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ARTICLE INFO ABSTRACT

Keywords: A new, facile, and template-free method to prepare high surface area microporous carbon nanocubes (CNCs)

Nanocubes from a mixture of graphene oxide nanoribbons (NRs), graphene oxide, and carbon dots is reported. The nano-

I(\:Iarbor'lb]tj)la(:k ribbons, approximately 30 nm wide and with lengths ranging from a few tens of nanometres up to several
anoribbons

micrometres, were obtained from the oxidation of Black Pearls 2000 carbon black in nitric acid solution. The
non-purified nanoribbons further contained additional fragments of graphene oxide, and of graphene oxide
quantum dots. Slow pyrolysis of the nanoribbon mixture with slow heating rates, e.g., 3 °C/min, yielded carbon
nanocubes approximately 250 nm in size with surface areas greater than 900 m?/g. Heating rates of 50 °C/min
led to carbons with ~800 m?/g surface area but bulk morphology. Precipitating the nanoribbons in potassium
hydroxide solution, followed by carbonization, yielded microporous nanoparticle aggregates that were 20 nm in
size with surface areas greater than 2000 m?/g. The particles exhibited complex, quasi-spherical morphology.
Pyrolysis of other products obtained from oxidation in HNOj3 of different grades of carbon black, specifically
graphene oxide nanoparticles and quantum dots, yielded high surface area microporous carbons but with bulk
morphology regardless of the processing conditions. Despite the lower surface area and pore volume of the CNCs
in comparison to the nanospheres, the former contained ultramicropores that were highly accessible to CO as a
molecular probe and had excellent selectivity of CO5 over Ny. Hence, CNC materials have promising properties
for applications where particle surface-to-volume ratios, high internal surface areas, and abundant super and
ultramicropores are desired.

CO,, capture
Microporous carbon

1. Introduction

Porous carbons find many technological applications; these are
commonly obtained industrially from abundant biomass precursors that
are shaped into granular form and used as sorbents for air and water
purification [1,2]. Such carbons, however, require physical or chemical
activation methods to yield micro and mesopores. At the micro and
nanoscales, the particle morphology cannot be controlled, thus
restricting diffusion into the internal particle pores [3-5]. On the other
hand, nanosized carbons, such as carbon nanospheres (CNSs) exhibit
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unique properties that are of interest to separations, carbon capture,
energy storage and biomedical applications [1,2,6-9]. Compared to CNS
materials, the less investigated carbon nanocubes (CNCs) also display
promising properties for different technological uses including drug
delivery [10], electronic devices [11,12], sensors [13], energy storage
and conversion [14-21], and heterogeneous catalysis [22].

To date, CNCs have been prepared by pyrolysis of metal-organic
frameworks (MOFs), such as cubic nanocrystals of zinc imidazolate
framework (ZIF-8) [10,15,22] and Prussian Blue derivatives [12,14,18,
19]. Of these, materials prepared from pyrolysis of
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polydopamine-encapsulated iron (Fe) and cobalt (Co) containing hex-
acyanoferrate yielded FeCo@CNCs were highly conductive, with elec-
trical conductivity matching that of graphite (~1200 S/m). The latter
was also found to be selective catalysts for the oxygen reduction reaction
[8]. Co-hexacyanoferrate nanocubes of approximately 80 nm in size
have also been grown in the presence of excess polyvinylpyrrolidone
(PVP), and the FeCo@CNCs were obtained after carbonization. Carbon
tubes formed without the PVP, whereas small amounts of PVP lead to
random carbon nanoparticle aggregates. Interestingly, the FeCo@CNCs
were found more active than tubes and aggregated particles for the io-
dide oxidation in dye-sensitized solar cells (DSSCs). Results were due to
the high surface area to volume ratio of catalysts, good electrical con-
ductivity and the microporous-mesoporous structure of FeCo@CNCs
[14]. Direct carbonization of Prussian Blue (PB) nanocubes also resulted
in CNCs with low specific surface areas (45-70 m?/g) that were as large
as 700 nm. The presence of metallic Fe encapsulated by a graphitized
carbon shell rendered these Fe@CNCs good microwave absorption
properties [12]. Moreover, Fe-free CNCs from PB cubic crystals
carbonization and with sizes ranging from 500 nm to 700 nm were
obtained after hydrochloric acid (HCl) dissolution. Tungsten disulphide
(WS3) nanopetals were then grown over the CNCs and final composites
were tested as anodes for sodium-ion batteries (SIBs). The nano-
composites retained most of their capacities at high charge-discharge
rates and exhibited excellent stability up to 200 cycles [19]. CNC com-
posites were also obtained from the carbonization of cubic ZIF-8 nano-
crystals. The cubic morphology of the precursor was controlled by
mixing cetyltrimethylammonium bromide (CTAB) surfactant. The
resulting crystals were carbonized in two steps, between which selenium
(Se) was added, and microporous ZnSe-CNCs of 250 nm in size and with
surface areas exceeding 700 m?/g were obtained. The latter was tested
as anodes in lithium-ion batteries (LIBs), displaying high discharge ca-
pacity and greater than 60% Coulombic efficiency [15]. When Zn was
partially etched from the cubic ZIF-8 crystals with tannic acid, double
shell ZnO@CNC structures formed. These nanocomposites had large
mesopores and were excellent sorbents for the removal of benzene,
toluene, ethylbenzene and xylene (BTEX) compounds from water to
levels below the detection limit of gas chromatography (GC) [21].
Silica-coated CNCs were prepared by coating ZIF-8 with and hydrolysing
SiO4 precursor, followed by carbonization. The composites were then
coated with polyacrylic acid (PAA) and tested for drug delivery. The
final SiOo—CNC nanocomposites were approximately 120 nm in size, had
a SiO5 shell of 25 nm, mesopores of 8 nm width and surface areas greater
than 540 mz/g [10]. Besides ZIF-8, a mesoporous Zn-based squaric acid
MOF was prepared and carbonized. After etching the Zn with acid,
carbon cubes with micron size, the hierarchical pore structure of micro,
meso and macro-pores and with surface areas of 1200 m2/g were ob-
tained. When tested as supercapacitor electrodes, capacitance values
were as high as 133 F/g in the aqueous sulfuric acid electrolyte, which is
comparable to most porous carbon electrodes. Despite the micron-scale
size of the precursor and resulting carbon particles, this route is prom-
ising for further developments of MOFs and MOF-derived carbons for
electrochemical applications [21].2!

