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A B S T R A C T   

Selective CO2 capture from a high temperature point source and its subsequent facile release is an important 
industrial challenge. It is well established that the nitrogen content can influence the CO2 uptake selectivity of 
carbon-based adsorbent materials. This work presents an example of how nitrogen type and content in meso
porous carbon directly determines CO2 uptake (and release) behaviour. Higher loadings of intrinsic nitrogen lead 
to increased isosteric heat of adsorption (Qst) values, with selective low- pressure binding and large uptake of 
CO2 at high temperature (75 ◦C). The process is reversible, only a mild vacuum exposure is sufficient to drive off 
the adsorbed CO2, with sustained performance without a noticeable loss in activity. The work highlights the 
scope of the fine tuning the application specific structure of the adsorbent materials for optimal use.   

1. Introduction 

Carbon based fossil fuels are a vital source of energy. Their use in 
different sectors of the economy including power production, industries, 
transportation, production of a vast variety of chemicals, and pharma
ceuticals is central to the current global economic growth [1,2]. How
ever, the resulting CO2 emissions from their continuous consumption are 
major contributors to the increasing levels of CO2 in the atmosphere, the 
greenhouse effect, and consequent global warming [1,2]. This concern 
has prompted the need to develop materials and methods to capture 
these carbon emissions from thermal/coal-fired/natural gas-fired power 
plants to minimize their impact on the environment and for the sus
tainability of life on the planet [3–6]. 

In many industrial processes, CO2 is present with other gases mainly 
N2, and H2O at low partial pressure and should ideally be recycled [7,8]. 
The conventional approach for post-combustion CO2 capture is the use of 
aqueous solutions of alkanolamines [2,3,7,8]. In this process, CO2 is 

absorbed from a fuel gas stream into an aqueous solution of amines 
(20–30% concentration) at near ambient temperatures [6,9]. This occurs 
via chemisorptive formation of N–C bonded zwitterionic carbamate in
termediates (chemical bonding enthalpies typically at ~100 kJ mol− 1) 
[5,6,10–12]. Setting aside the requirement of inhibitors for corrosion 
control, the high heat of absorption values of amines solution means, for 
the recovery of CO2 from aqueous solution needs heating to high tem
perature (100–120 ◦C) with process steam. This is an inefficient method 
of CO2 regeneration as it imposes an additional energy penalty and cost to 
the process [1,3,7]. The other methods include the use of solid porous 
materials for CO2 capture, with several types of solid media reported to be 
effective [1,6,8,13–15]. However, the majority of porous carbons [8,16, 
17], zeolites [18], and metal-organic framework materials which are 
sensitive to the presence of water [5,19], etc. developed thus far 
demonstrate high uptake capacities only at low temperatures, where CO2 
is captured primarily through physisorption. Although the benefit of the 
physisorption process is low regeneration energy as compared to that 
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required for amines, often it comes at the cost of sensitivity. That with a 
slight increase in temperature or moisture result in poor selectivity, thus 
deterring their employment for practical usage [5,20]. In a typical 
physisorption process, the heat of adsorption (an indirect measure of the 
binding strength of CO2 to the material) for CO2 capture employing these 
solid adsorbents is in the range of 15− 30 kJ mol− 1, indicating a low en
ergetic affinity for CO2 adsorption [5,17,18]. Hence, the challenge lies in 
the design of a material with suitable heat of adsorption that enables the 
binding of CO2 at high temperatures, together with minimal energy 
requirement for its release from the adsorbent. To date, the majority of 
adsorbent materials employed for CO2 capture have emphasis is on the 
high CO2 uptake where the aspect of tuning the CO2 adsorption energy 
and requirement of low regeneration energy at a temperature relevant to 
real-world applications, is rather overlooked. 

