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ABSTRACT: This study presents a novel nanostructured material formed by inserting oxidized carbon nanohorns (CNHox)
between layered graphene oxide (GO) nanosheets using metal ions (M) from nitrate as intermediates. The resulting GO−CNHox-
M structure effectively mitigated interlayer aggregation of the GO nanosheets. This insertion strategy promoted the formation of
nanowindows on the surface of the GO sheets and larger mesopores between the GO nanosheets, improving material porosity.
Characterization revealed successful CNHox insertion, which increased interlayer spacing and reduced GO stacking. The GO−
CNHox-Ca exhibited a significantly higher specific surface area (SSA) and pore volume than pure GO, with values of 374 m2 g−1 and
0.36 mL g−1, respectively. The GO−CNHox-K composite also exhibited a well-developed pore structure with an SSA of 271 m2 g−1

and pore volume of 0.26 mL g−1. These findings demonstrate that Ca2+ or K+ ions effectively link GO and CNHox, validating the
success of this insertion approach in reducing GO aggregation. Metal ions played a crucial role in the insertion process by facilitating
electrostatic interactions and coordination bonds between GO and CNHox. This study provides new insights into reducing GO
agglomeration and expanding the application of GO-based materials.

■ INTRODUCTION
Carbon materials have significant potential in modern science,
particularly in energy storage, catalysis, adsorption, sensing,
and pollution mitigation applications.1−3 Among these
materials, graphene oxide (GO) has garnered substantial
attention due to its abundant oxygen functional groups
(OFGs), such as carboxyl (COOH), hydroxyl (OH), carbonyl
(C�O), and epoxy (C−O−C) groups.4,5 These functional
groups are dispersed across the carbon skeleton, with carboxyl
and hydroxyl groups located primarily at the edges of GO, and
carbonyl and epoxy groups on the basal plane.6−9 These
diverse OFGs impart excellent chemical properties to GO,
broadening its applications, including heavy metal ion
removal,10,11 gaseous molecule adsorption,12,13 and drug
delivery.14

However, the interlayer structure of GO is typically densely
stacked, obstructing the exposure of surface adsorption sites
and limiting the functionality of its OFGs on the GO
surface.15,16 To address this issue, numerous researchers have
explored the insertion of additional materials into the interlayer

spaces of GO sheets. For instance, Zhang et al. enhanced water
permeability and stability by inserting multiwalled carbon
nanotubes into GO, achieving a permeation flux of 34.4 L m−2

h−1 and a rejection rate of over 99.7% for methylene blue.17

Similarly, Giordani et al. synthesized nanocomposite materials
with a high specific surface area (SSA) of 660 m2 g−1 by
introducing tetrakis (4-aminophenyl) methane (TKAm) into
GO nanosheets, achieving a maximum hydrogen adsorption of
1.66 wt % at 77 K.18 Nguyen et al. used chitosan molecules as
pillaring agents between GO sheets to form GO cross-linked
chitosan composites, significantly improving the SSA (450 m2

g−1) and enhancing the adsorption of cationic dye (methylene
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blue) in aqueous solution.19 Despite these advances, the
utilization of organic spacers and complex synthesis processes
has limited the widespread application of these composites.
Carbon nanohorns (CNH) have attracted considerable

attention due to their unique assembly of single-walled tube-
like units with an average diameter of approximately 80
nm.20−23 CNH primarily comprises sp2 carbon atoms, with a
small portion of sp3 carbon atoms, making them highly
hydrophobic.24,25 Although previous studies have successfully
used carbon nanotubes as supporting pillars for GO nano-
sheets,17,26,27 the potential of oxidized carbon nanohorns
(CNHox) with OFGs as pillaring agents remains unexplored.
The surface characteristics of CNHox endow it with the ability
to form a unique composite structure through both van der
Waals forces and electrostatic interactions with GO layers,
effectively facilitating the insertion process. Especially, CNHox
exhibits high dispersibility in water, making it easier to insert
into the interlayer structure of GO. Therefore, CNHox could
potentially reduce the stacking of GO sheets, resulting in novel

composite structures. To date, no studies have explored the
incorporation of CNHox into GO nanosheets. Hence, this
study aims to introduce CNHox into GO to form new
composite materials with improved properties and potential
applications.
The formation of tight bonds in composites is essential.