CNC-ceramic composites have been prepared by ball-milling paraffin
wazx, octadecylamine and the precursors to NagVo(PO4)oF3, followed by
carbonization [16]. The composites had quasi-cubic morphology and
other desired properties promising for applications as SIB electrodes due
to their fast Na* diffusion capability, with 107 mAh/g discharge ca-
pacity at rates as fast as 30 C and 84% capacitance retention over 2500
cycles. Other additives such as stearic acid led to the formation of
nanorods, whereas Span 80 nonionic surfactant induced the formation
of a nanoflake morphology [16]. Another interesting route for porous
CNCs was the precipitation of cubic manganese acetate nanocubes into
MnCOj3. The carbonate phase was then calcined in air at 600 °C. The
resulting product was mesoporous MnO nanocubes. Then, carbon was
grown over the MnO support by chemical vapor deposition of acetylene
gas at 750 °C. After etching of the MnO, a highly porous CNC with a
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surface area >2500 m2/g and particle size of 600 nm was obtained. The
large mesopores served as reservoirs for sulphur in Li-sulphur batteries
[17]. Besides self-templated strategies to obtain relatively large CNCs,
pulse laser-induced liquid-solid interface reaction (PLIIR) was used to
convert amorphous carbon deposited on Si wafer surfaces, and
water-acetone-ethanol as liquid, into CNCs with truncated shape as ex-
pected for C8-type structure. The CNCs had a well-defined bandgap, as
evidenced by the emitted purple-blue wavelength light in the cath-
odoluminescence spectrum [11].

Despite many interesting properties of various carbon materials and
nanocomposites of nanocube morphology, reported methods for CNC
materials require numerous steps and are energy intensive. These
include the preparation of the MOF precursor, carbonization, and metal
etching. While most of the MOF preparation methods require hazardous
organic solvents or are not easily scalable, the metal etching from final
carbons leads to large volumes of neutralization waste. Fewer examples
of less energy-intensive and template-free methods yielding CNCs
without a template have been reported, such natural product (mahua
flower) extracts conversion into ~5 nm-sized cubes, which exhibit
interesting electronic properties for sensor applications [13]. However,
direct methods for obtaining high surface area CNC materials with
well-developed internal particle porosity are still missing.

A possible solution to achieve the more straightforward formation of
CNCs is to use graphene fragments as the precursor. In this regard,
recent computational models suggest that fragments of graphene rib-
bons fold into nanocubes through inverse Stone-Thrower-Wales (ISTW)
defects and in addition to adatoms. The proposed fragment was of
single-layer graphene, and so was the resulting CNC [23]. Besides pre-
senting an interesting alternative to the development of novel CNCs,
especially high surface area materials with hierarchical pores, experi-
mental demonstration of nanoribbons (NRs) of graphene-type materials
converting into CNCs had not yet been realised.

Recently, we reported on a facile method for the preparation of
heterogeneous NRs, all having graphene oxide (GO) composition and
with large, preserved graphene domains along these ribbon particles
[24]. These materials were obtained from the oxidation of carbon black
(CB) BP 2000 in aqueous nitric acid (HNOg). Materials had particles with
30 nm in width, and lengths ranging from less than 100 nm and up to
several microns. Given the presence of lattice defects in the starting
carbon black precursor, and the oxidation of the obtained NRs, such
structures provide a favourable platform for the development of carbons
having distinct morphologies. In this work, we demonstrate that pyrol-
ysis conditions, namely heating rate, and the starting GO material result
in highly porous carbons. Pyrolysis of GO nanoparticles and carbon dots
yield microporous carbons with bulk morphologies; however, CNCs are
exclusively obtained from NRs at slow heating rates from GO, whereas
fast heating rates lead to bulk morphologies, herein labelled bulk porous
carbon (BPC). The activated carbon nanospheres, here labelled KPC,
were obtained from precipitation of the NR suspensions with KOH so-
lutions. Carbons had surface areas ranging from 500 m?/g for carbons
obtained from different GO and carbon dot particles, all the way up to
776 m?/g for the CNCs from NR precursor. Only KPC materials had
higher surface areas of approximately 2000 m?/g, because of the KOH
activation. While many methods exist for the preparation of carbon
nanospheres that have attracted considerable interest for CO, capture
[6], the ability to make CNCs with high CO, to N selectivity from such
abundant precursor, and without the need for activation, makes this
method of interest for scaleup and practical applications. Besides
providing an inexpensive and facile method for the preparation of highly
porous CNCs, this work provides some experimental support for the
folding of ribbon fragments into cube shapes. Given the presence of
other carbon fragments, it is expected that the folding takes place with
the simultaneous self-assembly of the smaller oxidised fragments, i.e.,
carbon dots.
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2. Experimental
2.1. Synthesis of NRs

