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Abstract: Nitrogen-doped hierarchical carbon cryogels with good monolithic
structure are synthesized from phenol (P), melamine (M), and formaldehyde (F) by
sol-gel, freeze-drying, and carbonization process with different molar ratios of
F/(P+M). The synthesized cryogels have the characteristics of cost-effective and
abundant hierarchical pores. The pore structures, chemical properties, and CO,
adsorption performance of the prepared carbon cryogels are investigated. The results
reveal that the PF carbon cryogel without N doping shows poor porosity
characteristics, which leads to lower CO, adsorption performance. For the N-doped
PMF carbon cryogels, with the increase in the molar ratio of F/(P+M), the specific
surface area and micropore volume decreases from 1160.6 to 874.1 m?/g and from
0.47 to 0.35 cm?/g, respectively, indicating that a lower formaldehyde content is
conducive to the formation of more micropores and higher specific surface area. The
carbon cryogel PMF2.0 (F/(P+M) = 2.0) exhibits a CO, adsorption capacity as high as
5.79 mmol/g, and it also has a high CO,/N, adsorption selectivity (13.43) and isosteric
adsorption heat (33.06 kJ/mol). Thus, the PMF carbon cryogel exhibits immense
potential as an adsorbent for CO, capture, and its excellent performance is attributed
to the synergistic effect of N doping and abundant micropores with appropriate size.

Keywords: Cryogel, Sol-gel process, Polycondensation, CO, adsorption, N-doped

porous carbon, Hierarchical porosity



1 Introduction

The continuous increase in greenhouse effect due to human activities is causing
rapid global warming, which has become a serious problem over the recent years.
Therefore, the development of effective ways to reduce the impact of greenhouse
gases on the environment has become a hot research topic. In particular, owing to its
high concentration and long life, carbon dioxide, which is the main greenhouse gas,
has received considerable attention [1, 2]. Presently, the materials used for CO,
capture mainly include alcohol amine solution, porous solid materials, and separation
membrane [3]. The porous solid materials, such as metal organic frameworks (MOFs)
[4], activated carbons [5, 6], carbon gels [7, 8], carbon fibers [9], amine-
functionalized fumed silica [10], zeolites [11], and porous polymers [12], are one of
the most popular CO, capture materials due to their high adsorption capacity, easy
regeneration, ease of operation, cost-effectiveness, durability, etc. [2, 3, 13].

Carbon gels are unique porous carbon materials with low bulk density, high
electrical conductivity, hierarchical pore structure, and high specific surface area,
which are widely used for energy storage [2, 14, 15], catalysis [16], supercapacitors
[17, 18], adsorption [2, 19], and so on. It should be noted that the carbon gels also
exhibit immense potential as a CO, capture material [1, 2]. Carbon gels can be
prepared from various precursors, mainly by three steps: i) synthesis of hydrogel by
sol-gel method; ii) solvent exchange and drying of hydrogels; iii) carbon aerogels are
obtained by carbonization of organic aerogels [14, 15, 20]. The most traditional

carbon gel materials are aerogels prepared from resorcinol and formaldehyde, and
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their CO, adsorption properties have also been studied extensively [21, 22]. However,
their raw material cost is quite high, and the commonly used supercritical drying
process further increases the cost of the product, making their industrial production
and applications quite challenging [3]. Therefore, significant efforts have been
dedicated to improve the CO, adsorption performance and reduce the raw material
and production costs. The first method is the partial or total substitution of resorcinol
with some cheaper raw materials like phenol, urea, tannin, and lignin. The other way
is to modify the synthesis methods, which can improve the product performance and
further reduce the production costs.

During the preparation of carbon aerogels, the pore structure is mainly
influenced by the molar ratio of raw materials, pH, dilution ratio, drying method, and
carbonization conditions, which in turn affect the CO, adsorption performance
significantly. Job et al. prepared resorcinol-formaldehyde carbon xerogels and found
that the pH of the precursor solution could be adjusted to obtain the required pore
structure [23, 24]. Li et al. used phenol to replace part of resorcinol for carbon cryogel
preparation. It was found that the dilution ratio has a significant effect on the density,
texture, structure, and CO, adsorption performance of carbon aerogel. The
carbonization temperature, carbonization time, and heating rate of aerogel also affect
the pore structure [25, 26]. Alain et al. found that carbon aerogels prepared by
carbonization at 600 C had the largest specific surface area, and a large number of
micropores were generated below 1000 °‘C [25]. By changing the carbonization