Metal ions can react with OFGs on the surface of GO and
CNHox via chemical bonds, facilitating effective connections.28

In this study, we fabricated a GO−CNHox-M nanocomposite
by pillaring CNHox into GO nanosheets using metal cations
(M: K or Ca) from nitrates. The composite exhibited a higher
SSA and a more advanced pore structure than pure GO. This is
attributed to the M-ion-modified CNHox, which effectively
grafts onto the GO nanosheets, promoting the formation of a
nanowindow structure on the GO surface and creating more
mesoporous structures. This enhanced pore structure is
expected to improve the adsorption capacity of the material
in air.

Figure 1. N2 adsorption−desorption isotherms for (a) P/P0 = 0−1.0 and (b) P/P0 = 0−0.4 of GO, CNHox, GO−CNHox, GO−CNHox-K, and
GO−CNHox-Ca at 77 K. Solid and hollow dotted lines represent the adsorption and desorption branches, respectively. (c) Hysteresis gap of each
sample at P/P0 = 0.2.
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■ MATERIALS AND METHOD
Chemicals and Materials. Graphite powder (99.9995%) was

obtained from Alfa Aesar. Potassium permanganate (KMnO4, 99.3%),
concentrated sulfuric acid (H2SO4, 97%), potassium nitrate (KNO3,
99.9%), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99.9%), and
hydrogen peroxide (H2O2, 30%) were purchased from Fujifilm Wako
Pure Chemical Corp., Japan. Hydrochloric acid (HCl, 35%) was
supplied by Nacalai Tesque, Inc., Japan. Carbon nanohorns were
provided by Nippon Electric Company, Japan.
Synthesis of GO Sample. GO was synthesized using the

modified Hummers’ method.29,30 Initially, 1.0 g of 200 mesh graphite
powder was added to 25 mL of concentrated H2SO4 and stirred in an
ice bath. Then, 3.0 g of KMnO4 was slowly introduced, ensuring the
temperature remained below 10 °C. The reaction mixture was
transferred to a 35 °C water bath and stirred for 2 h. Afterward, 100
mL of deionized (DI) water was added dropwise, and the solution
was heated to 90 °C for 15 min. The mixture was allowed to cool to
room temperature. To reduce Mn7+, 5 mL of 30% H2O2 was gradually
added to the reaction mixture. The product was washed three times
with a 5% HCl aqueous solution to remove residual Mn ions, and the
precipitate was centrifuged with DI water until the pH reached 7. The
obtained GO was dispersed in an aqueous solution and the dispersion
was placed in a dialysis bag for a 15-day dialysis period with daily
water changes. Following dialysis, the dispersed mixture was filtered
through a 5 μm membrane to form a filter cake, which was then dried
at 80 °C for 8 h and finely ground into powder (1.74 g). The weight
ratio of GO to graphite powder was 1.74, corresponding to a yield of
174%.
Synthesis of CNHox-M Samples. CNH was oxidized by adding

250 mg of CNH to 250 mL of an aqueous solution of 10% HNO3,
and the mixture was treated at 90 °C for 24 h, resulting in oxidized
carbon nanohorn (CNHox). Subsequently, 50 mg of CNHox was
mixed with 100 mL of DI water and sonicated for 60 min to obtain a
uniformly dispersed CNHox solution. For the preparation of CNHox-
M (M: K or Ca), 0.5 mmol of KNO3 or Ca(NO3)2·4H2O was added
to the CNHox dispersed solution. The resulting mixture was stirred
for 24 h to ensure metal ions were adsorbed onto the CNHox surface.
The mixture was then filtered through a membrane and dried at 80 °C
for 8 h. These samples were labeled as CNHox-K or CNHox-Ca.
Synthesis of GO−CNHox-M Samples. The GO dispersion was

obtained by adding 60 mg of GO to 300 mL of DI water and
sonicating for 90 min until a uniform GO monolayer was formed.
Subsequently, 30 mg of CNHox-K or CNHox-Ca was added to the
dispersed GO solution. After sonication for 2 h, the solution was
stirred for 2 d. The dispersed mixture was filtered through a 0.2 μm
membrane to form GO−CNHox-K or GO−CNHox-Ca film. The
films were dried at 80 °C for 8 h and then ground into powder. These
samples were designated as GO−CNHox-K or GO−CNHox-Ca.
Characterization. Nitrogen adsorption−desorption isotherms at