The synthesis of NRs, of GO nanoparticles and carbon dots (CDs)
from different grades of CB was reported elsewhere [24]. Briefly, 5 g of
CB (Pearl 2000) was placed in a round bottom flask containing 100 mL
nitric acid (HNO3) and stirred at 90 °C for 120 h. Then, the mixture was
cooled down and centrifuged for 30 min (5000 rpm) followed by dis-
carding the sediment. The supernatant containing carbonaceous nano-
particles (NR, GO, CD) was evaporated under a vacuum yielding light
brown powder. Obtained products were used for the next step without
any further process and purification.

2.2. Synthesis of microporous carbons (CNC and BPC) from NRs

1 g of NR was placed in a ceramic boat in a horizontal cylindrical
furnace with an inner diameter of 35 mm and then heated at a rate of
either 3 °C/min or 50 °C/min from room temperature and up to 800 °C
under flowing Ar atmosphere. Heating was kept for 1 h, then, the
furnace was naturally cooled down to room temperature under Ar flow.
The resulting black powders were labelled CNCs for the carbon nano-
cubes obtained at 3 °C/min heating rate. Those obtained at the heating
rate of 50 °C/min were labelled BPCs, indicating these are microporous
carbons with bulk particle size and undefined morphology at the
nanoscale.

2.3. Synthesis of aggregated microporous nanospheres from NRs

1 g of NR was transferred to 30 mL of an aqueous KOH solution (0.38
M) and stirred at room temperature for 2 h. Then the water was evap-
orated, and the obtained reddish solid was placed in a ceramic boat in a
horizontal cylindrical furnace with an inner diameter of 35 mm. The
furnace was heated at a rate of 3 °C/min up to 800 °C under Ar and kept
at this temperature for 1 h. The furnace was finally allowed to cool
naturally down to room temperature under Ar flow. The resulting black
powder was washed thoroughly with water and a solution of HCI (0.1 M)
several times until a pH ~6.5-7.0 for the water rinse was reached. The
black powder was dried at 80 °C for 8 h and labelled KPC.

2.4. Characterization

N, isotherms at 77 K were measured using a Micromeritics ASAP
2020 Plus volumetric analyser (Micromeritics Corp, Norcross, GA, USA),
and the Quantachrome Nova 2000E (Quantachrome Instruments, Boy-
nton Beach, FL, USA). Prior to adsorption measurements, all samples
were degassed under vacuum and at 200 °C for at least 4 h. Specific
surface areas were calculated using the Brunauer-Emmett-Teller (BET)
method within the relative pressure range selected using Rouquerol
recommendation [25,26]. The total pore volumes were taken directly
from the adsorption isotherms at the relative pressure of 0.98, except for
a few indicated samples. Pore size distributions (PSD) for N, were
calculated using non-local density functional theory (NLDFT) assuming
carbons with slit-pore geometry and the equilibrium model. The COy
isotherms were measured at 273 K for all samples in a Quantachrome
Nova 2000E (Quantachrome Instruments, Boynton Beach, FL, USA).
Measured pressures were normalised by the vapor pressure of CO; at this
temperature, i.e., 26,236 mmHg. The CO5 PSD curves were calculated
using NLDFT for slit-pore geometry and Monte Carlo methods for
comparison.

Scanning transmission electron microscopy (STEM) and high-
resolution transmission electron microscopy (HRTEM) imaging of the
materials was performed using a Thermo Scientific Talos F200X Trans-
mission Electron Microscope. The materials were dispersed on a holey
carbon-coated copper grid. Selected area electron diffraction (SAED)
patterns were obtained in TEM mode with a 200 keV electron beam
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without sample tilt. Energy-dispersive X-ray spectroscopy (EDS) was
conducted to obtain chemical information. Scanning electron micro-
scopy (SEM) images of the materials were obtained with a JEOL 7800F
FEG SEM (JEOL, Akishima, Tokyo, Japan).

X-ray photoelectron spectroscopy (XPS) analysis was performed
using the Thermo K-Alpha instrument (Thermo Fisher Scientific). Prior
to measurements, the samples were placed onto the Cu grid substrate
and outgassed under vacuum and room temperature for 5 days. The pass
energy for the Cls line was 0.05 eV and 0.1 eV for the N1s and O1s lines.
For each sample, 10 spectra were collected for the Cls and O1s, and 20
spectra were collected for N1s narrow profile. Selected areas of these
samples were etched with the X-ray gun for 20 s and the spectra were
collected for verification of the consistency of the quantitative analysis.
The neutralising Ar-ion gun was used for the entirety of each measure-
ment. Spectral fittings for the latter were performed using the Avantage
software package. Peak fitting of the narrow region spectra was per-
formed using a Shirley type background, and the synthetic peaks were
calculated by the Powell method for a Gaussian-Lorentzian mixed sum.