The other aspect of the problem in the post-combustion technique is 
low CO2 capture efficiency when streaming a large volume gas at 40–60 
◦C in low pressure. A typical composition of the flue gas in power plants 
contains 15–16% CO2 and 73–77% N2 by volume, along with a small 
amount of water, SO2, and O2 [19,21]. Therefore the separation of CO2 
from N2 is central to the post-combustion CO2 capture. In general, 
research efforts to design adsorbent materials for CO2 capture have 
two-fold focus. One is to enhance the CO2 uptake capacity by (1) 
increasing surface area and modification of the pore networks [5,8,16, 
22,23] and/or (2) through the incorporation or grafting of basic groups 
into the adsorbent structure to optimize CO2 uptake [13,22,24–27]. 
Since, Since, the presence of amines at the surface/pores favor chemi
sorption over physisorption, the interaction phenomenon is complex 
[28–30]. It is generally assumed that acid-base interactions dominate 
the uptake process where (Lewis) basic nitrogen moieties capture 
(Lewis) acidic CO2 molecules [3,31–35]. This has led to the in
vestigations of many nitrogen-containing solids, supporting the role of 
Lewis basic sites for enhancing selective CO2 capture [3,35–39]. How
ever, a recent study has identified operative induction forces rather than 
acid-base interactions for improved CO2 uptake behavior where nega
tive electrostatic potentials serve as robust indicators for the effective
ness of N-doped sites to selectively capture CO2 [22,29]. Further, the 
attempts have been devoted to synthesis materials containing nitrogen 
with different bonding environments that in turn show differences in 
energy enthalpies for the carbon capture process [13,32,34,40–42]. For 
instance, 2D and 3D mesoporous carbon structures having different 
pores, [42,43], andbiomass-derived low temperature doping methods to 
produce nitrogen-doped mesoporous carbon were developed [17,36]. 
Similarly, porous carbons incorporated with N species have been re
ported to act as simultaneous CO2-philic sites and pore-foaming agents 

[44]. Despite this remarkable progress, the role of nitrogen content to 
the change in isosteric heat of adsorption values (Qst) values and at high 
temperature CO2 uptake in low pressure regime is relatively less 
explored.. Therefore, a porous solid having intrinsic nitrogen embedded 
in the structure with moderate CO2 heat of adsorption could be a good 
candidate for achieving easy on/easy off reversible CO2 capture. 

Here, we report the synthesis of high surface area nitrogen-rich 
mesoporous carbon materials and their corresponding CO2 and N2 up
take behaviors. The mesoporous carbon materials were prepared using a 
hard template method with varying ratio of EDA/CTC, diethylenetri
amine/CTC, or triethylenetetramine/CTC to achieve high nitrogen 
content in resulting structures for efficient and selective carbon capture. 
The change in nitrogen (sp2/sp3-hybridized) content accompanied an 
increase in CO2 uptake at high temperatures (75 ◦C), present isosteric 
heat of adsorption (Qst) values higher than the physisorbed solids, yet 
lower than that of amines solutions, necessary for energy-efficient 
regeneration of adsorbents. 

2. Experimental section 

2.1. Synthesis of mesoporous silica 

All the materials were used as supplied (Sigma-Aldrich) without 
further purification. Mesoporous silica (SBA-15) used in this work was 
synthesized according to the reported method using amphiphilic tri
block copolymer, poly(ethylene glycol)-block-poly(propylene glycol)- 
block-poly(ethylene glycol) Pluronic P123, as a surface directing agent 
and tetraethyl orthosilicate (TEOS) as silica precursor (Scheme 1) [42]. 
In a typical synthesis, 4.0 g of Pluronic P123 was dissolved in 30 g of 
water and 120 g of 2 M HCl solution at 35 ◦C. Then 8.50 g of TEOS was 
added into that solution with stirring at 35 ◦C for 24 h. The mixture was 
then aged in static conditions at 100 ◦C. The obtained product was 
recovered, washed, and dried at room temperature which was subse
quently calcined at 500 ◦C in a tube furnace with a heating rate of 
5◦/min in the air for 6 h. 