77 K were obtained using a BELSORP-max-SP instrument (Micro-
tracBEL Corp., Japan). The pore structure was analyzed by the αs-plot
method, which included SSA and pore volume calculations.31,32 The
CO2 adsorption capacity was measured at 30 °C using the BELSORP-
max-SP instrument (MicrotracBEL Corp., Japan). X-ray diffraction
(XRD) data were obtained using a MiniFlex II instrument (Rigaku
Corp., Japan) with Cu Kα radiation (0.154 nm) over a 5°−35° range.
Fourier-transform infrared (FTIR) spectra were recorded using a
Digilab FTS4000MXK spectrophotometer (Randolph) via the KBr
method at room temperature, within the 800−2000 cm−1 range.
Thermal gravimetric analysis (TGA) was conducted using a Thermal
Plus EVO2 instrument (Rigaku Corp., Japan) in an air atmosphere. X-
ray photoelectron spectroscopy (XPS) was performed using a JPS-
9030 instrument (JEOL Ltd., Japan) with an Mg Kα X-ray source
(1253.6 eV). Scanning electron microscopy (SEM) images were
acquired using an SU 9000 field-emission scanning electron
microscope (Hitachi Corp., Japan).

■ RESULTS AND DISCUSSION
Pore and Composite Structure of GO−CNHox-M.

Figure 1a shows the N2 adsorption−desorption isotherms of
the samples. According to the latest IUPAC classification, the
adsorption isotherms of all samples correspond to type IV,
indicating the presence of micropores, mesopores, and a small
number of macropores.33 Table S1 provides the detailed
parameters obtained from N2 adsorption−desorption curves
for GO, CNHox, GO−CNHox, GO−CNHox-K, and GO−
CNHox-Ca. As depicted in Figure 1a, GO exhibits a total
surface area and pore volume of 155 m2 g−1 and 0.10 mL g−1,
respectively, while CNHox shows significantly higher values of
431 m2 g−1 and 0.44 mL g−1. The lower values for GO are
primarily due to the stacking of GO sheets, which limits the
exposure of its pore structure. The GO−CNHox sample has an
SSA of 214 m2 g−1 and a pore volume of 0.21 mL g−1, which
are higher than those of GO but lower than those of CNHox.
In addition, the total SSA of GO−CNHox-K is 271 m2 g−1,
and the total pore volume is 0.26 mL g−1. The SSA and pore
volume of GO−CNHox-Ca are 374 m2 g−1 and 0.36 mL g−1,
respectively. The total SSA and pore volumes of these two
materials were higher than the corresponding values of the
GO−CNHox sample, suggesting the successful insertion of
CNHox-M into the GO structure. This enhancement is
attributed to the metal ions attracting the negatively charged
OFGs on CNHox and GO via electrostatic interactions.
Additionally, cations form coordination bonds between GO
and CNHox, facilitating the adhesion of CNHox to the GO
surface and alleviating the stacking of GO nanosheets. The
insertion of CNHox-M into the GO structure results in the
formation of a new composite with a more developed porous
structure, significantly increasing the SSA and pore volume.
This enhancement is particularly evident in GO−CNHox-Ca,
which exhibits stronger electrostatic interactions and coordi-
nation bonds, leading to increased CNHox adhesion to the
GO surface and exposing more adsorption sites on the
nanosheets. Notably, the rate of increase in mesopore SSA and
pore volume values in the composites is greater than that of the
micropores. For example, the mesopore SSA and pore volume
values of GO−CNHox-Ca are 5.6 times and 5.8 times greater,
respectively, than those of GO, whereas the micropore SSA
and pore volume values are 1.8 times and 2.2 times higher,
respectively. This is due to the formation of new mesoporous
structures between the spaces of the interlayer GO nanosheets.
Therefore, the porosity of the composite can be effectively
increased by inserting CNHox into GO with the assistance of
metal ions.
Figure 1b shows the N2 adsorption−desorption isotherms