The Raman data of the carbons were recorded at room temperature
using a Renishaw inVia Raman Microscope (Renishaw plc, Miskin,
Pontyclun, UK) with an excitation wavelength of 457, 514, and 633 nm.
The Raman mapping was recorded at room temperature using a
Renishaw Raman QONTOR with an excitation wavelength of 488 nm,
and 2400 mm ! grating. The exposure time was 0.100 s for 1 accumu-
lation. The spectral range was 743 cm™' to 2177 cm™'. This was a
StreamHR image measurement created by the StreamHR image acqui-
sition wizard.

The elemental analyser (Vario EL Cube, Germany) was used to
determine the amounts of carbon, nitrogen, and oxygen. Thermogravi-
metric analysis (TGA) was carried out using a 10 mg sample placed in an
alumina pan with a TA Instruments SDT Q600 at different heating rates
from the room.

2.5. CO; adsorption set-up

Quantachrome iSorb High-Pressure Gas Analyser (Germany) was
used for CO; adsorption and selectivity of CO, over N studies. All the
sorbents were degassed at 160 °C under vacuum for 2 h prior to the
adsorption study. CO3 adsorption performance of carbons was measured
volumetrically in an iSorb apparatus at four different temperatures (0,
25, 35 and 45 °C) and pressures from 0.1 to 10 bar. The degasification
temperature was internally controlled by covering the cell-containing
sample with a thermal jacket, while the adsorption temperature was
adjusted by a jacketed beaker connected to a circulating bath containing
water and ethylene glycol. For each experiment, about 200 mg of any
carbon sample was used for the adsorption studies. CO3 (99.9%) and N,
(oxygen-free) as gas sources were used throughout the experiments. Ny
adsorption experiments at 25 °C and different pressures were also
recorded through the same procedure for CO5. The laboratory-scale set-
up employed to conduct COz-adsorption experiments is illustrated in
Fig. S1.

3. Results and discussion

In our recent work, the oxidation of different CB precursor materials
in HNOj3 was investigated [24], and results agreed with previous reports
for materials including acetylene black, Monarch and Vulcan [27,28].
Extended oxidation times of these materials yielded oxidised forms of
carbon dots or GO nanoparticles, depending on the starting CB. Both, the
products, and the yield varied with the amount of amorphous carbon
and surface area of the precursor. For CBs, the greater the content of
amorphous carbon, the lower the surface area. Lower yields of graphene
nanomaterials are consequently obtained as greater fractions of the CB
particles contain more crosslinked disordered carbon and fewer gra-
phene fragments in the basic structural units (BSUs). For the low surface
area acetylene black, carbon dots form in small amounts, with most of
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the product being an oxidised CB precipitate. The oxidation of BP 2000,
with a very high surface area of 1700 m?/g, however, resulted in large
yields of GO NRs, as presented in Fig. 1.

The NRs were all roughly 30 nm in width, with the length varying
from a few tens of nanometres to several micrometres. The high surface
area, resulting from the deep micropores formed between stacks of the
graphene-type fragments forming the basic structural units (BSUs) of CB,
allowed for the enhanced accessibility of HNOj3 to these domains. The
accessibility to these domains favoured the oxidation reaction and
increased the yield of the product separated during the synthesis. The
obtained NR products further resemble the fragments forming the BSUs
of BP 2000 and the interconnecting carbon film binding the discrete CB
spheres forming the primary aggregate structure [24,29].

The optical image of an NR sample drop-casted on a glass microscope
slide was taken using the microscope stage in the Raman instrument
(Fig. 2). This image shows the large number of ribbons present, and with
lengths exceeding tens of microns in some particles, and with multiple
smaller fragments with more rectangular and square shapes. Some
larger fragments with random shapes are also seen. Raman maps for the
D and G bands of the selected region indicated in the optical image,
which includes the small NR fragment confirm the previous findings that
these ribbons have a heterogeneous structure along the basal plane.

Graphene has been proposed as the building block of various
graphitic carbon nanomaterials, including single and multiwalled car-
bon nanotubes, fullerenes, and graphite [30]. The stacking, folding or
rolling of appropriate graphene fragments could theoretically lead to all
the different carbon allotropes with C sp? hybridization. Recent
computational studies on graphene fragments support the folding of
graphene fragments into cubes using both ISWT defects and adatoms
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Fig. 2. Optical image of nanoribbons (centre) and highlighted region (dashed
red rectangle) used for generating the blown-out Raman maps for the D and G
bands. (A colour version of this figure can be viewed online.)

