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Ultramicroporous carbon materials play a critical role in CO, capture and separation, however facile
approaches to design ultramicroporous carbon with controllable amount, ratio and size of pores are still
challenging. Herein, a novel strategy to design carbon nanospheres with abundant, uniform, and tunable
ultramicroporosity was developed based on an in-situ ionic activation methodology. The adjustable ion-
exchange capacity derived from oxidative functionalization was found capable of substantially governing
the ionic activation and precisely regulating the ultramicroporosity in the resultant product. An ultrahigh
ultramicropore content of 95.5% was achieved for the optimally-designed carbon nanospheres, which
demonstrated excellent CO, capture performances with extremely high capacities of 1.58 mmol g~ ! at
typical flue gas conditions and 4.30 mmolg~! at 25°C and ambient pressure. Beyond that, the CO,
adsorption mechanism in ultramicropore was also investigated through molecular dynamics simulation
to guide the pore size optimization. This work provides a novel and facile guideline to engineer carbon
materials with abundant and tunable ultramicroporosity towards superior CO, capture performance,
which also delivers great potential in extensive applications such as water purification, catalysis, and
energy storage.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction for improved or alternative methods to capture released CO, has

been stimulating tremendous research enthusiasm in academia

The contribution of increasing concentration of atmospheric
carbon dioxide (CO;) to climate change has caused significant
public concerns over the last few decades [1,2]. According to the
recent report “Global Carbon Budget”, the global CO, emission
reached a record high of 40.6 billion tonnes in 2016 [3]. Despite
critical warnings about the necessity to restrain greenhouse gases,
a 2.0% increase in CO, discharge is estimated over 2017. The search
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and industry [4—6]. In recent years, various technologies have been
developed for CO; capture such as adsorption by porous solids [7],
absorption by amine-based materials [8] and membrane separation
[9]. Among them, adsorption using porous carbon is deemed as one
of the most promising technologies employed in a wide range of
operating conditions, due to its good chemical resistance to both
alkaline and acidic media, excellent thermal stability, and easily fast
regeneration [10,11]. The CO, adsorption capacity at ambient
pressure recently has been recognized to be mainly determined by
the volume of ultramicropores (diameter < 0.7 nm) instead of the
specific surface area and total pore volume [12—14]. The CO,
adsorption is subject to the ultramicropores smaller than a certain
pore width at different temperatures and pressures. Ultra-
microporous carbon exhibits exquisite pore structure, which is able
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to trap the CO, molecules efficiently with a high adsorption capa-
bility [15]. Therefore, rational design and regulation of ultra-
microporosity in carbon materials is of crucial importance for high-
efficiency CO, capture.

During the past few decades, various synthetic strategies have
been developed for porous carbon materials, including physical
activation [16,17], chemical activation [18—20], and template
methods [21,22]. However, these conventional strategies usually
deliver poor control over the ultramicroporous structure as well as
an unsatisfactory ultramicropore content in the products. For
instance, the most widely-used chemical activation is employing
alkalis (e.g. KOH or K»COs3) as activation agents via simply physical
mixing [23—25]. However, the large amount of alkalis in these
inhomogeneous mixtures are prone to damaging the structure and
morphology of the product carbon materials, leading to non-
uniform dispersion and low fractions of ultramicropores. More-
over, the large use of strong alkalis triggers a corrosive, costly, and
risky synthetic process, which is adverse to large-scale and sus-
tainable fabrication. As such, the development of facile and green
strategies to construct as well as finely tuning the ultramicroporous
features in carbon materials is still challenging but of great signif-
icance for efficient CO, capture.

Herein, we developed a new strategy based on the ionic acti-
vation to facilely and precisely tune the ultramicroporosity of car-
bon materials. The synthetic process involves sequentially the
hydrothermal treatment, oxidative calcination, ion exchange, and
pyrolytic etching process. The obtained carbon nanospheres were
endowed with an ultrahigh content of ultramicropores and uniform
pore distribution, which were employed as the effective adsorbent
for CO, capture. This synthetic design delivers several apparent
advantages: 1) a low-concentration KOH solution was employed for
the ion exchange with carboxyl to form the in-situ immobilized
potassium ions, which serve as the activating agents in the final
pyrolytic etching process. This not only favors the efficient and
homogeneous ultramicropore formation, but also circumvents the
use of corrosive alkali activating agents for the improved eco-
benignity; 2) more importantly, the ultramicroporosity in the
product carbon nanospheres can be facilely and finely tuned by
adjusting the ion-exchange capacity in the oxidative treatment
process; 3) the well optimized synthesis enables a high ion-
exchange capacity of 3.92 mmol g~!, which contributes to a high
yield of ultramicropores up to 95.5% in the final product. The as-
developed carbon nanospheres show the excellent CO, capture
performance with an ultrahigh capacity of 1.58 mmolg™! at the
typical flue gas condition and 4.30 mmol g~ ! at 25 °C and ambient
pressure. To the best of our knowledge, these values are higher than
most of the reported carbon materials, including numerous N-
doped carbons. The adsorption mechanism and optimal pore width
for CO, adsorption are also investigated by theoretical calculations
based on the grand canonical Monte Carlo (GCMC) simulations,
which predict the thermodynamic equilibrium properties of the
COy-carbon pore system. This strategy offers a novel and facile
guideline from adjusting ion-exchange capacity to tuning ultra-
microporosity for carbon materials, holding great potential to meet
the extensive structural demands in gas adsorption and separation,
as well as other related areas.