conditions, the pore structure could be controlled, thereby affecting the CO,
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adsorption capacity. Therefore, through reasonable adjustment of the synthesis
process and conditions, a better functional design for CO, capture with reduced
product cost can be obtained. Meanwhile, the cost of drying process is also a very
important part of the total product cost. The existing drying methods for obtaining
carbon gels mainly include supercritical drying, freeze drying, and atmospheric
drying, which are used to prepare aerogel, cryogel, and xerogel, respectively [8]. The
supercritical drying process is complex and expensive [27, 28]. On the other hand,
atmospheric drying causes a serious volume shrinkage of the xerogel, resulting in
quite high density and low porosity of aerogel [29, 30]. By comparison, freeze-drying
method is more economical and convenient than traditional supercritical drying, and
the volume shrinkage is not as serious as that in atmospheric drying [31, 32].
Therefore, freeze-drying is an effective and low-cost process to obtain cryogels with
good pore structure.

The hydrophobicity of ordered porous carbon materials limits their adsorption
capacity and CO, selectivity. The introduction of nitrogen can change the surface
properties and acid-base properties as well as enhance the hydrophilicity of materials,
thus it is an effective method to improve the CO, adsorption capacity and selectivity
of porous carbon materials [7, 8, 21, 22]. In previous reports, nitrogen-containing
materials, such as melamine [14, 15, 33], urea [7, 19], and ammonia [34], have been
used as N source to synthesize various nitrogen-doped carbon gels, and these carbon
gels achieved better performance due to the introduction of nitrogen. Muehlemann et

al. found that the use of higher quality melamine resulted in the formation of a denser

5



aerogel with a greater hydrophilicity [20]. Kalijadis et al. used resorcinol and
formaldehyde as raw materials and added different amounts of melamine to
synthesize nitrogen-doped carbon cryogels, and they found that the introduction of
nitrogen improved the catalytic and adsorption properties of carbon aerogels [33].

In this paper, cost-effective nitrogen-doped PMF carbon cryogels are prepared
by sol-gel method using melamine (M) as the nitrogen source and low-cost phenol (P)
and formaldehyde (F) as the main raw materials. These carbon cryogels with
hierarchical structure are obtained by freeze-drying method as it is a simple, cheap,
and convenient method. The effect of formaldehyde content (molar ratio of F/(P+M))
on the structure, morphology, and physicochemical properties of PMF carbon cryogel
is examined. The CO, adsorption performance, including adsorption capacity,
selective adsorption of CO,/N,, and heat of adsorption (Qst), is analyzed.
Furthermore, the prepared PMF carbon cryogels are compared with PF carbon cryogel
without N doping.
2 Experimental
2.1 Materials

Phenol (P, AR, >99.5%), melamine (M, AR, > 99.5%), formaldehyde (F, AR,
37% solution), sodium hydroxide (NaOH), and ethanol were purchased from the
Shanghai Aladdin Biochemical Technology Co., Ltd.
2.2 Synthesis of carbon cryogel

The initial PMF resin was prepared as follows: a certain amount of phenol,

melamine, formaldehyde, and magnetons were mixed in a flat bottom flask for
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dissolution. The molar ratio of phenol to melamine (P/M) was fixed at 1/0.5, and the
molar ratio of formaldehyde to phenol and melamine (F/(P+M)) was 2/1.5, 2.5/1.5,
and 3/1.5. Then, 10 mol/L NaOH solution was used to adjust the pH of the mixed
solution to 9.0. The temperature of the mixture was raised to 85 ‘C from room
temperature, and it was kept in the condensation reflux state for 1 h to obtain initial
transparent PMF resin.