2.2. Synthesis of nitrogen-rich mesoporous carbon (MCN) 

To prepare MCN, an already published method with modification 
was followed [42]. The synthesized SBA-15 was used as a sacrificial 
template in the polymerization reaction between ethylenediamine 
(EDA) and carbon tetrachloride (CTC). The textural feature and porous 
structure of the carbon nitride (replica of the parent template) were 
maintained according to the silica template which in turn was 

Scheme 1. Presentation of steps involved in the synthesis of silica template (SBA-15) and nitrogen rich mesoporous carbon (MCN) materials. The steps include; (I) 
micelle formation (II), self-assembly (II), thermal annealing (IV) precursor impregnation and polymerization (V) carbonization, and (VI) treatment with a 5% HF 
solution to remove silica template. 
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dependent on the chain length of the directing agents, reaction time, 
temperature, and concentration of the precursor (Scheme 1). Typically, 
0.5 g of the prepared SBA-15 was added to the mixture of ethylenedi
amine (1.35 g) and carbon tetrachloride (3 g). The mixture was then 
refluxed and stirred at 90 ◦C for 6 h. The obtained dark brown solid was 
dried in an oven for 12 h and grounded to a fine powder. Afterward, the 
composite powder was carbonized under a nitrogen flow of 60 mL/min 
with a heating rate of 3.5◦/min from room temperature to 600 ◦C and 
held there for 6 h. The product was then dissolved in a 5% HF solution 
for the removal of the silica template, followed by washing several times 
with ethanol and dried at 100 ◦C. A set of three samples with 1:1 
EDA/CTC, (MCN1) Diethylenetriamine/CTC (MCN2), and triethylene
tetramine/CTC (MCN3) were prepared. The experiments for higher 
amines ratios resulted in a sticky jelly-like mass that was not suitable for 
subsequent synthesis steps. 

2.3. Characterization 

Small angle X-ray diffractions patterns were measured on a Phillips 

PW1729 diffractometer, operating in Bragg–Brentano focusing geome
try and using Cu Ka radiation (k = 1.5418 Ȧ) from a generator operating 
at 40 kV and 30 mA. The diffractograms were recorded from 0.6◦ to 5◦, 
with a step size of 0.01 and a step time of 1 s. SEM, images were recorded 
on JEOL 6500 F FEG SEM with a voltage of 5KV and a working distance 
of 10 mm. Transmission electron microscopy (TEM) images were 
recorded on JEOL 2010 equipped with a high-resolution pole piece 
running at 200 kV accelerating voltage. Samples were prepared by 
dispersing the powder products as of slurry in 1:1 water-ethanol solution 
which was then sonicated for 10 min before being deposited and dried 
on Agar Scientific 400 mesh Cu holey carbon support. The Fourier 
transform infrared (FTIR) was performed on a Nicolet 6700 FT-IR 
spectrometer with a MCT detector cooled using liquid nitrogen. The 
obtained spectra are averaging the 128 scans with a 4 cm− 1 resolution. 
Elemental analysis was carried out using the Vario MICRO series CHNOS 
Elemental Analyzer. N2 sorption was carried out using a Sorptomatic 
1990 with CE Instruments analytical software. All the samples were 
outgassed at 473 K for 6 h before the N2 adsorption measurements. N2 
gas adsorbate was used with 2 min equilibration times at each point and 