2. Experimental

2.1. Material preparation

2.1.1. Preparation of the carbonaceous precursors with high ion-
exchange capacity

All chemicals were of analytical grade and purchased from
Sigma-Aldrich without any further purification. In a typical

preparation process, a 70 mL aqueous solution of 0.6 M glucose
was sealed into a 100 ml Teflon-lined stainless-steel autoclave and
hydrothermally reacted at 190 °C for 24 h. The brown precipitate
was washed and filtrated with deionized water and ethanol
several times, and the obtained powders were dried at 80°C
overnight and identified as HC. Then, the brown solids (HC) were
calcined in air in a range of temperatures from 200 °C to 350 °C for
5 h. The heat-treated solids were denoted as HCx, where x desig-
nated the heating temperature in °C. For comparison, a sample
denoted as G300 was prepared directly via the calcination of
glucose at 300 °C.

2.1.2. Preparation of ultramicroporous carbon nanospheres

Typically, the carbonaceous precursors (HC, HCx, and G300)
were added into the aqueous KOH solution with a 1:1 mass ratio of
KOH to precursors. After stirring at 80 °C for 6 h, the mixture was
filtered and the solid materials were separated and thoroughly
washed with deionized water until a neutral pH was achieved. The
ion-exchanged samples were dried in a vacuum oven at 80 °C for
8h and denoted as IE-HCx. Then the powder was carbonized at
800 °C for 1.5 h with a heating rate of 3°C min~' in argon. Finally,
the resulting samples were immersed in excess amounts of dilute
HCl solution under stirring, and then washed with deionized water
until neutral pH. The resulting chemically activated porous carbons
were denoted as CA-G300, CA-HC and CA-HCx.

2.2. Material characterization

Microscopic morphology, energy dispersive spectroscopy (EDS)
of carbons were collected by a scanning electron microscope (SEM;
FEI Quanta FEG 250 ESEM) and transmission electron microscope
(TEM/STEM; JEOL, JEM-2010F, 200 kV) equipped with a large solid
angle for high X-ray throughput, scanning, scanning-transmission
and a Gatan imaging filter for energy filtered imaging. The chemi-
cal compositions were determined by using an elemental analyzer
(EA, ElementarVario EI IlI, Elementar), Fourier transform infrared
spectroscopy (FT-IR, Nicolet 6700) and X-ray photoelectron spec-
troscopy (XPS, PHI 5000 VersaProbe, ULVAC-PHI). Raman spectra
were collected by a LabRAM HR800 from JY Horiba. X-ray diffrac-
tion (XRD) was performed on the X-ray diffractometer (MiniFlex
600, Rigaku). The potassium content was tested by the inductively
coupled plasma - optical emission spectrometer (ICP-OES). Ther-
mogravimetric analysis (TGA) was carried out on a thermogravi-
metric analyzer (NETZSCH STA 409 thermobalance) with a heating
rate of 5°C min~! in air. The content of carboxyl group on carbons
was examined by Boehm titrations [26]. N, adsorption-desorption
isotherms were measured at liquid nitrogen temperature (—196 °C)
and CO, adsorption was performed at 0 °C by using a surface area
and porosity analyzer (ASAP 2020M, Micromeritics). Prior to
sorption measurements, the carbon samples were degassed at
300°C for 4 h. The BET equation was used to calculate the total
specific surface area from N adsorption data obtained in the
relative pressure range of 0.05—0.25. Total pore volume was ob-
tained at a relative pressure of 0.998. Micropore surface area and
micropore volume were calculated by the t-plot method. CO;
adsorption data obtained at 0°C was employed to calculate ultra-
micropore volume and mean pore size. For advanced porosity
analysis, pore size distributions were determined via the quenched
solid state density functional theory (QSDFT) method, with sorp-
tion of nitrogen at —196 °C and slit-like pores acting as the model
adsorbent and pore model, as well as the non-local density func-
tional theory (NLDFT) method with CO; at 0 °C and slit-like pores as
the pore model. It should be noted that microscopic methods based
on statistical mechanics, such as NLDFT and QSDFT, allow
describing the configuration of the adsorbed phase on a molecular
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level and are currently acknowledged as the most accurate
methods [27—30].

2.3. COy capture measurements

The CO; adsorption measurements were performed on a
Micromeritics ASAP 2010 static volumetric analyzer at 0°C and
25 °C. Prior to the measurement, the carbon samples were degassed
at 300 °C in vacuum for 4 h. The adsorption capacity was investi-
gated by exposing the quantitative amount of CO, with a concen-
tration of 99.99% and calculated in terms of adsorbed amount per
gram of sample in the pressure range of 0.001 bar—1 bar.