The synthesized PMF resin was cooled to room temperature. Then, 10 g resin
was mixed with aqueous ethanol solution as a diluent and sodium hydroxide solution
as a catalyst. The pH of this mixture was adjusted to 9.0, and then it was transferred to
an airtight glass tube and placed in an air blast drying oven under 100 °C for gelation
and aging. After 5 days, the obtained hydrogel was removed from the glass container
and placed in 15% aqueous ethanol solution for solvent exchange. The 15% ethanol
aqueous solution was replaced with a fresh solution every day. This process was
repeated 4 times to complete the solvent exchange process. The organic PMF cryogels
were obtained by freezing the above gel in a freeze-dryer for 6 h and drying it at 20-
50 Pa for 48 h. The organic cryogels were placed in a quartz boat and carbonized in a
tubular furnace at a heating rate of 5 °C /min and kept at 900 ‘C for 2 h. All the
carbonization processes were conducted under continuous nitrogen protection at a
flow rate of 80 mL/min, and the PMF carbon cryogels were finally obtained. For
comparison, the PF cryogel without melamine was prepared with F/P molar ratio of
2/1.5. The samples of PMF carbon cryogels are labeled as PMF2.0, PMF2.5, PMF3.0,

where the number after PMF represents the molar ratio of F/(P+M). The specific
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preparation method is shown in Figure 1.
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Fig. 1 Preparation method of PMF cryogels

2.3 Chemical characterization

The N, adsorption-desorption isotherms were obtained through an ASAP 2020
system (Micromeritics Instrument Corp., Norcross, USA) at 77 K. Before the
adsorption experiment, the samples were degassed under 523 K vacuum for at least 24
h. The N, adsorption data were processed to determine the textural parameters [7, 8].
X-ray photoelectron spectroscopy (XPS) was performed on an ESCA
PLUSOMICROM system equipped with a hemispherical electron energy analyzer.
The spectrometer was operated under vacuum (< 5x10° torr) with an analyzer of 50
eV for investigation scanning, 20 eV for detailed scanning, and carbon 1s peak of
284.5 eV for binding energy correction. The microstructure of carbon cryogels was
examined by scanning electron microscopy (SEM; Semhitachis 3400, Hitachi, Japan).
The X-ray diffraction (XRD) patterns of carbon cryogels were obtained by a Brook

D8 advanced diffractometer with copper Ka radiation. Raman spectroscopy (DXR,
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Thermo Fischer, Germany) was used for crystallographic characterization of the
samples in the range of 500-2500 cm!.

The adsorption curves of CO; and N, at 0 and 25 °C under a pressure of 0-1 bar
were obtained by the ASAP 2020 automatic instrument (Micromeritics Instrument
Corp., Norcross, USA). The carbon cryogels was degassed at 473 K for at least 12 h
prior to the measurement. The CO, adsorption isotherms were measured at 0 and

25 °C. These adsorption isotherms conformed to the Langmuir-Freundlich model [8]:

Ad=dm— (D
(o

1+Kxp

where q is the adsorption capacity at pressure p, mmol/g; qy, is the adsorption capacity
at saturation, mmol/g; p is the partial pressure of CO,, kPa; K and c are constants.
According to the Langmuir Freundlich model, the pressure P corresponding to
different values of adsorption capacity q was calculated. The In(p) vs. 1/T curves were
drawn, and the CO, adsorption isotherm was obtained using the slope of the curve.
According to the Clausius-Clapeyron equation [8],

Qs =— AH 2)

- AH1
In(p) =-—F—F+C 3)

where Qg is the equivalent adsorption heat, kJ/mol; AH is the adsorption enthalpy,
kJ/mol; p is the CO, pressure, kPa; R is the gas constant, 8.314 J/(mol-K); T is the
adsorption temperature, K. The CO,/N, adsorption selectivity was calculated by the
initial slope ratio as follows (Henry's law constant method): the first five data points

on the single-component adsorption isotherm of CO,/N, were selected, and the initial
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slope of each isotherm was obtained by linear fitting. The adsorption selectivity was
calculated as follows:

kco,

S= Tor, 4)
3 Results and discussion
3.1 Textural and structural properties
Fig. 2a shows the XRD patterns of all the carbon cryogels, including the PF and
the N-doped PMF carbon cryogels. All the samples show two major broad diffraction
peaks near 22° and 43°, which are attributed to the (002) and (100/101) reflection
planes, respectively. Further, no significant difference is found between PF and PMF
carbon cryogels. All these carbon cryogels are amorphous carbon with turbostratic
planes and randomly oriented graphitic layers [18, 35]. Fig. 2b shows the Raman
spectrum of all the carbon cryogels, where two main peaks can be observed: the D
band at 1340 cm™! represents the defect of the C atomic lattice, and the G band at 1570
cm’! represents the in-plane stretching vibration of C sp? hybridization [8, 33]. In
general, the intensity ratio of D band to G band indicates the graphitization degree.
The higher the value of Ip/Ig, the lower the molecular symmetry, i.e., the more defects
in C atomic crystal. It can be seen that for the PMF carbon cryogels, with the increase
in the molar ratio of F/(P+M), the value of Ip/lg increases slightly from 0.939 to
0.974. This can be due to the difference in the extent of copolycondensation reaction
during the hydrogel preparation process. In general, a lower ratio of Ip/Ig indicates

that the graphitization degree is high, i.e., the content of formaldehyde does not affect

the crystal structure greatly, which is consistent with the results of XRD analysis.
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However, compared with the PMF cryogels, the pure PF carbon cryogel exhibits the
lowest value of Ip/Ig (0.86). This can be attributed to the fact that the PMF cryogels

have more defects due to the nitrogen doping [33].
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Fig. 2 (a) XRD patterns and (b) Raman spectra of all the carbon cryogels.

The N, adsorption-desorption isotherms of all the carbon cryogels are shown in
Figure 3a. According to IUPAC classification, all the isotherms represent a
combination of type I and IV isotherms, suggesting that micropores and mesopores
exist simultaneously [8, 36]. At extremely low relative pressure, the adsorption

amount increases sharply, indicating the presence of abundant micropores. The
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hysteresis loops at higher pressure are related to the existence of mesoporous
materials. The adsorption amount of PMF2.0 is much higher than that of the other
samples, demonstrating that PMF2.0 has obviously higher specific surface area, pore
volume, and especially micropores. On the contrary, the sample PF has the lowest N,
adsorption capacity. It is interesting to note that all the samples show H3 type
hysteresis loops at high relative pressure, indicating that these samples have both
mesopores and macropores, which may be due to the formation of long and narrow
pores by the accumulation of gel particles [8]. The isotherms of samples PMF2.5 and
PMF3.0 almost coincide when the pressure P/P, is lower than 0.8, which may be
because they have similar micropore volume. For higher pressure P/Py > 0.8, the
increase in the adsorption of sample PMF3.0 is more significant, indicating that it has
a larger amount of mesopores and macropores [37]. The above results are further
confirmed by the pore size distribution (PSD) curves of carbon cryogels shown in Fig.
3b. It is clear that all the samples contain both mesopores and micropores, suggesting
the existence of a hierarchical pore structure. For the PF carbon cryogels, the pores
are mainly ultrafine pores with size less than 0.5 nm, which makes it difficult to
realize CO, adsorption efficiently [35]. It is quite obvious that the sample PMF2.0 has
more micropores (< 2 nm) with three peaks at 0.5, 0.8, and 1.2 nm, which is favorable
for CO, adsorption [8].

The textural parameters are listed in Table 1. As expected, the PF carbon cryogel
has the lowest specific surface area, total pore volume, micropore volume, and

mesopore volume, which are 800.2 m?/g, 0.46 cm’/g, 0.32 cm?/g, and 0.14 cm?/g,
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respectively. It mainly contains micropores, and the Vpr/V( 99 is as high as 0.67. For
the PMF carbon cryogels, as the molar ratio F/(P+M) increases, the specific surface
area decreases from 1160.6 m?/g to 874.1 m?/g, the micropore volume linearly
decreases from 0.47 cm?/g to 0.35 cm?/g, and the average pore width is reduced from
0.72 nm to 0.56 nm. All these results indicate that lower F/(P+M) molar ratio is
conducive to the formation of more pores (micropores and mesopores), which is due
to the relatively different extents of hydroxymethylation and polycondensation
reaction and thus different degrees of cross-linking of the prepared carbon precursor.
This has a significant impact on the subsequent drying and carbonization processes,
thereby affecting the pore structure of carbon cryogels [18], which is consistent with
previous reports that suggested that the synthesis conditions affect the textural
properties of porous polymers [27, 37]. We speculate that a high F/(P+M) molar ratio
leads to faster and higher cross-linking, causing rapid precipitation of polymers.
Therefore, the synthesized PMF cryogel is dense and exhibits more shrinkage during
the drying and carbonization processes. Finally, the nano polymer particles formed

are more condensed, leading to lower surface area.
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Fig.3 (a) N, adsorption-desorption curves of all the carbon cryogels; (b) pore size distribution of
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the carbon cryogels obtained by non-localized density functional theory (NLDFT).