[23]. ISTW defects are comprised of heptagonal carbon rings connected
by a pentagonal ring [31]. The Stone-Thrower-Wales (STW) defects are
similar, but with two pentagonal rings connected by a heptagonal ring
[32]. Both STW and ISTW are known to provide curvature to graphene
fragments. Such defects have also been proposed to exist in carbon
blacks [33], and lines of alternating pentagonal and heptagonal C rings
have been directly visualized by aberration-corrected high-resolution
transmission electron microscopy (HR-TEM) on graphitizing micropo-
rous carbons [34]. Hence, existing lattice defects in the BSUs of the
starting CB would be transferred to the derived fragment. Besides the

Fig. 1. STEM and TEM images of nanoribbons used as precursors for the different reported porous carbon materials, including carbon nanocubes. Low magnification
STEM image and high-resolution TEM image inset (A) of nanoribbons made from the oxidation of more ordered BP 2000 shows a width of ~30 nm and length varying
from a few tens of nanometres to several micrometres. High magnification TEM and STEM images in (B) and (C) show the nanoribbon fragments with different
lengths and aggregated layers. In panel (B), carbon from the TEM grid is also observed. Aberration corrected high-resolution TEM images (D, E and F) of selected
regions of the NR samples. These confirm that NRs are formed of multi-stacked graphene fragments and with some monolayer regions (F). (A colour version of this

figure can be viewed online.)
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potential transfer of ISTW defects, additional oxygen, and nitrogen
groups in the basal planes of the NRs contribute to the additional
breaking of the C-C bonds and consequent formation of vacancies
resembling STW and ISTW defects. Added to the insertion of these
heteroatoms within the basal planes in ring structures, both defects
contribute to the breaking of the hexagonal arrangement of C atoms in
the graphene sublattice of these NRs. The O and N atoms sitting in po-
sitions above or below these graphene planes may further act as ada-
toms. Such groups may also contribute to the structural folding of NRs
into cubes, and similarly as C adatoms in graphene ribbon fragments
[23]. Because of the multilayer structure of the present GO nanoribbons,
and the presence of O and N groups that provide dipole and H-bonding
interactions, van der Waals forces maintain individual graphene layers
and fragments together during thermal treatments. It has also been
observed in STEM analysis, that fragments of NRs that are smaller than
100 nm tend to stack on the surfaces of the micron size NRs. The as-
sembly of these smaller fragments, in addition to existing CD particles,
and of larger GO fragments with the NRs having different lengths must
be considered. As a result of this complex assembly and folding of 2D
fragments, a multi-shell carbon cube structure forms. During the thermal
treatment, shrinkage and densification of the carbon walls should also
be considered. This shrinkage may take place along preferential di-
rections given the planarity of the starting building blocks.

During the thermal treatment, the NR individual sheets crosslinked
and micropores formed. The possible explanation for the porosity
development during crosslinking is the evolution of HpO during
condensation of hydroxyl groups and from the decomposition of
carbonyl/carboxyl edge and basal plane sites. This was previously
observed in our studies on the preparation of microporous carbon
spheres obtained from benzene polycarboxylic acid precursors [35,36].
Slow heating rates possibly allowed the NR building blocks to overcome
H-bonding interactions between adjacent NR domains, thus leading to
monodisperse CNCs. Under fast heating rate conditions, these adjacent
graphene fragments are laterally crosslinked prior to folding into cubes,
thus yielding carbons with bulk morphology. Micropores formed from
similar evolution of gases from condensation reactions and fragmenta-
tion of O and N functionalities.

STEM images of CNCs (Fig. 3) confirmed the cube morphology of the
obtained carbons from slow pyrolysis of NRs. These are uniform in size
throughout the analysed samples on the TEM grids and have

A
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approximate widths of 250 nm. The low magnification STEM image in
Fig. 3C shows individual and small agglomerates of the CNCs. The unit
particles forming the agglomerates are also CNCs of approximately the
same size. High magnification STEM of an agglomerate of CNCs in
Fig. 3D shows that it is still possible to discern the cube morphology of
the individual particles. The STEM image in Fig. 3E highlights that the
edges of the NCs are slightly rounded and that the additional fringes
confirm the presence of micropores, without any long-range atomic
periodicity. The calculated dyoz-spacing for the NR precursors was
>0.35 nm, which is characteristic of turbostratic carbons. Despite the
existence of large graphene domains along these NRs, many structural
defects and heteroatoms in the basal and edge sites, combined with
interparticle crosslinking, prevent the individual sheets from having the
Bernal stacking expected for graphite. The same is expected for the
crosslinking and assembly of the GO and CD fragments during this
process [33].

The resulting CNC and BPC materials were essentially amorphous
and no lattice fringes for two-dimensional periodicity were seen in the
Fast Fourier Transform (FFT) pattern in Fig. 3F. The Raman spectra of
these carbons, in Fig. S2, further confirmed the turbostratic nature of the
materials with the pronounced D and G bands that were both broad and
had comparable intensities, regardless of particle morphology. Inter-
estingly, the CNC powder was composed of micron-sized particles
without any discernible features, as seen in the FE-SEM image presented
in Fig. S2. Only after sonication, the cube-shaped nanoparticles could be
visualized in the STEM. The TEM images for BPC samples are shown in
Fig. S3.

The assembly of these NRs, GO fragments and CDs is further
demonstrated by the precipitation of nanospheres in a KOH solution.
The KOH co-precipitated with NR, GO and CDs. After carbonization, the
nanospheres formed linked agglomerates, rather than being mono-
disperse as verified by (S)TEM images in Fig. 4 and Fig. S3. Micropores
are also formed by evolved gases, with some minor contribution of KOH
activation [37].