2.4. Model and computational methods

Grand canonical Monte Carlo (GCMC) simulations were carried
for the adsorption of CO; at 25 °C and 1 bar in graphite slit pores. In
this work, the porous carbon-based material was represented by a
three-layer graphite slab [31]. CO, was represented as a three-site
rigid molecule by the TraPPE model [32], and its intrinsic quadru-
pole moment was described by a partial-charge model. The C=0
bond length was 1.16 A, and the bond angle O=C=0 was 180°. The
intermolecular interactions of CO, and CO, were modeled by
Lennard-Jones (L]J) potentials. The standard Lorentz-Berthelot
mixing rules were used to calculate the cross 1] interaction pa-
rameters and the potential energies. The framework of graphite
was treated as rigid since the geometries of the framework were
not significantly influenced by CO, adsorption. The potential pa-
rameters for force field calculations are shown in Table 1.

In the GCMC simulations, the number of trial moves was
4 % 104, in which the first 15000 moves were used for equilibration
and the second 25000 moves for production. The Lj interactions
were evaluated using a spherical cutoff of 12 A with the long-range
corrections added. Five types of trail moves were attempted for CO,
molecules: randomly attempted, rotation, partial regrowth
(neighbouring positions), complete regrowth (new positions) and a
swap between reservoirs (including creation and deletion). The
GCMC simulations were performed in RASPA package [33].

3. Results and discussion
3.1. Formation of ultramicroporous carbon nanospheres

Fig. 1 illustrates the synthetic route of the ultramicroporous
carbon nanospheres. The initial stage of the preparation is marked
by the hydrothermal carbonization of aqueous glucose solution,
during which oxygen-containing functional groups, including a
small quantity of carboxyl groups, are created on the surface of
carbon nanospheres as the initial active sites for further oxidation.
Following this, a simple heat treatment at a low temperature in air
is performed to transform the active sites located on the surface of
the hydrochars into carboxyl group, which acts as the abundant
active binding sites for ion exchange. At this stage, the number of
carboxyl groups increases significantly to deliver a high ion-
exchange capacity. Subsequently, an ion exchange reaction is

Table 1
Potential parameters for force field calculations.

Species Lennard-Jones potentials Bond length  Bending angle
Site o (A) ks (K) q(e)

Co, C 280 270 070  rco=116A 6,0c0=180°
(6] 3.05 79.0 -0.35

C (graphite) C 340 28.0 0

conducted between carbon nanospheres rich in carboxylic acid
groups and KOH solution, after which plentiful and uniformly
dispersed carboxylates (—COOK) are generated on the outer layer of
carbon particles. After ionic activation, the uniform ultramicropores
are produced. The in-situ intercalation of potassium ions in a ho-
mogeneous distribution promotes efficient and uniform activation
effect. This synthesis route does not demand the input of additional
activating agents and chemicals.

3.2. Structural and chemical properties of carbonaceous materials
with high ion-exchange capacity

The microscopic morphology and structure of the carbonaceous
precursors were imaged by SEM and TEM. To show the advantage of
the combined hydrothermal and oxidative treatment method,
glucose is directly calcined at 300°C (G300) for comparison. In
Fig. 2a, G300 exhibits a plate-like structure with smooth carbon
sheets stacked together, as indicated by SEM images in Fig. S1a.
Fig. 2b shows a representative TEM image of hydrochars (HC) ob-
tained via hydrothermal treatment of glucose that possesses reg-
ular carbon nanospheres with a uniform diameter of 400 nm. As
shown in Fig. S1b, HC exhibits compact spherical morphology with
a uniform dispersion, and no apparent cracks and pores are found
in the smooth surface. The completely different morphology be-
tween G300 and HC indicates that the hydrothermal treatment
promotes the formation of carbonaceous particles with regular
spherical morphologies. As shown in Fig. 2c and Fig. S1c, there are
not apparent changes in the morphology after HC experiences
calcination treatment in air at 300 °C, and the spherical geometry is
still retained. The adhesion between particles slightly increases,
leading to an improved particle-particle contact, due to the for-
mation of surface oxygen-containing functional groups in the heat
treatment.

EA is conducted to investigate the chemical composition of the
carbonaceous materials, as summarized in Table S1. Both of G300
and HC show a low oxygen content, with the low O/C atomic ratio of
0.37 and 0.33, respectively. The samples experiencing the com-
bined hydrothermal and oxidative heat treatment (HCx) display a
significant increase in oxygen content while a steady reduction in
hydrogen content with increasing heat-treatment temperature.
Therefore, more oxygen-containing functional groups are formed
during the oxidative heat treatment, and the amount of oxygen-
containing functional groups increases as the heating tempera-
ture rises. To further investigate the chemical characteristics of the
carbonaceous materials, FT-IR analysis is performed (Fig. 2d). All
samples are rich in oxygen-containing functional groups such as
carbonyl, hydroxyls, carboxyl, and esters. The characteristic ab-
sorption bands for all the samples correspond to —OH bending and
C—OH stretching vibrations at 1040 cm~!, carboxyl anhydride
groups stretching vibrations near 1260 cm™!, and C=C stretching
vibrations in aromatic groups at 1600 cm~ .. A broad absorption
band located between 3000 and 3700 cm™}, which is attributed to
O—H stretching vibrations of hydroxyl or carboxyl groups, also
demonstrates the presence of residual hydroxyl groups which
make up the hydrophilic surface [34]. Of particular note is the
increased intensity of the adsorption bands around 1710 cm™!
corresponds to C=0 vibration in carboxyl group, which comes from
the hydrothermal carbonization of glucose and oxidizing func-
tionalization [35—37]. These results provide direct evidence that
more carboxyl groups are generated onto the surface of carbona-
ceous precursor in the combined method of hydrothermal and
oxidative heat treatment. The significant increase in the content of
carboxyl group from HC to HCx demonstrates that more active sites
located on hydrochars are transformed into carboxyl groups via
calcination in air. Especially the transformation is remarkably
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Fig. 1. Schematic diagram of the synthesis of ultramicroporous carbon nanospheres. (A colour version of this figure can be viewed online.)

