The adsorbed gas amount
was calculated based on the difference between the ini-

tial and equilibrium pressures in V.

2.3. Chemical sorption measurement (pulse
chemisorption, double isotherm method)
Carbon dioxide pulse chemisorption was performed
using an Autochem II 2920 chemisorption analyzer
(Micromeritics). Approximately 200 mg of GO powder
was placed in a quartz reactor. Before the pulse chem-
isorption measurement, the GO powder was degassed
under vacuum at 80°C for 24 hours, and then purged
with He (99.999%, 50.21 ¢cm’® (STP)/min). CO, pulses
(0.54 cm’) were flowed through the sample for 2
minutes.
The double isotherm method was conducted using
the ASAP 2020 porosimetry analyzer (Micromeritics
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Instrument Corp., Norcross, GA, USA). The GO pow-
der was degassed at 80°C for 24 hours before
measurement. The first isotherm provided the total vol-
ume of adsorbed carbon dioxide. Subsequently, the
weakly adsorbed CO, was evacuated before the second
measurement. The chemical sorption amount of CO,
was calculated as the difference between the total and
weakly adsorbed CO..

2.4. Thermal annealing, UVO treatment, and O;
plasma treatment

GO powder was treated using a UVO system
(Ozone Cure 16, Minuta Technology) with various ex-
posure times (30 min, 60 min). The equipment emitted
UV light at 185 nm and 254 nm, with the GO posi-
tioned 2 cm from the UV source. Oxygen plasma
treatment was also conducted using an oxygen plasma
system (JPH-1000, A.P.P. Co., Ltd.), with an Ar/O;
mixture flow rate of 8 L/min and 10 L/min, re-

spectively, for different exposure times (30 s, 60 s).

2.5. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed using a monochromatic
Al Ko radiation source (1486.6 e¢V) (QUANTUM
2000, Physical Electronics) to determine changes in the
atomic ratios of carbon to oxygen and to identify func-

tional groups.

2.6. Fourier transform infrared spectroscopy
(FT-IR)

FT-IR analysis was conducted using an IlluminatIR
infrared  microspectrometer (SensIR  Technologies,
Danbury, CT, USA) in the range of 4000~500 cm™ to
study the chemical structure. KBr pellet samples were
prepared with a sample-to-KBr ratio of 1:500 by
weight. The KBr pellet was dried overnight in a vac-
uum oven, and FT-IR spectra were recorded after com-
plete drying. A total of 64 scans were performed with

a resolution of 4 cm .
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3. Results and Discussion

3.1. Nitrogen adsorption isotherms in GO and RGO

GO (GO) was synthesized using the modified
Hummers method, and rGO (rGO) was produced using
hydrazine. During the conversion of GO to rGO, the
oxygen functional groups on the basal plane and edges
are removed. Fig. 1(a) presents typical nitrogen adsorp-
tion and desorption curves for both GO and rGO,
showing surface areas of 62.5 m%g and 74 m?/g,
respectively. The higher surface area of rGO is attrib-
uted to structural defects on the basal plane, which in-
crease the number of sorption sites. The hysteresis ob-
served in both GO and rGO is characteristic of type
IV isotherms[24], indicating mesoporous absorbents.
Fig. 1(b) shows that the average pore diameter for
both GO and rGO is around 4 nm.

3.2. Carbon dioxide adsorption isotherms in GO
and RGO

Unlike the nitrogen adsorption isotherm, GO exhibits
a higher carbon dioxide adsorption capacity than rGO.
Fig. 2 displays the CO, and hydrogen sorption iso-
therms for GO and rGO at low pressure. The hydrogen
adsorption isotherms for both GO and rGO increase
rapidly with relative pressure up to 0.1, followed by a
linear increase. GO adsorbs slightly more hydrogen
than rGO. Interestingly, the amount of CO, adsorbed
by GO is not only higher than hydrogen but also sig-
nificantly greater than that of rGO, indicating a prefer-
ence for CO, adsorption in GO. At higher pressures,
from 25 to 500 psi (Fig. 3), GO continues to exhibit
higher CO, adsorption than hydrogen. The oxy-
gen-containing functional groups (e.g., O-H, C-O-C,
C=0, OC=0, and COOH) present in GO enhance
binding energies and charge transfer, promoting CO,
adsorption on the basal planes and edges and even fa-

cilitating chemisorption.