The primary element lost during the pyrolysis was N, as evidenced by
the sharp decrease in the composition of this element in comparison
with NR and BPC samples. The N content was as low as 0.26 wt% and
0.28 wt% in the elemental and XPS analyses results, respectively (see
Table S1). Despite the low concentration of KOH in the solution used to
precipitate the NRs, the surface area values exceeded those for CNC and

Fig. 3. STEM images of CNCs shown in bright-field (A) and high-angle annular dark-field (HAADF) (B). C, D and E show the CNCs from low to high magnifications.
The selected area electron diffraction pattern of CNCs (F) indicates the amorphous feature of these CNCs. (A colour version of this figure can be viewed online.)
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Fig. 4. TEM image (A) and HAADF-STEM image (B) of KPC indicate that the nanospheres formed linked agglomerates rather than being monodisperse after
carbonization. The selected area electron diffraction pattern (inset in A) shows the amorphous nature of this porous carbon. XRD patterns for the synthesized porous

carbons (C). (A colour version of this figure can be viewed online.)

BPC materials. As for CNC and BPC particles, these KPC aggregates of
spherical particles also lack the long-range atomic periodicity of
graphitic carbons despite the two-dimensional stacking of carbon
planes. This is evidenced by the HRTEM in Fig. S3C.

The XRD patterns for all samples (CNC, BPC, and KPC) presented in
Fig. 4C also suggest the amorphous carbon structures. These patterns
have broad peaks that result from largely destructive interference of
diffracted X-rays and in the regions where the diffraction peaks for
graphite are expected. The first diffraction peak for graphite originates
from the 3D periodic stacking of the graphene planes with ABAB ...
stacking sequence. This corresponds to the (002) diffraction plane of
graphite at 20 ~ 26.5°. Stacking defects, increase in interplanar spacing,
and lack of periodicity result in peak shifts to smaller angles, peak
broadening and loss of intensity. Additionally, the lack of coherently
planar and abundance of curved graphene layers, in-plane defects
(broken bonds, missing atoms, heteroatoms), and the short range of
stacked domains induced by basal plane defects and crosslinking be-
tween stacked domains lead to the same effects for the subsequent (100)
and (110) diffraction peaks in the expected XRD pattern of graphite.
Hence, only two broad and low intensity peaks are seen for turbostratic
carbons. As in the case of turbostratic graphene-based materials, porous
carbons have large heteroatom contents, such as oxygen, and additional
crosslinking between short graphene domains that takes place during
the pyrolysis process, both of which leads to extensive structural dis-
order [33,38].

As seen in the starting NRs, the CNCs and BPCs also contained large
amounts of oxygen and nitrogen, which were found to be uniformly
distributed throughout the samples. The EDS mappings of a small CNC
agglomerate are presented in Fig. 5 and Fig. S4. Moreover, the XPS
spectra for the CNCs and bulk carbons are given in Fig. 6 and Fig. S5,
respectively. A summary of the elemental composition of these materials
from EDS and XPS is given in Table S1. Differences are expected, as the
former includes C and O from the grids used to support the samples for
STEM. Interestingly, the distribution of oxygen groups differs from the
surface to the bulk of the particles in these carbons. Compared to the
NRs, for which the initial oxygen concentration was ~50 wt% from the
EDS, that of the CNCs was considerably less, ~12 wt%. This corrobo-
rates with the proposed mechanism for the formation of micropores
from the elimination and/or decomposition of oxygen functional groups
during the thermal treatments. The bulk carbon particles obtained had
nearly 23 wt% oxygen, indicating that particle growth proceeded mostly
from the condensation and elimination of oxygenated groups along the
NR edges and outermost surfaces of the ribbons. The thermal decom-
position profiles were similar for these NRs at various heating rates
investigated during thermogravimetric analysis (TG), namely 3, 20, 40
and 60 °C/min. As seen in Fig. S5, the carbon yield is approximately
20-23 wt% at 800 °C under flowing Ar. Approximately 10 wt% weight
loss around 100 °C corresponds to physically adsorbed water in the
starting NRs. Additional weight loss in the ranges near 200 °C possibly
results from the condensation reactions during crosslinking. At higher
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Fig. 5. HAADF-STEM image of carbon nanocubes (A) and composite EDS map of C, N and O for the same imaged particles (B). Corresponding individual EDS maps
for C, N and O (C). The background EDS signal contributions from the TEM grid also appear in the image maps. (A colour version of this figure can be viewed online.)

temperatures, GO materials lose most of their oxygen content, and some
of the carbon to which oxygen was bonded to, during thermal
treatments.

X-ray photoelectron spectroscopy (XPS) was used to further inves-
tigate the functional groups present on the surface of the porous carbons,
see Fig. 6 and Fig. S6. The commonly used adventitious carbon C-C/C-H
peak of 284.5 eV (sometimes 284.8 eV) [39,40], was not used for charge
reference. This correction has been the subject of recent debate given
that the contributions to spectral shifting go beyond that of electrostatic
charging. Hence, such correction may be unreliable for full spectral
correction, and more complex correction requires the inclusion of the
work function of the material [41].

The carbon spectrum for all species was asymmetric which is char-
acteristic for materials with dominant C-C (sp®/sp?) components. CNC
contained oxygenated carbon species, which were predominantly
carbonyl functional groups; however, carboxylic groups may also be
present in BPC. As corroborated by elemental analysis, nitrogen was
present in small quantities in CNC. In the carbon 1s spectrum, the signal
corresponding to the C-N bond overlapped with the C-OH and C-O-C
signals, meaning that it was not possible to obtain a specific peak
location corresponding to C-N. However, in the N 1s spectrum, despite
the small quantity of nitrogen present giving slightly noisy spectra, it
was possible to pick out the main peaks and assign them accurately
following literature precedent. CNC contained more pyrrole/pyridone
nitrogen than pyridine-type nitrogen. The oxygen spectra are dominated
by the carboxylic peak. A summary of the XPS synthetic peaks is given in
Tables S2-54 in SI.