enhanced with the increase in heat-treatment temperature,
resulting in plentiful —COOH groups present in HC300.

XPS analysis is also performed to further determine the chem-
ical composition of carbonaceous precursors. As displayed in
Fig. 2e, four individual fitted signals in the C 1s spectrum are
observed in each sample: aromatic/aliphatic carbon groups (C—C/
C=C, CHy, 284.8 eV, Peak I), hydroxyl groups (—C-OR, 285.9 eV, Peak
I), carbonyl groups (>C=0, 287.0eV, Peak IIlI), and carboxylic
groups, lactones, or esters (—COOR, 288.9 eV, Peak IV) [38—40].
These results confirm abundant oxygen groups present in the shells
of the carbonaceous materials. In comparison with the corre-
sponding peaks of HC, the Peak IV intensity of HC300 is noticeably
increased. Peak-fitting data for the C 1s peak areas of as-prepared
samples is summarized in Table S2. The percentage of Peak IV
attributed to —COOR in HC300 is much larger than that of HC
(10.53% vs. 4.80%). These results show that more oxygen-containing
functional groups and, more importantly, a larger number of car-
boxylic acid groups form on the outer layer during the heat-
treatment process. Although there are carboxyl groups found on
G300 after direct calcination at 300 °C, its amount is far lower than
that of HC300. From this result, it can be inferred that the large
increase of carboxyl group on HC300 is not due to incomplete
carbonization of glucose. These findings from XPS analysis and FT-
IR spectra are also in good agreement with the EA results. The
content of carboxyl groups on carbonaceous precursors are further
examined by Boehm titrations [26], indicative for ion-exchange
capacity. As shown in Fig. 2f, the ion-exchange capacity increases
with increasing calcination temperature. HC300 exhibits an
extremely high ion-exchange capacity (3.92 mmolg~!), almost 18
and 6 times higher than G300 and HC, respectively. This result
provides direct quantitative evidence for abundant carboxyl groups
on carbonaceous materials, which also validates the crucial role of
oxidative heat treatment in improving the amount of carboxyl
group.

The porosity of carbonaceous precursors was investigated by Na
adsorption/desorption. In Fig. S2, HC showed a very low surface

area of only 9.6 m? g~ ! and pore volume of 0.018 cm? g~ L. After heat
treatment, HC300 also exhibited the poor porosity with a low
surface area of 6.7m?g ! and pore volume of 0.017cm>g .
Therefore, the carbonaceous materials before the ion exchange
possess the extremely low porosity, which further indicates the
great capability of the ionic activation methodology in constructing
highly porous structure.

This facile synthesis strategy not only paves a new way to
employ carbon with abundant carboxyl group, but also makes it
feasible to tune the content and the size of ultramicropores by
controlling the heating temperature, hence providing great po-
tential to design porous carbonaceous materials toward optimal
performance. During the oxidative heat treatment, the enriched
carboxyl group comes from the oxidation of glucose dehydration
products, which are obtained from the hydrothermal process. The
C=C band of non-aromatic groups in hydrochar lost electrons to
form free radicals when heated, which then react with oxygen to
generate positive ion radicals containing two oxygen atoms. Next, a
free radical chain reaction is triggered between the positive ion
radicals and non-aromatic groups with C=C band, meanwhile
producing new free radicals to repeat this process. Subsequently,
the four-membered ring units with two oxygen atoms are created
through the cyclization reaction of free radical products, and
rapidly decompose into aldehyde or ketone [35,41]. Ultimately,
abundant carboxyl groups are formed via oxidation of aldehyde
with the participation of water and oxygen in the air during the
heat-treatment procedure. Moreover, the increased heat treatment
temperature triggers a violent free radical reaction, producing a
larger amount of aldehyde or ketone, which facilitates the carboxyl
enrichment on the carbon.