Table 1. Pore structure parameter of carbon cryogels

SBET Vo.99 Vor Lo Vor/'Vo99  Vimeso Vos Vosos Vos1o  Views
Sample
(m%g) (cm’/g) (cm¥/g)  (nm) (em’/g) (cm'/g) (em’/g) (em’/g) (cm’/g)
1160.

PMF 2.0 0.71 0.47 0.72 0.66 0.24 0.236 0.047
6 0.040 0.056
PMF 2.5 904.6 0.49 0.36 0.56 0.75 0.12 0.221 0.034 0.025 0.026
PMF 3.0 874.1 0.62 0.35 0.57 0.57 0.26 0.228 0.020 0.011 0.026
PF 800.2 0.46 0.32 0.62 0.69 0.14 0.202 0.011 0.002 0.026

Fig. 4a-d shows the SEM images of all the carbon cryogels. It can be seen that
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the carbon cryogels have a three-dimensional network structure formed by the
agglomeration of spherical particles. The spherical particles aggregate to form small
clusters, and obvious mesopores and macropores can be seen between the clusters.
The SEM images of the three PMF carbon cryogels are slightly different. The sample
PMF2.0 exhibits the smallest cluster size. As the molar ratio F/(P+M) increases, the
microstructure become denser and the porosity decreases. This variation is more
pronounced for the PF carbon cryogel, which is one of the densest samples. The
condensed nano polymer particles lead to lower surface areas, which is consistent
with the results of N, adsorption-desorption analysis [27, 37]. Figure 4e and 4f show
the appearance and compression of organic and carbon PMF2.0 cryogels. It can be
seen that both organic and carbon cryogels maintain good monolithic structure and
have extremely low density and excellent mechanical strength, which can resist the

compression of blocks that are hundred times its own mass.

L
10.0um

e o
|

S
10.0um

15



Fig. 4 SEM images of all the carbon cryogels: (a) PMF 2.0 at 5000x magnification, (b) PMF 2.5 at
5000x magnification, (c) PMF 3.0 at 5000x magnification, (d) PF at 50000x magnification;
(e) PMF2.0 organic cryogel under compression; (f) PMF2.0 carbon cryogel under

compression.

3.2 Surface characterization

Fig. 3a and 3b show the XPS spectrum of organic and carbon cryogels,
respectively. It is clear that both organic and carbon cryogels show three peaks at 285,
400, and 532 eV, which can be ascribed to C 1Is, N 1s, and O 1s respectively. The
elemental content of the cryogels is given in Table 2. The C and O contents of organic
PF cryogel are 83.72 % and 16.28%, respectively. With the addition of melamine, the
C content decreases to the range of 74.17-77.63%, while the O content decreases to
the range of 13.92-14.22%. The N content decreases to 8.45-11.62% with the increase
in the molar ratio F/(P+M). The variation in the N content with molar ratio F/(P+M)
can be due to the inhomogeneous polymerization of phenol and melamine [38]. It
must be noted that all these organic PMF cryogels are promising precursors for
preparing N-doped carbon materials due to the high N content. Compared with
organic cryogels, the C element content in carbon cryogel is higher, while the N and
O element contents are significantly lower. The C and O contents of PF carbon

cryogel are 94.04 % and 5.96%, respectively. The contents of the C, O, and N
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elements in the PMF carbon cryogels are in the range of 89.17-91.80%, 6.56-9.15%,
and 1.57-1.68%, respectively. These results confirm the successful preparation of N-
doped cryogels. However, the three PMF carbon cryogels have nearly the same N
content, which is not very high (less than 2%). This may be because the majority of N
species localized on or near the surface of PMF cryogels burn off during the
carbonization process [8, 33].