for P/P0 < 0.4. According to the shapes of the isotherms, all the
samples exhibit apparent adsorption hysteresis, even in the
low-pressure region, which is attributed to the possible
presence of nanowindows on the material. Nanowindows are
nanoscale holes formed on a graphene monolayer, with sizes
comparable to the diameters of adsorbed gases such as N2 and
Ar.34 The process of embedding and releasing adsorbed
molecules into the pore through such nanowindows requires
overcoming potential barriers, resulting in low-pressure
hysteresis during the adsorption and desorption processes.35

The low-pressure hysteresis gap between the desorption and
adsorption branches serves as a reliable indicator for evaluating
the permeation limit of nanowindows. As shown in Figure 1b,c,
the low-pressure hysteresis gap of GO and CNHox is 4.22 and
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4.43 mL g−1, respectively, showing similar hysteresis character-
istics. These nanowindows originate from the oxidation
process of GO and CNHox, respectively. Specifically, the
nanowindows in GO are mainly formed by the synergistic
oxidation of carbon atoms by concentrated sulfuric acid and
potassium permanganate, while the nanowindows in CNHox
are produced by the oxidation of carbon atoms dispersed in
aqueous nitric acid. The composite material formed by
introducing CNHox into the space between GO sheets
showed a more pronounced low-pressure adsorption hyste-
resis. As shown in Figure 1b,c, the low-pressure adsorption
hysteresis gap for GO−CNHox and GO−CNHox-K is 6.4 and
11.3 mL g−1, respectively, which are significantly higher than
those of pure GO and CNHox samples. The hysteresis effect is
more pronounced in the GO−CNHox-M samples due to the
presence of metal ions, with GO−CNHox-Ca exhibiting the
highest hysteresis gap of 16.5 mL g−1, indicating the presence
of the largest number of nanowindows. This phenomenon
occurs because the insertion of CNHox-Ca between the spaces
of the GO nanosheets alters their stacking arrangement and
creates new nanowindows between GO and CNHox-M.

The morphological structures of GO, CNHox, and GO−
CNHox-Ca were characterized by SEM. As shown in Figure
S1, GO exhibits an apparent lamellar structure, consistent with
previous reports.22 CNHox displays an assembled config-
uration of individual oxidized carbon nanohorns. Figure S1c−e
show the SEM images of GO−CNHox, GO−CNHox-K, and
GO−CNHox-Ca. From these figures, it can be seen that all
samples were effectively adsorbed onto the surface of the GO
nanosheets. Notably, a comparison of the SEM images of
different samples reveals that more CNHox adhered to the
surface of GO−CNHox-M than to GO−CNHox, indicating
that the presence of cations effectively promotes the insertion
of CNHox into the interspaces between GO nanosheets.
Additionally, more CNHox adhered to the surface of GO−
CNHox-Ca than GO−CNHox-K, suggesting that Ca2+ more
effectively promotes the adhesion of CNHox to GO nano-
sheets than K+. This is due to Ca2+ enhancing CNHox
adhesion through stronger electrostatic attraction and
coordination bonds. Therefore, SEM results demonstrate that
metal ions strengthen the connection between CNHox and
GO.