Even though the content of carboxyl groups is increased with
the rising heat-treatment temperature, the yield productivity and
weight loss of heated carbonaceous materials also need to be
considered. The weight loss ratios of HC after heat treatment at
varying temperatures are summarized in Fig. S1d. The weight loss
ratio reaches almost two-thirds of the original HC weight when the
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Fig. 2. TEM images of: (a) G300, (b) HC and (c) HC300. (d) FT-IR spectra for carbonaceous precursors (the grey-shaded region highlights the —COOH peak). (e) XPS C1s spectra of
G300, HC and HC300. (f) Ion-exchange capacity in carbonaceous precursors determined by Boehm titrations. (g) XPS O1s spectrum of IE-HC300. (h) TGA in air of IE-HC300. (i) SEM
images of IE-HC300. (j) STEM and elemental mapping images of IE-HC300. (A colour version of this figure can be viewed online.)

temperature increases to 350 °C though the carboxyl group content
increases slightly to 4.02 mmol g~!, while the weight loss ratio is
only 37.4% when heated at 300 °C. Higher weight loss occurs with
the increase of calcination temperature, presumably because
several incompletely polymerized monomers/oligomers or small
molecules on the HC frameworks experienced decomposition and
volatilization [35]. Considering the above mentioned two factors, as
well as physical/chemical stability, the heat-treatment temperature
of 300 °C is the optimal for the oxidizing functionalization of HC.

3.3. Physical and chemical properties of ultramicroporous carbon
nanospheres by ionic activation

During the ion exchange process, —COOK acting as the ionic
activation agent is formed by the reaction of K* ions and car-
boxylic acid groups, which leads to the in-situ immobilized K™
ions onto the surface of the carbonaceous materials in a

homogenous distribution. Compared to the conventional chemical
activation via simply physical mixing with activating agents,
herein the uniform dispersion of K* ions contributes to a homo-
geneous and efficient ionic activation in the pyrolytic etching
process. Besides, a very few K' ions may be incorporated with
carbonaceous materials due to the weak electrostatic effect.
However, the ion exchange effect is dominant compared to the
weak electrostatic interaction.

XPS O 1s analysis of ion-exchanged HC300 (IE-HC300) is per-
formed. Three main peaks can be identified in Fig. 2g. The peaks
appearing at 531.8 eV and 532.8 eV are assigned to carbonyl groups
and carboxyl groups, respectively [42]. An apparent strong peak
around 530.5 eV is assigned to the K—O bond. The content of po-
tassium intercalated into IE-HC300 is 16.0 wt% corresponding to
410 mmol g~ (Table S1) as determined by ICP-OES and TGA in air
(Fig. 2h), which is very close to the content of carboxyl in HC300
(3.92mmol g™ !). This also confirms the high efficiency of ion
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exchange process and some level of electrostatic effect. After ion
exchange, the hydrogen content in [E-HC300 reduces considerably
compared to HC300, demonstrating that H™ in carboxyl group is
exchanged with K. The ion exchange process does not change the
morphology of carbonaceous materials, as revealed by a repre-
sentative SEM image (Fig. 2i) and high-angle annular dark field
(HAADF) STEM image (Fig. 2j) of IE-HC300, which still retains
spherical morphology with smooth surface and uniform size. The
corresponding EDS mapping (Fig. 2j and Fig. S1e) confirms the
presence of elements C, O and K. The homogeneous distribution of
K indicates that the successful intercalation of K* ions via ion ex-
change, while the uniform dispersion of O confirms presence of
plentiful oxygen-containing functional groups. These qualitative
and quantitative analysis (high exchanged K content: 16.0 wt%)
corroborates the high ion-exchange capacity of HC300.

In ionic activation, —COOK experiences initial thermal decom-
position in the temperature range of 200—400 °C with the forma-
tion of K,COs. From 400°C to 600°C, potassium carbonate is
continuously transformed into KO which severely etches the car-
bon framework into CO and K to generate ultramicroporosity above
800 °C. Meanwhile, potassium vapor may permeate between car-
bon layers, causing swelling and disintegration of the carbon
micro-structure, which consequently produces even more ultra-
microporosity, as shown in Fig. S3a [13]. The structural evolution
and pore texture of the final activated ultramicroporous carbons
after high-temperature activation are displayed in Fig. 3. CA-G300
exhibits a highly aggregated and wrinkled laminar structure
stacked by two-dimensional carbon sheets (Fig. 3a,d). However,
CA-HC and CA-HC300 still maintain the regular spherical
morphology (Fig. 3b,c,e,f). The ionic activation process exhibits the
advantage of well maintaining the structure integrity. For CA-
HC300, the slight agglomeration and adhesion between carbon
nanospheres remains present (Fig. 3c,f). The enhanced oxidative
functionalization and oxygen-containing functional groups on the
surface derived from the heat-treatment process can boost the
interaction force between particles and tend to bind carbon nano-
spheres together, facilitating secondary self-assembly processes

during the ionic activation which is beneficial for the formation of
interconnected pore structures. When observed by TEM
(Fig. 3g,h,i), the as-synthesized carbons possess highly connected
and plentiful worm-like micropores without obvious mesopore or
macropore signs. These uniform micropores result from the acti-
vation of highly dispersed potassium ions.