The adsorption properties were calculated from N3 at 77 K and CO»
at 273 K. The adsorption isotherms and the corresponding pore size
distributions (PSDs) are presented in Fig. 7, and the calculated results
are summarized in Table S4. The Ny isotherms for the CNC and BPC
materials were type I, which is characteristic of microporous carbons.
The isotherms for BP 2000 and KPC are presented as the inset in Fig. 7A.

The adsorption isotherm for the BP 2000 was a combination of types I
and II, with high gas uptake at low relative pressure, and an infinite
multilayer formation at high relative pressures. These indicate that the
pristine CB has internal primary particle micropores, and macropores
formed between particle aggregates, respectively. The hysteresis loop is
H3, also expected to be macroporous materials. The KPC sample has a
type IV isotherm, characteristic of mesoporous materials. These meso-
pores form between particles that aggregate and have constrictions. The
latter is verified by the H2 hysteresis loop in the isotherm. The pore
constrictions are further evidenced by the additional step on the hys-
teresis loop before closing at the relative pressure of ~0.4. The
condensation step occurs at relative pressures above 0.8 because of the
interparticle mesopores [26]. This agrees with the calculated mesopore
widths between 8 and 10 nm. Most pores, however, are the pore con-
strictions smaller than 4 nm and internal particle micropores (<2 nm).
These are evidenced by the calculated PSD, which is comparable to that
of the starting BP 2000 (Fig. 7B). The latter, however, has very large
mesopores and small macropores (not shown). The PSDs for CNCs and
BPC have few micropores with widths between 1 and 2 nm.

To assess smaller micropores, low pressure CO; adsorption isotherms
were measured at 273 K (Fig. 7C) and were used to calculate the PSDs for
pores with widths up to 1.5 nm. The results do show that while some
micropores are about 0.8 nm in width, the distribution curves for most
pores are centred around 0.6 nm. These small micropores are further
classified as ultramicropores. KPC has a broader distribution near 0.5
nm, and it has a higher volume of pores larger than 0.8 nm. The
calculated PSD for KPC indicates a larger fraction of pores is in the
ultramicropore range. Whereas those for BP 2000 are in the super-
micropore range (see inset in Fig. 7D). Compared to CNC and BPC, the
KPC material has a higher fraction of supermicropores than the former
two. Moreover, good agreement is found between the PSD curves
calculated from the CO; isotherms by the NLDFT with those computed
using the Monte Carlo method (see Fig. S7).
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Counts/s for clarity. (A colour version of this figure can be viewed online.)

Porous carbon materials with controlled adsorption properties are of
interest for renewable energy applications [42,43], particularly gas
capture [1,2,44,45]. For CO, separation from post-combustion effluents
at ambient pressures, the adsorption capacity and the selectivity over
other gases, mostly No, are important parameters [46]. The CO; iso-
therms at 298 K for all the porous carbons synthesized is presented in
Fig. 8.

Below ambient pressure, the CO, adsorption capacity for CNCs
exceeded that of the BPC and KPC materials, reaching 3.7 mmol/g at 1
bar of pressure. The small differences between CNC and BPC may
originate from the higher specific surface area of the former as compared
to the latter (>100 mz/g). The higher CO; uptake below 1 bar for CNC
and BPC compared to KPC may result from the higher ratio of ultra-
micropores to supermicropores found in CNCs and BCPs [47,48]. At 10
bar, KPC adsorption far exceeded that of the other two carbons, reaching
12 mmol/g versus the 6.4 mmol/g for CNCs. The higher total amount of
CO uptake for KPC resulted from the higher total micropore volume and
the additional mesopores found in this material [49,50].

We note that all materials have very low Ny uptake under the same
conditions as applied for CO, uptake. For CNCs, the CO5 uptake is nearly
23 times that for N, whereas for BPC, this drops to 13 times, both at 1

bar. The selectivity for the adsorption of a binary mixture of these gases
can be predicted from the single component isotherms by the Ideal
Adsorbed Solution Theory (IAST). This theory assumes similar in-
teractions between different gas molecules in a mixture, here Ny and
CO,, with the sorbent surfaces [51]. Recent studies indicate that for
carbon materials with a high volume fraction of ultramicropores, the
N-doping did not influence the CO, uptake as compared to undoped
carbons [47]. Hence, IAST is applicable to predicting the adsorption of
binary CO2/Ny mixtures for a series of samples having similar surface
chemical composition and porosity. The selectivity (Sqgs) is estimated
according to Eq. 1, where g; and p; are the molar uptake and the partial
pressure of the species i, respectively, and the ratio 217; yields a value that

is analogous to the equilibrium constant obtained from Raoult’s law for
the solubility of gases in liquids.

q1
(2)
Sads =
92
()