Figure 2. XPS C 1s high-resolution spectra of (a) GO, (b) CNHox, (c) GO−CNHox, and (d) GO−CNHox-Ca.
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Surface Chemical Composition. Figure S2 illustrates the
wide-range XPS spectra of GO, CNHox, GO−CNHox, and
GO−CNHox-Ca, with the C 1s peak at 284 eV, O 1s peak at
532 eV, and Ca 2p peak at 349 eV detected at specific binding
energies.36−38 These results are crucial for determining the
elemental compositions and C/O ratios of the samples. As
shown in Table S2, GO and CNHox are primarily composed
of carbon and oxygen, confirming the successful oxidation of
graphite powder and carbon nanohorns, respectively. GO
contains 65.7% carbon and 34.3% oxygen, whereas CNHox
contains 86.4% carbon and 13.6% oxygen, with GO exhibiting
a lower carbon content and higher oxygen content than
CNHox. GO−CNHox is composed of 68.2% carbon and
31.8% oxygen, with values intermediate between those of GO
and CNHox, indicating the composite nature of GO−CNHox,
which combines the components of GO and CNHox.
Similarly, GO−CNHox-Ca contains both GO and CNHox
components with the incorporation of Ca. The higher carbon
content and lower oxygen content in GO−CNHox-Ca
compared to GO−CNHox further indicate a higher proportion
of CNHox in the former. These data further confirm that Ca2+

promotes the attachment of more CNHox on the surface of
GO nanosheets compared to samples without Ca2+.
Figure 2 illustrates four deconvoluted bands in the C 1s

spectrum, each corresponding to distinct carbon bonding
states: sp2 and sp3 carbon (C�C and C−C, 284.2 eV), epoxy
(C−O, 286.2 eV), carbonyl (C�O, 287.7 eV), and carboxyl
(O�C−OH, 288.9 eV). The data for all four samples are
summarized in Table S3. Figure 2a,b show that the content of
OFGs in GO is higher than in CNHox, which corresponds to
the results shown in Figure S2. Additionally, GO exhibits the
highest C−O content, while CNHox displays the lowest. Since
GO−CNHox and GO−CNHox-Ca contain both GO and
CNHox, their C−O contents are between the ratios of the two
components. Figure 2c,d reveal that GO−CNHox-Ca has a
lower C−O content than GO−CNHox. This can be attributed
to two factors: first, the content of CNHox in GO−CNHox-Ca
is higher; second, Ca2+ acts as a Lewis acid, inducing the ring-
opening reaction of epoxy groups to form C−O−Ca
groups.28,39 The slight shift of the C−O band from 286.0 to
286.1 eV indicates a coordination interaction between the Ca2+
ion and the C−O group. Moreover, the C 1s binding energy
corresponding to the carboxyl group shifts from 288.5 to 289.1

Figure 3. (a) XRD patterns, (b) FTIR spectra, and (c) TGA profiles of GO, CNHox, GO−CNHox, GO−CNHox-K, and GO−CNHox-Ca.
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Figure 4. Comparison of pore-structure parameters between calculated and actual measured data of GO−CNHox, GO−CNHox-K, and GO−
CNHox-Ca. (a), (c), and (e) denote the specific surface areas of total, micropore, and mesopore, respectively. (b), (d), and (f) represent the pore
volume of total, micropore, and mesopore, respectively. (The ideal value is calculated by estimating the weight ratio of the composite from XPS
data. The growth rate of actual test data compared to theoretical data.).
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eV, indicating coordination between the metal ions and
carboxyl groups.39 These results indicate that Ca2+ can directly
coordinate with carboxyl groups, promoting the formation of
the GO−CNHox-Ca structure and strengthening the con-
nection between CNHox and GO.
Microcrystalline and Surface Structure. The XRD

patterns of GO, CNHox, GO−CNHox, GO−CNHox-K, and
GO−CNHox-Ca are shown in Figure 3a and Table S4. The
(001) diffraction profile of GO was located at 11.97°,
corresponding to an interplanar spacing of 0.739 nm.7,8

CNHox exhibits a graphite (002) peak at 25.96°, indicating
the presence of graphite impurities. The d-spacing of the
samples was determined using Bragg’s equation. The calculated
results are shown in Table S4, indicating that the d-spacings of
GO−CNHox, GO−CNHox-K, and GO−CNHox-Ca were
0.782, 0.747, and 0.748 nm, respectively. It is evident that
GO−CNHox, GO−CNHox-K, and GO−CNHox-Ca exhibit
larger d-spacings than the 0.739 nm spacing of GO. Although
the difference in d-spacings before and after the addition of
CNHox is very small, the broadening in the profiles is another
indication of the effective insertion. These results suggest that
CNHox, CNHox-K, and CNHox-Ca were effectively embed-
ded within the GO structure.
The FTIR spectra in Figure 3b display several absorption