XPS is performed to investigate the chemical characteristics of
ultramicroporous carbon. In Fig. 4a, four individual peaks are
observable in the C 1s signal, containing aliphatic/aromatic carbon
groups (C—C/C=C, CHy, 284.8eV), hydroxyl groups (—C-OR,
285.9eV), carbonyl groups (>C=0, 287.0eV), and carboxylic
groups, lactones, or esters (—COOR, 288.9 eV). Clearly, in compari-
son with the corresponding peak of HC300 in Fig. 2e, the intensity
of the peak attributed to carboxylic groups in CA-HC300 decreases
significantly. The integrated peak areas are listed in Table S2,
indicating that the amount of carboxylic group declines noticeably
compared to that of HC300. This is because carboxylic groups
present in the form of —~COOK decompose into potassium carbonate
in the initial process of ionic activation, and then most of the po-
tassium carbonate experience thermal decomposition to form po-
tassium oxide that ultimately produces microporosity by etching
carbon atoms on the framework. Two strong peaks present in the O
1s spectrum at 531.8eV and 532.8eV are observed in Fig. 4b,
belonging to carbonyl groups and carboxylic groups, respectively. It
should be noted that the strong peak appearing at 530.5eV in
Fig. 2g, attributable to the K—O bond in IE-HC300, is no longer
found here because the potassium ions are washed away. The
Raman spectra for the carbons are exhibited in Fig. 4c. The peak at
1580 cm~! (G-band), assigned to the Eyz mode of graphite and
related to the vibration of C sp?>-bonded atoms, indicates the ideal
graphitic lattice of carbons. The peak at 1355 cm~! (D-band) cor-
responds to vibrations of C atoms with dangling bonds in planar
terminations of disordered graphite [43]. The carbon framework for
all the obtained carbons is clearly highly graphitized (Fig. 4c), with
an Ip/Ig of 0.9. The crystalline structures of ultramicroporous car-
bons were investigated by XRD (Fig. S4). Two broad diffraction
bands centered at 23.4° and 43° correspond to the reflections of the

Fig. 3. SEM images of: (a) CA-G300, (b) CA-HC and (c) CA-HC300. TEM images of: (d, g) CA-G300, (e, h) CA-HC and (f, i) CA-HC300.
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Fig. 4. (a) XPS C 1s spectrum of CA-HC300. (b) XPS O 1s spectrum of CA-HC300. (¢) Raman spectra of CA-G300, CA-HC and CA-HC300. (d) N, adsorption-desorption isotherms
at —196 °C. (e) QSDFT pore size distributions derived from N, sorption. (f) NLDFT pore size distributions derived from CO, sorption. (A colour version of this figure can be viewed

online.)

(002) and (101) graphitic planes, which is typical for activated
carbon materials.

The porosity properties of the prepared ultramicroporous car-
bons were investigated by N, and CO, adsorption/desorption
analysis at —196 °C and 0 °C, respectively. As shown in Fig. 4d and
Figs. S3b and a typical type-I N adsorption isotherm is observed for
all the prepared carbons with a narrow knee at very low relative
pressure (P/Pg < 0.02). No obvious adsorption increment is found at
higher relative pressure when achieving a high adsorption plateau,
indicating micropores are dominant in these carbons after ionic
activation. This is also confirmed by the narrow pore size distri-
bution derived from N; adsorption using QSDFT method (Fig. 4e
and Fig. S5a). It should be noted that CA-HC300 possesses more
abundant ultramicropores (~0.5nm) than the other carbons, as
displayed in Fig. 4f and Fig. S5b, measured via NLDFT method using
CO; as the probe gas.

Table 2
Textural properties of the series of prepared carbons.

As summarized in Table 2, the porosity of CA-G300 is quite
undeveloped with a relatively low surface area of 324m?g~' and
pore volume of 0.24 cm®g~!. The carbons that experienced hy-
drothermal carbonization (CA-HC and CA-HCx) possess more
developed pore structure than CA-G300. The specific surface area
and pore volume of CA-HC300 almost double compared to CA-HC,
achieving 862 m? g~ ! and 0.44 cm® g, respectively. While CA-HC
and CA-HCx exhibit relatively moderate specific surface areas
(470-923 m? g~ 1), these carbons possess a considerable proportion
of ultramicropores in the range of 72.0%—95.5%, demonstrating the
ultramicroporous nature in the prepared carbons for this work. Of
particular note is that an extraordinarily high fraction (95.5%) of
ultramicropores is observed in CA-HC300, which presents a mean
pore size of 0.5 nm. Although CA-HC350 shows higher total pore
volume and specific surface areas than CA-HC300, CA-HC300 ex-
hibits significantly higher ultramicropore volume. Besides, the

Samples N, sorption at —196 °C CO, sorption at 0°C
SBET“ (mZ gil) Smicroh (m2 gil) VT( (Cm3 gil) vmicmh (Cm3 gil) Vultra(I (Cm3 871) Fultl‘ae (%) Mpore sizt:(1 (l’llTl)

CA-G300 324 276 0.24 0.14 0.18 75.0 0.43
CA-HC 470 409 0.25 0.22 0.20 84.0 0.43
CA-HC200 518 449 0.27 0.23 0.23 85.2 0.44
CA-HC250 622 560 0.32 0.29 0.28 87.5 0.47
CA-HC300 862 763 0.44 0.42 0.42 95.5 0.50
CA-HC350 923 830 0.50 0.46 0.36 72.0 0.80

2 Brunauer-Emmett-Teller surface area (Sper) was calculated using the N, adsorption isotherm data within the relative pressure from 0.05 to 0.25.
> Micropore surface area (Smicro) and micropore volume (Vicro) Were calculated by the t-plot method.