In the case of KPC, for a total pressure of 1 bar and an expected 0.15 bar
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colour version of this figure can be viewed online.)
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CO9: 0.85 bar N» in a post-combustion gas mixture, the experimental
uptake for CO3 at 0.15 bar is 0.9 mmol/g and for N at 0.85 bar is ~0.41
mmol/g. The predicted selectivity for KPC (~0.9 mmol/g CO5 and
~0.41 mmol/g N3) dropped to ~13. Previous studies on microporous-
mesoporous carbons pointed to the importance of ultramicropores and
N-doping for high CO, uptake and selectivity [47-50,52,53]. In the
present study, the relevance of N-doping for CO; is clear, as CNC has the
highest N content, and yet the comparable volume of ultramicropores to
both BPC and KPC materials. Similar conclusions on the importance of
pore size and micropore volume for the selective adsorption of CO3 have
also been verified for N-rich materials, such as boron nitride [54]. In
general, the CO uptake and selectivity for KPC and CNC were in range
with those for microporous carbons having spherical morphology and
obtained by a modified CVD method [35]. Comparison to additional
selected reported materials is provided in Table 1. Data on biomass
derived carbons can be found in comprehensive reviews elsewhere [44,
45,52].

Although adsorption capacity is comparable to most published for
different activated carbons, the present CNCs offer many advantages.
First, the abundance and low cost of the starting NR precursor, namely
BP2000. Second, the simplicity of the method allows for the scalability
of the NRs for subsequent uses. For instance, this process eliminates the
need for activation, and it leads to a metal-free single neutralization
stream from the starting NR preparation. Furthermore, in this new
method, a single thermal treatment is required for preparing highly
microporous CNCs. Third, the fact that these CNC particles are largely
monodisperse or found in small aggregates. The bulk of the surface area
results from the internal particle porosity. The result is particles having a
high surface-to-volume ratio, which favours gas accessibility to the
storage sites. In this respect, cubic shaped nanoparticles have a greater
surface-to-volume ratio than spheres of comparable dimensions. More-
over, cubic structures lead to better charge transfer between particles
than spherical ones. This has been found for semiconducting quantum
dots, where the flat faces of two dots lay flat against each other, thus
creating a stronger coupling between the quantum dots [65]. Another
important aspect of cubic structures with rounded edges, as in the pre-
sent CNCs, is that they have been found to self-assemble into a larger
variety of superstructures as compared to cubes with sharp edges and
spheres. In a study simulating superstructures of different inorganic
nanoparticles, those particles having rounded cube edges could
assemble into numerous icosahedral superstructures [66]. Such studies
indicate a higher degree of anisotropy in superstructures and agglom-
erates as compared to sharp-edge cubes, and to spherical particles [66].
As most often reported to monodisperse spherical carbon particles, these
structural properties of CNCs are particularly interesting for assembling
composites with films, membranes, and monoliths, or as for uses in
separations [6], catalysis [4,67], and energy storage and conversion
devices [6,68].

4. Conclusion

We have presented a novel, facile and inexpensive production route
to porous CNCs with a high abundance of micropores without needing
template or alkali-metal activators. We also showed the pathways in
which nanoribbons are architected to yield in a series of porous carbons
with different morphology, chemical composition, textural properties,
and CO; capture performance. Some parameters (e.g., heating rate and
alkali-metal templating) were investigated to understand their possible
effect on the properties of the resulting. The results demonstrated that
CNCs only form in the case of slow pyrolysis of nanoribbons while the
fast pyrolysis leads to microporous carbons having undefined bulk
morphology and with slightly lower surface area and pore volumes than
CNCs. Moreover, CNCs can uptake 3.7 mmol/g CO5 at atmospheric
pressure and 25 °C while the efficiency decreases slightly in the case of
BPCs. Interestingly, pyrolysis of NRs precipitated with KOH yielded
carbons with interconnected quasi-spherical nanoparticles. Each
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Table 1
Comparison of recently reported porous carbon materials for CO, capture at 1
bar and 25 °C.

Sorbent type Precursors Activation CO, Ref.
agent Uptake
(mmol.
g
Carbon Sphere Pyromellitic acid None 2.90 [35]
Holey graphene Graphene oxide HNO;3 2.11 [55]
frameworks
HPCs Polyphosphazene K>CO3, 4.28 [56]
microspheres KOH, and
NaOH
N-doped porous Waste Wool KOH 291 [57]
carbon
N-doped porous Algae KOH 2.76 [58]
carbon
Porous carbons Lotus stalk KOH 3.68 [59]
N-doped porous Corn stalk KOH 3.97 [60]
carbon from
hydrothermal
carbonization
Heteroatom-doped Sulphur-containing K2Cy04 3.82 [61]
porous carbon waste liquid (SCWL)
N-doped porous Water lettuce KOH 3.48 [62]
carbon
Oxygen Grape marc KOH 3.9 [63]
functionalized
porous activated
biocarbon
Hierarchically Glucosamine CH3COOK, 2.75-3.35 [64]
porous carbons hydrochloride KHCO3,
K2CO3,
KC204
CNC None 3.7 This
work

individual KPC nanoparticle was ~30 nm in size with internal particle
micropores and textural mesopores, both making KPCs suitable for high-
pressure CO5 capture. The different nanostructures obtained by different
processing methods indicate that CD particle assembly and folding of 2D
structures, namely NRs and GO, play a role in the formation of precip-
itated KPCs, and of CNCs. More comprehensive mechanistic studies on
the conversion of NRs into CNCs and KPCs, as well as their potential use
for energy separations, catalysis and energy storage and conversion, are
ongoing.
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