Furthermore, the Cls XPS spectrum of carbon cryogels can be decomposed into
five components [15, 39-42]: graphitic carbon (sp? configuration, 284.6 eV), Csp*-
N/C-OH (285.6 €V), Csp3-N/C=0 (287.1 eV), carboxyl (289.2 eV), and aromatic ring
n-n* transition (291.2 eV) (Fig. 3c-e). According to Table 3, there is basically no
difference in the proportion of each carbon element in the sample. Compared with the
other two samples, the Csp*-N/C=0 (287.1 eV) and m-n* transitions of sample
PMF2.0 increase slightly. The NIs spectrum can be decomposed into four
components [8, 15, 38, 42-44]: pyridinic-N (N-6, 398.1 eV), pyridonic-N (N-5, 3991
eV), quaternary-N (N-Q, 400.8 £ 0.1 eV), and pyridine N-oxide (N-X, 402.7 = 0.1
eV) (Fig. 3f-h). The nitrogen atoms in the graphene layers of PMF carbon cryogels
are preferentially located at the positions with lower energy, such as N-6, N-5, and N-
Q [38]. As shown in Table 3, the proportion of N-Q is the highest, and with the
increase in the formaldehyde content, its value increases. However, N-5 and N-X
show the opposite trend, i.e., with the increase in the amount of formaldehyde, the
proportion of N-Q decreases. This suggests that an increase in the amount of

formaldehyde may cause the conversion of N-5 and N-X to N-Q. Ols spectrum can
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be decomposed into four components [15, 43]: C=O in ketone/carbonyl (530.9 eV),
O-C in lactone, phenol/ether/epoxy (532.5 eV), C=0 in carboxylic acid (534.0 eV),
and occluded CO or CO, (536 eV) (Fig. 3i-k). As shown in Table 3, the Ols spectrum
mainly includes O-C in lactone and C=O in carboxylic acid. O-C in lactone is related
to the methylene ether bonds formed during the formation of cryogel. With the
increase in the formaldehyde content, the proportion of O-C in lactone decreases,

which may be due to the increase in the cross-linking density, forming more stable

bonds.
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Fig.4 XPS survey spectrum of organic (a) and carbon cryogels (b); Cls core level spectra of
carbon cryogel: (c) PMF 2.0, (d) PMF 2.5, (e) PMF 3.0, and (f) PF; N1s core level spectra of
carbon cryogel: (g) PMF 2.0, (h) PMF 2.5, and (i) PMF 3.0; O1s core level spectra of carbon

cryogel: (j) PMF 2.0, (k) PMF 2.5, (1) PMF 3.0, and (m) PF.
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Table 2. Relative elemental content of organic and carbon cryogels

Sample

Relative elemental content %

Organic PMF 2.0
Organic PMF 2.5
Organic PMF 3.0
Organic PF
Carbon PMF 2.0
Carbon PMF 2.5
Carbon PMF 3.0
Carbon PF

74.17
76.24
77.63
83.72
90.32
89.17
91.80
94.04

N
11.62
9.80
8.45

1.57
1.68
1.64

o
14.22
13.96
13.92
16.28

8.11
9.15
6.56
5.96

Table 3. Ratio of various C-, N-, and O-containing bonds (%)

C element

Csp?-N/C-OH  Csp*-N/C=0

285.6+0.2eV 287.1eV

m-w¥transition

289.0£0.2eV  290.0+0.1eV

N-X

402.7+£0.5¢V

O element

C-0- COO-

532.2+0.1eV  533.6+0.2¢V

20.4 45
22.8 3.9
20.6 6.5
12.3 8.4

1.4

1.6

32

8.1

N element
N-6 N-5 N-Q
398.3+0.3eV  399.1£0.2¢V  400.8+0.1eV
26.5 12.1 34.1
33.0 10.4 37.4
26.7 9.5 458
/ /

27.3

56.4 30.3
51.0 30.0
43.5 36.8
54.9 17.8

20
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3.3 CO, adsorption property

Fig. 5a shows the CO, adsorption isotherms of the four carbon cryogel samples
at 273 K. All the isotherms exhibit the same trend, i.e., the adsorption capacity
increases with the increase in pressure. As shown in Table 4, the CO, uptakes for PF,
PMF2.0, PMF2.5, and PMF3.0 carbon cryogels are 3.98, 5.79, 4.85, and 4.99 mmol/g,
respectively. It is clear that PF and PMF2.0 have the lowest and highest CO,
adsorption capacities, respectively, indicating that PMF2.0 carbon cryogel is more
conducive to the adsorption of CO,. Furthermore, with the increase in the molar ratio
of F/(P+M), the CO, adsorption capacities of PMF carbon cryogels decreases from
5.79 mmol/g to 4.85 mmol/g. The CO, adsorption isotherms show the same tendency,
and the adsorption capacities are listed in Table 4.