3.3. Chemical sorption measurement
Fig. 4(a) illustrates the cumulative CO, adsorption
based on the TCD signal area as a function of pulse
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Fig. 5. Carbon dioxide

number during CO;

temperature. In the initial pulse, a significant amount
of CO, is adsorbed by GO, and as the number of puls-
es increases, the peak area stabilizes as the adsorption
sites become saturated. Once the chemical sorption
sites are saturated, further CO, adsorption becomes

difficult.

A static volumetric double

273.15 K was used

(Fig. 4(b)). The first isotherm indicates the total
amount of chemisorbed CO,, while the second repre-
sents the reversible physisorbed CO,. The difference
between the two gives the amount of irreversible

chemisorption.

3.4. Carbon dioxide adsorption in GO under oxygen
plasma/UVO and thermal treatment
To enhance oxygen content and CO, sorption sites,

0.0 1.0x107 2.0x10° 3.0x10° 4.0x10° 0.0  1.0x107 2.0x107 3.0x10”° 4.0x10°
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sorption isotherm of GO treated oxygen plasma/UV ozone

pulse chemisorption at room

proportional to
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and thermal.

cm’/g (30 s) and 1.3 cm’/g (60 s). UV ozone-treated
GO adsorbs 0.7 cm’/g (30 min) and 0.6 cm’/g (60
min). These results indicate that CO, adsorption is not
oxygen content. To further investigate,
thermal treatment was used to reduce carbon content,

showing a correlation between decreased carbon con-

tent and reduced CO, sorption.

isotherm method at

to measure CO, chemisorption around 130°C,

which it decreases beyond 150°C as GO becomes

deoxygenated. This indicates that sufficient oxygen

crucial role.

GO was treated with UV ozone and oxygen plasma for

varying durations. These treatments introduce oxygen
radicals that functionalize atomic defects and break

carbon rings,

gen-containing groups

It was anticipated that increasing oxygen content would

correspond to more CO, sorption sites, but this was

not the case.
Figs. 5(a) and (b)

therms for UV ozone and oxygen plasma-treated GO.
The CO, adsorption amount decreases with increasing

treatment duration. Pristine GO adsorbs 1.5 cm’/g of

CO,, while oxygen

promoting

the formation of oxy-
such as C-O, C=0, and O-C=0.

peaks were fitted using Gaussian and Lorentzian dis-

show the low-pressure CO, iso- tributions after

plasma-treated GO adsorbs 1.4
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Thermogravimetric analysis (TGA) revealed that at
carbon monoxide and carbon dioxide
are released from oxygen-containing functional groups.
This suggests that oxygen content in GO decreases as
temperature increases. Fig. 5(c) shows that CO, ad-

sorption increases with temperature up to a point, after

groups are necessary for effective CO, sorption, high-
lighting that specific oxygen functional groups play a

3.5. XPS analysis

Chemically synthesized GO and modified GO, sub-
jected to various treatments, exhibit several distinct
carbon-oxygen functional groups on their basal planes
and edges. These groups were characterized using
x-ray photoelectron spectroscopy (XPS). The XPS

background subtraction. The XPS re-
sults for pristine GO, as shown in Fig. 7(a), reveal dif-
ferent oxygen group contents. The peak at 284.6 eV
corresponds to the sp® orbital of the C=C bond, while
the peak at 286.5 eV is associated with the epoxide
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Fig. 6. Variation of oxygen groups and carbon contents of oxygen plasma/UV ozone and thermal treated GO.

group and carbon atoms bonded to oxygen in hydroxyl
configurations (O-H/C-O-C). Additional peaks include
the carbonyl group (C=0) at 287.8 eV, O-C=0 groups
at 288.5 eV, and COOH groups at 289.3 eV. The peak
at 290.2 eV is attributed to the 7—r* transition of de-
localized electrons in the valence band.