Fig. 1. The (a) small angle XRD (b) PXRD of MCN materials. (c) SEM and TEM image of the MCN materials (c, f) MCN1, (d, g) MCN2, (e, h) MCN3 respectively.  
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a bath temperature of 77.2 K. The diameter volumetric distribution and 
mean pore diameter was determined by the Barrett– Joyner–Halenda 
(BJH) method, from the adsorption branch of isotherm, and the total 
pore volumes were estimated from the adsorbed amount at the constant 
C, where a relative pressure of P/P0 = 0.90 was set. According to the 
accuracy of the instrument, the error is within 2%, so error bars are not 

visible on the scales used. The X-ray photoelectron spectroscopy (XPS) 
measurements have been performed using a Scienta-Omicron system 
equipped with a micro-focused monochromatic Al K-alpha (1486.7 eV) 
and charge neutralizer CN10. The source was operated at 15 KeV with 
constant analyzer energy (CAE) 100 eV for survey scans and 20 eV for 
high-resolution scans. The data acquisition was done with Matrix 

Fig. 2. (a) N2 sorption isotherms of MCN (b) the inset shows the pore size distribution in MCN materials and (c) Raman spectra and (d) electron energy loss spectra of 
MCN3 (e) XPS C1s and N1s spectra of MCN materials. 
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software and analysis was performed with Igor pro along with XPS fit 
procedures. The Curve fitting of high-resolution spectra was done by 
employing the Gaussian-Lorentzian (70− 30%) line shape after per
forming the Shirley background corrections. The binding energy cali
bration was performed with C1 s core level at 284.8 eV. 

2.4. Gas adsorption measurements 

The CO2 uptake isotherms were determined by using the Intelligent 
Gravimetric Analyser (IGA), model IGA-003, Hiden Analytical. The IGA- 
003 system has a software-controlled; thermostated microbalance with a 
weight resolution of 0.1 μg, and an ultra-high vacuum of (<10− 1 Pa). In 
a typical measurement, samples were degassed first at 423 K for 5 h to 
remove the physically adsorbed species/molecules. After the pretreat
ment system was kept under vacuum and temperature was adjusted to 
the value (25 ◦C or 75 ◦C) for measurement. The admittance of CO2/N2 
to analyze actual adsorption equilibrium time at pressure points and the 
increase in the adsorbent weight was recorded automatically. 

To calculate the enthalpies of adsorption for CO2 on MCN materials 
Clausius- Clapeyron equation was employed at different temperatures 
(at 298, 308, 323, and 348 K). In each case, the data were fit using the 
equation:  

(ln P)n = - (Qst/R)(1/T) + C                                                                    

where P is the pressure, n is the amount adsorbed, T is the temperature, 
R is the universal gas constant and C is a constant. The isosteric heat of 
adsorption Qst was subsequently obtained from the slope of plots of (ln 
P)n as a function of 1/T, and the obtained values at the onset of 
adsorption are used for comparison [13,31,41]. The regeneration test 
was conducted using IGA, at room temperature and, 75 ◦C by exposing 
the material to a CO2 atmosphere alternating between 6 mbar and 1 bar. 

3. Results and discussions 

The formation of the template replicated structure was confirmed 
with X-ray diffraction (XRD) analysis. Small angle X-ray diffraction 
patterns of synthesized samples are shown in Fig. 1a. The patterns 
exhibited retention of 2D hexagonal structure of the silica template in all 
mesoporous nitrogen-rich carbon (MCN) materials. Although, the posi
tion and intensity of the (100) peak is less intense and shifted to a lower 
angle in comparison to the parent template (Figure S1b), are remark
ably clear, indicating the formation of interlinked mesostructures of 
pores interconnecting the walls. The weak intensities of the (110) and 
(200) reflections in MCN samples are likely due to the partial filling of 
the SBA-15 template, and the density contrast of silica walls to the MCN 
matrix [42,43]. In addition to the low angle 2θ values, powder XRD 
patterns (Fig. 1b) display a broad (002) diffraction peak at 26◦ of typical 
graphitic carbon structures having an interlayer D-spacing of 3.42 Å. 
Further, the surface morphology features of the materials examined 
through SEM present the existence of porous character (Fig. 1c-e), while 
the high-resolution transmission microscopy (HR-TEM) images show 
that the ordered mesopores in honeycomb arrangements are visible 
(Fig. 1f− h), and hexagonal mesostructure of silica template is preserved 
after its removal (Fig. S1a). The FTIR analysis of MCN materials showed 
bands corresponding to the symmetric and asymmetric stretching of 
primary amines (3204 and 3359 cm − 1) suggesting the presence of free 
amino groups (Fig. S3). The weak band of secondary amines in the same 
region is perturbed by the primary amines band. This reflects that ni
trogen is present in the form of C–NH and C–NH–C, respectively. 
Other strong bands in the 1600− 1150 cm− 1 region, attributed to the 
stretching mode of aromatic ring heterocycles or free N–H bending 
mode, and a broad band at 1226 cm− 1 assigned to vibrations of the C–N 
bond, are seen. These results infer the existence NH2, N–H, or other N 
bonded basic groups in MCN structures. 