There are two main reasons for the differences in the CO, adsorption capacities
among the samples. Firstly, the surface area and the pore volume, especially the
micropore volume and the ultra-micropore volume, is the main factor controlling the
physisorption of CO, onto the porous carbon materials [3]. According to previous
reports, smaller micropores are more conducive to the adsorption of CO,, especially
the ultra-micropores smaller than 0.8 nm have the best adsorption effect on CO, [2,
35, 45]. As can be seen in Figure 2b, the pore size of PMF2.0 carbon cryogels (less
than 1 nm) is obviously higher than that of PMF2.5 and PMF3.0 carbon cryogels, so
their CO, adsorption capacity is also higher than that of the other two samples. In
addition, although the micropore volume of PF carbon cryogel sample is not very low

(0.32 cm’/g), its CO, adsorption capacity is extremely low. This is because the
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molecular diameter of CO, is 0.33 nm, which is generally adsorbed in a single layer,
and then the two sides of the pore are two layers, i.e., the pore size of nearly 0.7
corresponds to the maximum adsorption efficiency. The pores of PF carbon cryogel
mainly include ultrafine pores with size less than 0.5 nm, which makes it difficult to
realize CO, adsorption efficiently [25]. Figure 5b shows the relationship between
surface area (Sggt), micropore volume (Vpgr), and CO, adsorption capacity. The CO,
adsorption capacity increases with both Sggr and Vpr due to the more adsorption
sites. By further refining the pore size and examining its relationship with CO,
adsorption performance, it can be found that the pore size less than 0.8 nm is more
beneficial for CO, adsorption. The correlation coefficient between the micropore
volume with pore size less than 0.8 nm and the CO, adsorption capacity at 0 °C can
reach 0.96.

Secondly, the effect of N heteroatom introduced in PMF carbon cryogels is
reflected in the CO, — N species interaction within the cryogels [3]. The N doping can
improve the electron donor properties of carbon by affecting its spin density, leading
to an increase in the isosteric heat of adsorption and chemisorption of adsorbents [35].
The calculated isosteric adsorption heat (Qst) of both PF and PMF2.0 carbon cryogels
is shown in Figure 5c. The adsorption heat of samples PF and PMF2.0 under low
adsorption capacity is 30.85 and 33.06 kJ/mol, respectively. These values are all much
higher than the Qst of porous carbon materials (17 kJ/mol). PMF carbon cryogel has a
higher Qst than PF carbon cryogel, which indicates that apart from physical

adsorption, chemical adsorption can also occur during the initial stage of CO,
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adsorption. Therefore, the high heat of adsorption of the sample is due to the presence
of a large number of micropores and the interaction between the nitrogen-containing
groups with CO,.

The selective adsorption of CO, over N, is another important criterion used to
evaluate the adsorption performance of CO,, and the corresponding values are shown
in Fig. 5d. The selective adsorption of CO,/N, can be obtained by calculating the
slope ratio, as shown in Table 5. It can be found that the selectivity of PMF carbon
cryogels are in the range of 12.53-14.55, which is higher than that of PF carbon
cryogel (11.79). This can be ascribed to the synergistic effect of N doping and suitable
pore structure. The PMF2.0 carbon cryogel, which has the highest CO, adsorption
capacity, also has quite high selective adsorption value of CO,/N; (13.43). Compared
with other carbon materials, the selectivity of PMF carbon cryogels are comparable or
even superior, and thus they can be used as an ideal separation material for gas
mixtures. This can be explained by two facts. Firstly, CO, has higher polarizability
and quadrupole moment than N,, which leads to a strong adsorption and causes a high
adsorption amount through micropores in the low pressure range [46]. Secondly, the
existence of heteroatoms N and O can increase the polarity of the carbon cryogels,
thereby enhancing the selectivity, which is similar to the selectivity trend of other N-

doped carbon materials.