The primary bonding configuration of carbon atoms
in GO is the C=C bond, which forms the hexagonal
rings typical of graphite. Other oxygen groups are
bonded to sp? and sp’ hybridized carbon atoms, such
as the epoxy and hydroxyl groups on the basal plane
and the carboxyl group at the edges. With increased
plasma treatment time, the sp’ hybridized epoxy and
hydroxyl groups (286.5 eV) on the basal plane and the
carbonyl groups (287.8 eV) decrease, while the O-C=0
groups (288.5 eV) increase. The COOH group (289.3
eV) shows little to no change.

The carbon/oxygen ratio for pristine GO, as shown
in Fig. 6(d), was calculated by dividing the area under
the C 1s peak by that of the Ols peak and adjusting
by the photo-ionization cross-section ratio, yielding a

value of 2.2. After oxygen plasma treatment, the car-

bon/oxygen ratio dropped to 1.2 for the 30-second
treatment and to 0.8 for the 60-second treatment.
Similarly, UV ozone treatment for 30 and 60 minutes
resulted in ratios of 1.7 and 1.3, respectively. Figs.
6(a), (b), and (c) illustrate changes in the relative per-
centages of each oxygen group. The oxygen content, as
shown in Figs. 6(d), (e), and (f), slightly increases
with both oxygen plasma and UV ozone treatments,
while the sp® carbon bond (284.6 eV) decreases due to
functionalization by oxygen radicals. The peak intensity
of the C-O-C/O-H groups (286.5 e¢V) and the C=0O
group (287.8 eV) decreases, whereas the O-C=0 group
(288.5 eV) relatively increases. The COOH group
(289.3 eV) shows slight changes or remains stable over
time. In contrast, for thermally treated GO, the peak
intensities of the C-O-C/O-H groups (286.5 ¢V), O-
C=0 group (288.5 eV), and COOH group (289.3 eV)
decrease, while the C=0 group (287.8 eV) increases
with rising temperature, as shown in Figs. 7 and 8.

3.6. FT-IR analysis
FT-IR analysis was performed to confirm the func-

Membr. J. Vol. 34, No. 5, 2024
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tional groups present in GO after oxygen plasma, UV O-H stretching (3000~3400 cm™), C=C (1570 cm),
ozone, and thermal treatments (Fig. 9). In pristine GO, C=0 (1720 cm™), C-O (epoxy at 1230 cm!), and C-
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Fig. 9. FT-IR spectra of oxygen plasma/UV ozone and thermal treated GO.

O (alkoxy at 1060 cm™) vibrations were observed[25].
With increasing oxygen plasma and UV ozone ex-
posure, the intensity of the C=O group at 1720 cm™
and O-H group decreases, while the C-O group in-
tensity increases. For thermally treated GO, the C=0O
and C-O-C group intensities increase, corresponding
with XPS findings.

4. Conclusions

Understanding the intrinsic properties of GO is cru-
cial for its various applications. In this study, we ex-
plored the gas sorption capabilities of chemically syn-
thesized GO and rGO. Nitrogen sorption measurements
revealed the presence of narrow mesopores, and de-
spite its lower surface area compared to rGO (as meas-
ured by nitrogen adsorption), GO exhibited a higher
carbon dioxide sorption capacity. The carbon-oxygen
functional groups in GO provide active sites for carbon
dioxide adsorption, leading to even chemisorption.

To enhance the carbon dioxide sorption affinity, we
increased the oxygen content using oxygen plasma and
UV ozone treatments for different durations. Contrary
to expectations, the carbon dioxide sorption amount
decreased. However, carbon dioxide sorption increased
with higher thermal treatment temperatures. During
oxygen plasma and UV ozone treatments, the sp” net-
work of the C=C rings was disrupted, increasing the
concentration of O-C=0 groups while decreasing the

C=0 groups. In contrast, thermal treatment led to an

increase in C=0O groups as the temperature rose. These
variations in C=0O group concentrations were further
confirmed using FT-IR analysis for both oxygen plas-
ma/UV ozone and thermal treatments.

Our results indicate that the amount of carbon diox-
ide sorption is closely related to the presence of C=0O
groups, which interact more stably with CO, than other

oxygen functional groups.
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