To investigate the BET surface area, N2 adsorption isotherms for 

MCN materials were performed (Fig. 2a). The resulting isotherms 
exhibit type IV behave ior and are completely reversible. A slight 
decrease in the surface area (540, 526, 514 m2/g) and pore volume with 
increased nitrogen content was noted (Table 1) that can be attributed to 
the formation of a denser structure with increased nitrogen loadings. 
While in Raman spectra of MCN materials, both D and G bands in the 
range of 1334–1402 and 1554− 1587 cm− 1, respectively are present 
(Fig. 2b). The G band in all samples is shifted to lower wavenumbers 
(1557 cm− 1) in comparison to the ordered graphitic carbon (1584 cm− 1) 
[45]. This shift towards lower wavenumbers, the appearance of D band, 
and the high ratio of ID/IG (1.01–1.09) in MCN materials indicated the 
presence of sp3 carbon/nitrogen species. It is important to note that the 
shift of G band to lower wavenumbers (from E2g ideal graphitic phase) is 
highest in MCN3, which suggests the incorporation of N atoms into the 
structure along with the increased distortion of the graphitic phase. 

The elemental analysis of the materials revealed the N content in
creases in MCN1 < MCN2 < MCN3 (Table 1). The electron energy loss 
(EELS) spectrum of MCN3 from the edge of a sample fragment is shown 
in (Fig. 2c). The spectrum has been deconvolved with the zero-energy 
loss peak to give an approximation of single scattering signal, as the 
sample is generally too thick for single scattering featuring the sharp C 
and N K-edge peaks. Three observed peaks at 292 eV, 320 eV, and 403 
eV can be ascribed to C and N K-edges and the small peak at 540 eV due 
to traces of the oxygen present as typical background, indicates that the 
sample is mainly composed of C and N. The sharp peak at 292 eV is 
evidence of transitions from 1 s core to π* band and can be attributed to 
sp2-hybridized carbon bonded to nitrogen. Additionally, the broad band 
at 320 eV in the CK-edge spectrum is due to transitions from charac
teristic 1s-σ* states indicating the sp2 hybridization of carbon in all 
samples. The N K-edge peak at 403 eV is also evidence of the sp2 hy
bridized N atoms and supports the conclusion drawn from the C K-edge 
peak analysis of the EEL spectrum. However, the relative broadness of 
the N K-edge peak is also indicating the presence of the sp3 hybridized N 
atoms [37,42]. 