bands in the GO sample at 1720, 1625, 1384, 1240, and 1090
cm−1, corresponding to the carboxyl/carbonyl C�O, aromatic
C�C, carboxyl C−O, epoxy/ether C−O, and alkoxy/alkoxide
C−O bonds, respectively. CNHox exhibits absorption bands at
1720, 1600, 1380, and 1240 cm−1. The most significant
difference between the CNHox and GO samples is the shift in
the C�C absorption band from 1625 to 1600 cm−1. As shown
in Figure 3b, the introduction of CNHox-Ca into the GO
structure reduces the intensity of the C−O−C and C−OH
bands, which is attributed to the Ca2+ inducing the ring
opening of C−O−C groups to form C−O−Ca groups. Ca2+
also tends to attack the O−H of the hydroxyl groups, forming
new C−O−Ca bonds, resulting in a decrease in hydroxyl
content.28 In GO−CNHox-M, metal ions can interact directly
with OFGs on the surfaces of GO and CNHox, forming bonds
such as C−O−M and COO−M.40,41 Therefore, metal ions
play a crucial role in establishing a strong connection between
GO and CNHox.
Figure 3c and Table S5 show the TGA results. The weight

loss due to adsorbed water for GO was 15.5%, which exceeded
those of the other composites, indicating that GO had the
highest adsorbed water content. This was attributed to the
higher OFGs content in GO than in the other samples. More
OFGs facilitated the retention of water molecules in the GO
structure. In contrast, CNHox displayed the least amount of
adsorbed water owing to its limited OFG content. Notably, the
mass loss of OFGs for GO was 29.0%, which was significantly
higher than that for CNHox (3.0%). In addition, GO−CNHox
(21.3%) exhibited a greater loss of OFGs than GO−CNHox-K
(18.3%) or GO−CNHox-Ca (17.6%). This phenomenon
suggests that GO−CNHox contains less CNHox as a spacer
than GO−CNHox-K and GO−CNHox-Ca. This is due to the
influence of the metal ions, which strengthen the connection
between GO and CNHox through electrostatic attraction and
coordination bonds. By comparing the weight losses of the
GO−CNHox-K and GO−CNHox-Ca OFGs, Ca2+ has
stronger electrostatic and coordination effects to connect
CNHox and GO more effectively.

Insertion Effect of Composites. The ideal and actual
pore parameters of GO−CNHox, GO−CNHox-K, and GO−
CNHox-Ca are shown in Figure 4 and Table S7, with the
procedure for calculating these ideal values described in the
Supporting Information. As shown in Figure 4, significant
differences were observed between the total measured SSA and
pore volumes of GO−CNHox, GO−CNHox-K, and GO−
CNHox-Ca, compared to their calculated values. Specifically,
the measured total SSA and pore volumes of GO−CNHox and
GO−CNHox-K were relatively close to the calculated values.
According to Figure 4, the growth rates of the measured values
compared to the calculated values for GO−CNHox were −10
and 5%, respectively, while for GO−CNHox-K, the growth
rates were 1 and 8%, respectively. In contrast, the measured
total SSA for GO−CNHox-Ca was 374 m2 g−1, significantly
higher than its calculated value of 277 m2 g−1. Similarly, the
measured total pore volume (0.36 mL g−1) exceeded the
calculated value (0.25 mL g−1). The growth rates of the
measured values compared with the calculated values for GO−
CNHox-Ca were 35 and 44%, respectively. These data indicate
that the insertion of CNHox between GO nanosheets
increased the SSA and pore volume of the composite materials.
Notably, the SSA and pore volume of the composites were not
simply additive from the individual components, CNHox and
GO. The insertion of CNHox between GO nanosheets
effectively reduced the severe stacking of GO, thereby exposing
more adsorption sites on the GO surface. Therefore, this
insertion effect significantly enhanced the overall SSA and pore
volume of the composite materials, with a more pronounced
effect in the mesoporous structure than in the microporous
structure. As shown in Figure 4, the mesoporous SSA and pore
volume of GO−CNHox increased by 38 and 23%, respectively,
whereas those of GO−CNHox-K increased by 28 and 19%,
respectively. However, the microporous SSA and pore volumes
of both composites showed a slight decrease. In contrast, the
mesoporous SSA and pore volume of GO−CNHox-Ca
increased by 68 and 53%, respectively, whereas the micro-
porous SSA and pore volume increased by 19 and 30%,
respectively. This limited increase in micropores can be
attributed to the smaller fraction of CNHox in contact with
the GO nanosheets. Embedding CNHox within GO effectively
supported the GO nanosheets, generating numerous meso-
porous structures between them. A comparative analysis of the
adsorption data revealed that the pore structures of GO−
CNHox-Ca samples were more developed than those of GO−
CNHox and GO−CNHox-K samples. These data are
consistent with experimental measurements, indicating that
Ca ions effectively bridge GO and CNHox, enhancing the
insertion effect between the two materials.
Assessment of CO2 Adsorption Capacity under Low-