Table 4. CO, adsorption and selective adsorption of CO, over N, of carbon cryogels

PMF 2.0 PMF 2.5 PMF 3.0 PF

CO, adsorption
5.79/3.68 4.85/3.23 4.99/3.62 3.98/2.78
(0 °C/25 °C, mmol/g at 1 bar)
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Fig. 5 (a) CO, adsorption isotherms of carbon cryogels at 0 °C; (b) correlation between textural

parameters and CO, adsorption capacity; (c) Qst of carbon cryogels at various adsorption

quantities; (d) initial slope from CO, and N, adsorption in the pressure range of less than 0.11 bar

for CO,/N; selectivity calculation.

Table 5 compares the properties of carbon gels prepared by different raw

materials and drying methods. It is observed that the prepared carbon cryogels in this

study have relatively higher specific surface area. Their CO, adsorption capacity is

also higher than that of most of the carbon aerogels [2, 47, 48], cryogels [7, 49], and

xerogels [19, 50, 51] reported earlier. In addition, the performance of the prepared

carbon cryogels is comparable to that of some previously reported nitrogen-doped

porous carbon materials [52-54]. Their carbon dioxide adsorption performance is also

comparable or even much better than that of these materials. These results indicate



that the prepared PMF carbon cryogels with N doping and suitable PSD is a
promising adsorbent for CO, capture.
Table 5. Comparison of the material characteristics and CO, adsorption capacities of carbon gels

and N doped carbon materials

N content  Sggr Vor CO; uptake

Samples Ref
(o) (m*g) (cm’/g)  (mmol/g)
5.79at273 K .
Cryogel PMF 1.57 1161 0.47 This paper
3.68 at 298 K
Cryogel PUF 2.08 1710 0.64 5.51at273 K [7]
Cryogel CP - 679 0.32 5.72 at 298 K [49]
Xerogel RUF 0.51 577 0.18 4.50 at 273 K [19]
Xerogel MF - 1090 - 2.20 at 298 K [50]
Xerogel RF - 888 0.26 2.80 at 298 K [51]
Aerogel RF - 1521 0.99 3.00 at 298 K [2]
Aerogel RF - 1083 1.92 1.91 at 298 K [47]
Aerogel RF - 900 - 1.33 at 308 K [48]
6.24 at 273 K
Porous carbon NPC800 2.73 2958 1.16 [52]
3.36at 298 K
Porous carbon SG-CN(2) 3.40 1111 0.33 3.34at 298 K [53]
4.40at273 K
Porous carbon P80 8.05 891 0.32 [54]
2.98 at 298 K
Porous graphene
22.97 167.66 - 1.18 at 298 K [55]
aerogels
33at273 K
Porous carbon N-HPC 4.7 1960 - [56]
2.0at298 K
Porous carbon PCMSs- 43at273 K
1.25 642 0.27 [57]
900 3.0at298 K

4 Conclusions

PMF carbon cryogels with excellent properties were synthesized by using sol-gel
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and freeze-drying process with low-cost formaldehyde, phenol, and melamine as raw
materials. The effect of molar ratio of F/(P+M) on the pore structure, chemical
properties, and CO, adsorption performance was examined. For comparison, the PF
carbon cryogel without N doping was prepared, which showed the lowest surface
area, pore volume, and CO, adsorption capacity. The PMF carbon cryogels could
retain their monolithic structure after drying and carbonization processes, indicating
their good mechanical property. With the increase in the molar ratio of F/(P+M), the
specific surface area, total pore volume, and micropore volume decreased. The carbon
cryogel PMF2.0 exhibited the highest specific surface area and micropore volume,
which were 1160.6 m?/g and 0.47 cm’/g, respectively, thus it showed the maximum
CO, adsorption capacities of 5.79 and 3.85 mmol/g at 273 and 298 K, respectively,
under 1 bar. The micropores, especially those with size less than 0.8 nm, were more
conducive to the absorption of CO,. In addition, the PMF2.0 carbon cryogel sample
exhibited high CO,/N, adsorption selectivity (13.43) and high isosteric adsorption
heat (33.06 kJ/mol). This excellent CO, adsorption performance was mainly attributed
to the synergistic effect of heteroatom N doping and abundant pores with suitable

distribution, indicating the excellent potential of carbon cryogel in CO, capture.
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