¢ Total pore volume (V1) was obtained at P/Py = 0.998.

4 Ccumulative volume of ultramicropores <0.7 nm (Vyyira) and mean pore size (Mpore size) Were determined by CO; sorption (0 °C) using NLDFT method with a slit-shaped pore

model.

€ Fraction of ultramicropores (Fyra) was determined by the proportion of ultramicropore volume in the total pore volume.
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specific surface area, micropore volume and total pore volume of
CA-HCx steadily increase when heated with increasing tempera-
tures, especially the ultramicropore volume reaches the highest
value (0.42 cm?® g~ 1) in CA-HC300. This is indicative for the positive
effect of the enhanced carboxyl group on well-developed ultra-
microporous structure formed in ionic activation. This is because
that the oxidative heat treatment in air forms more abundant
carboxyl groups and meanwhile delivers a high ion-exchange ca-
pacity, which increases the ion-exchange efficiency of potassium
ions, thus promoting the formation of advanced and uniform
ultramicropores during the ionic activation process. Moreover, it is
worthy to note that ultramicropore volume of CA-HC350 decreases
t0 0.36 cm® g~ ! compared to CA-HC300 (0.42 cm® g~ 1), which leads
to a significant reduction on ultramicropore fractions from 95.5% to
72.0%. This indicates wider micropores (>0.7 nm) are formed in CA-
HC350, and this slight pore enlargement is presumably due to the
over-activation with excess exchanged potassium ions for CA-
HC350. Therefore, an optimum ion-exchange capacity can not
only produce developed ultramicropore structure, but tune the
ultramicropore content and pore size.

3.4. CO;y capture performance and CO; adsorption mechanism in
ultramicropores

The CO, adsorption measurements of the synthesized ultra-
microporous carbon nanospheres are performed at 0 and 25°C
(Fig. 5a and b and Fig. S6). As recorded in Table 3, CA-HC300 ex-
hibits the nontrivial capacities of 5.91 and 4.30 mmolg~! at 0°C
and 25 °C under atmospheric pressure, respectively. In particular,
the designed carbons show an extremely high CO, capacity of
1.58 mmolg~! at the typical flue gas condition (25°C and CO,
partial pressure of 0.15 bar). To the best of our knowledge, these
uptake values are much higher than those recorded for most of the
reported carbon materials for CO, capture under identical condi-
tions (Table S3), even including known N-doped porous carbons

Table 3
CO,, sorption capacities of carbons at different temperature and pressure.

Sample CO, sorption capacity (mmol g~ ')
0°C 25°C 25°C
P=1bar P=1bar P=0.15bar
CA-G300 4.46 3.16 1.31
CA-HC 4.69 331 1.36
CA-HC200 4,51 3.31 1.58
CA-HC250 4.60 3.37 143
CA-HC300 591 4.30 1.44
CA-HC350 5.43 3.54 1.16

that are regarded as excellent CO, adsorbents [44—47]. Further-
more, based on a recent review regarding CO, capture on metal-
organic frameworks (MOFs) [48], these values are higher than
many MOFs, including YO-MOF [49], bio-MOF-11 [50], and Zn/
DOBDC [51].

It is of great interest that CA-HC300 exhibits an extremely high
CO, capacity, while only exhibiting a moderate surface area and
porosity (Sger=862m?g !, Vr=044cm3g~!) compared to CA-
HC350 (Sper=923m?g !, Vr=0.50cm?>g~") and many reported
porous carbons (Table S3). This is because CA-HC300 possesses an
extraordinarily high content of ultramicropores (95.5%), which
plays a key role in efficient CO, capture.

To better understand the adsorption mechanism and reveal the
superiority of ultramicropores on enhancing CO, molecules
adsorption within the pore structure, movies of CO; uptakes in the
perfect graphite slit pores of different pore widths are studied by
theoretical calculation based on the GCMC simulation. Comparing
adsorbed-CO, density in three kinds of graphitic pore structure
models (Fig. 5d,e,f and Fig. S7), the best pore width of three kinds of
microporous carbons for CO, capture is 0.5 nm. The trend of the
simulation results agrees fairly well with the experimental data,
that CA-HC300 possessing an ultrahigh content of ultramicropores