Pressure Conditions. Figure 5 shows a comparative analysis
of the CO2 adsorption capacities of GO, CNHox, and GO−
CNHox-Ca under low-pressure conditions. In the present
atmospheric composition, the CO2 concentration exceeds 400
ppm, corresponding to a partial pressure of approximately 0.3
Torr.42 Thus, evaluating CO2 adsorption capacity under these
conditions provides essential insights into the CO2 adsorption
behavior as a direct-air capture material The adsorption
capacity of the sample is linearly increased to the test pressure
up to 0.32 Torr, following the Henry’s adsorption isotherm
model.43 In this range, the number of adsorption sites was
large relative to that of adsorbent gas molecules, allowing all
adsorption sites to be considered independent. At an absolute
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pressure of 0.32 Torr, the adsorbed CO2 amounts on GO,
CNHox, and GO−CNHox-Ca were 0.121, 0.056, and 0.166
mL g−1, respectively. A comparative analysis revealed that
GO−CNHox-Ca possessed a superior adsorption capacity
compared to GO and CNHox. Several factors contributed to
this observation. First, GO−CNHox-Ca possesses a more
effective pore structure, which is more conducive to the
adsorption of CO2 molecules than GO and CNHox.
Numerous nanowindows on the GO and CNHox surfaces,
as well as micropores formed at the interfacial region between
the two materials, enhanced the adsorption efficiency. These
additional pore structures, slightly larger than the diameter of
the CO2 molecules, facilitated the effective capture of CO2
through weak van der Waals forces.44 Second, in the GO−
CNHox-Ca sample, the insertion of CNHox into GO reduces
the tight stacking of GO sheets. Compared to pure GO, this
allows the exposure of more accessible functional groups (e.g.,
hydroxyl and carboxyl groups), which can capture CO2
through electrostatic bonding.45 Finally, the incorporation of
Ca into the GO−CNHox structure further augments the
adsorption capacity of the composite compared to pure GO
and CNHox. The Ca2+ ions introduce basic sites with a high
affinity for acidic gas molecules (e.g., CO2), enabling chemical
adsorption.45

■ CONCLUSIONS
In summary, CNHox was successfully inserted into the
interstitial spaces between GO lamellar nanosheets via the
grafting of M ions, resulting in a novel GO−CNHox-M
nanocomposite with higher porosity. This strategy effectively
mitigated the aggregation tendency of the GO nanosheets,
forming numerous nanowindows. Characterization data
indicated that the pillaring of CNHox between GO nanosheets
increased the layer spacing, with GO−CNHox-Ca exhibiting a
higher CNHox content. N2 adsorption results demonstrated
that GO−CNHox-Ca had a higher SSA and a more advanced
pore structure, with values of 374 m2 g−1 and 0.36 mL g−1,
respectively, which significantly exceeded those of GO. The
newly formed composite material notably improved CO2
capture due to its abundant nanowindows and mesoporous
structure, resulting in increased CO2 adsorption capacity.
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