7 . 35
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Fig. 5. CO, sorption isotherms at: (a) 0°C and (b) 25 °C. (c) Isosteric heats of CO, sorption isotherms. Comparisons for movies of CO, loading in the perfect graphite slit pores with
pore width of: (d) 0.5 nm, (e) 0.7 nm and (f) 2.0 nm derived from molecular simulations based on GCMC. (A colour version of this figure can be viewed online.)
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with a mean pore size of 0.5 nm exhibit the highest CO, capacity. It
is important to note that the loading amount of CO, adsorption
would decrease with the width of silt pores increasing, because of
the decreasing overlapping potentials of the wall-wall interactions
and CO,-wall interaction in the graphite pores. The CO; adsorption
uptake at low pressures mainly depends on the volume of narrow
ultramicropores instead of the specific surface area and total pore
volume. The adsorbent-adsorbate interaction energy, derived from
short-range attractive and repulsive forces, is significantly rein-
forced when the adsorption occurs in extraordinarily fine pores due
to the overlapping of potential fields from neighbouring walls [52].
The enhanced adsorption potential, therefore, results in the com-
plete filling of fine micropores at low relative pressure (<0.01). The
adsorption mechanism consists of volume-filling rather than sur-
face cover typical of meso/macroporous materials and the adsor-
bates occupying these fine micropores are in a liquid-like state [53].
For this reason, the interaction between adsorbents and CO, be-
comes stronger when the pore size decreases. Therefore, these
plentiful and homogeneous ultramicropores of 0.5 nm act as the
ideal places for CO, sorption to proceed.

When carrying out CO, sorption measurements at different
temperatures, it was found that CO, uptake declines considerably
with the increase of adsorption temperature as shown in Fig. 5a and
b and Table 3. This is because CO, molecules have higher molecular
kinetic energy at a higher temperature, which drives CO, to escape
from the pore surface of adsorbents easily. It is well known that CO,
is produced as a part of flue gas in numerous industrial processes
(15% CO; at 1 bar of pressure). Thus, capturing CO, from flue gases
at such low partial pressure is still a great challenge. The designed
carbons in this work (CA-HC200, CA-HC300) show ultra-high CO,
capture capacities up to 1.58 mmolg~! at 0.15bar, 25°C, far

outperforming other previously reported carbon materials
(Table S3). Consequently, the as-designed carbons are highly
promising candidates for capturing CO, from the flue gas, and they
are prepared only using inexpensive biomass (i.e., glucose) as the
carbon precursor without the addition of any other chemicals or
heteroatom doping, achieving the green synthesis. These enable
this technology to deliver high viability for large-scale and sus-
tainable fabrication.

In order to investigate the energy required for regeneration, as
well as the interaction strength between CO; molecules and as-
prepared carbon adsorbents, the isosteric heat of adsorption (Qs)
is calculated from the CO, adsorption data at 0 and 25 °C by using
the Clausius-Claperon equation (Supplementary Information). As
shown in Fig. 5c, the high Qs values are observed at the initial
adsorption stage (low CO, uptakes), ranging from 26.0 to
33.0 kJ mol~, which are higher than the previously reported values
for typical carbon adsorbents [54—56]. This indicates that CO;
molecules strongly interact with the pore surface as a result of the
strong adsorption potential of the extremely narrow micropores.
On the other hand, these Qs values are much smaller than the
energy needed for breaking covalent bonds, suggesting a low-
energy and reversible desorption. In particular, CA-HC300 shows
a relatively low Qg (21.2—26.0 k] mol~!) which implies low energy
consumption during regeneration. It can be inferred that the
abundant and well-developed ultramicropores with a narrow pore
size distribution (~0.5 nm) present in CA-HC300 give rise to the
enhanced utilization of porosity of the carbon material. The tailored
pore characteristics contribute to promising CO, capture perfor-
mance at ambient temperature and pressure.

The controllable relationship in this design is unveiled quanti-
tatively in Fig. 6a. The ultramicropore content is tuned via ion-
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exchange capacity, and an optimal value for 95.5% is found in the
3.92mmolg~! ion-exchange capacity. Meanwhile, the CO,
adsorption capacity trend is in line with ultramicropore content.
Consequently, it is proved that adjusting ion-exchange capacity is
an efficient and effective approach to tune up the adsorption
behavior of carbon materials to maximize the CO, capture capacity.
This strategy not only reveals the relationship of the ion-exchange
capacity, ultramicroporosity and CO, adsorption capacity of ultra-
microporous carbonaceous materials, but also achieves the
controllable design from surface functionality to pore structure
tunability and finally toward performance superiorities (Fig. 6b).

4. Conclusions

In summary, we developed a novel strategy based on the ionic
activation to finely tune the ultramicroporosity for carbon mate-
rials. The ultramicroporosity tunability can be realized by the
adjustable ion-exchange capacity in the oxidative treatment pro-
cess. Abundant carboxyl groups are created in oxidative function-
alization to deliver a high ion-exchange capacity (3.92 mmolg™1),
triggering the in-situ immobilization of potassium ions as acti-
vating agents on carbonaceous precursors, which promotes an
efficient and uniform ionic activation process. The obtained carbon
nanospheres were endowed with an ultrahigh content (95.5%) of
ultramicropores and uniform pore distribution, which were
employed as a high-efficiency adsorbent for CO, capture. They
exhibit an extremely high CO, adsorption capacity up to
1.58 mmol g~ ! at typical flue gas conditions and 4.30 mmolg~! at
25°C and ambient pressure, outperforming most of previously re-
ported carbon sorbents. This work not only delivers an appealing
and universal guideline to synthesize ultramicroporous carbon
materials for CO, capture, but also unfolds a controllable design
concept from surface functionality to pore structure tunability and
ultimately toward performance superiorities, holding great po-
tential in extensive fields such as water purification, catalysis, and
energy storage.
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