The XPS C1 s and N1 s spectra of MCN materials are presented in 
Fig. 2e. The C1 s, spectra of MCN3 show three deconvoluted peaks at 
284.56, 285.83, and 288.36 eV that can be assigned to pure graphitic 
carbon, carbon bonded to N, and sp2 C attached to amines, respectively. 
In contrast, the C1 s spectra of MCN2 and MCN1, show two main peaks 
where 288.36 eV peak, which stems from sp2-hybridized C in aromatic 
rings attached to an electronegative –NH2 or –NHR group, is greatly 
suppressed. While the peaks at 284.56 eV, which correspond to sp2- 
hybridized C atoms bonded to N inside the conjugated ring, are domi
nant. These results indicate the existence of a largely aromatic structure. 
The observed N1 s spectra of MCN materials show three peaks at 399.8 
eV (C-NH2), 398.7 eV (C–NH), and 398.0 eV (C–N). The appearance of 
these peaks mainly results from nitrogen participating in the different 
aromatic domains and as a terminal group. The peak at 399.8 eV is 
therefore assigned to N atoms bonded to two sp2 –C atoms, while the 
peak at 398.7 eV can be attributed to the sum of Nbridge (N bonded to 
three sp2–C, –NH– bonds) and Ntermianl (NH2) groups. Notably, the area 
under the curve for peaks at higher binding energy in MCN3 is signifi
cantly greater. It can be concluded that the MCN3 structure is a mix of 
sp2–hybridized C network where N atoms are substituted in aromatic 
rings or connecting sp2 microdomains along with the –NH2 terminal 
groups which are consistent with the results reported previously [37, 

Table 1 
Textural properties and N contents of nitrogen rich mesoporous carbon 
materials.  

Sample SBET m2/g Dpore (nm) Chemical composition wt.% C/N ID/IG    

C N H   

MCN1 540 7.4 72.8 19.5 4.9 3.73 1.01 
MCN2 526 6.9 67.4 21.9 4.8 2.92 1.04 
MCN3 514 6.1 66.8 26.1 4.7 2.56 1.09  
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42]. It is noteworthy that the use of long- chain amine precursor for 
thermal condensation leads to increased N content in final structures, 
however, the aromatic character of the MCN3 has decreased. These 
subtle variations in chemical features make these structures extremely 
interesting for CO2 uptake investigation. 

The CO2 uptake behavior of intrinsically nitrogen-rich carbon ma
terials is compared in Fig. 3a- c. All of the samples show remarkably 
good and almost similar CO2 uptake capacity (2.46–2.51 mmol/g) at 25 
◦C. In contrast, marked differences in CO2 uptake capacity of materials 
were observed at 75 ◦C and 1 bar where MCN3, with highest N content, 
showed the largest uptake (1.74 mmol/g) followed by MCN2 (1.60 
mmol/g), and MCN1 the lowest (1.24 mmol/g). This trend clearly shows 
that under these conditions higher nitrogen content is responsible for a 
high uptake of CO2 at elevated temperatures and the result is consistent 
with earlier findings [35,38]. Also, the role of the BET surface area can 
be ruled out, as MCN1 has the highest surface area in comparison to the 
rest of the samples (Table 1). It is important to mention that activated 
carbon (AC) having surface area 574 m2/g, however, devoid of N con
tent show almost similar CO2 adsorption capacity (2.03 mmol/g) at 25 
◦C, but its uptake drastically dropped when measured at 75 ◦C (0.76 
mmol/g). The other reported carbon based materials exhibit a similar 
trend for CO2 uptake capacity at higher temperatures [13,39,46]. 

A comparison of CO2 and N2 adsorption isotherms for MCN and AC at 
25 ◦C are presented in Fig. 3d. At low pressures (up to 20 mbar), 
particularly MCN3 exhibit higher CO2 adsorption: 0.628 mmol/g versus 
0.0824 mmol/g in AC. Besides, slight differences in adsorption behavior 
(line shape) exist till 500 mbar, but above 500 mbar, CO2adsorption of 
AC improved significantly (2.03 mmol at 1 bar) and becomes similar to 
MCN materials. A probable explanation for this behavior is the greater 
affinity of terminal amines towards CO2, which triggers steep CO2 

uptake in low pressure regime suggesting chemisorption is operative 
here [35,47]. That follows the filling of pores at higher pressures. Note 
the intrinsic nature of amines and mesoporous pores (pore diameter 
6.1–7.4 nm) of all MCN materials leaves terminal alkylamine sites 
exposed for interaction. For that reason after low pressure binding, CO2 
adsorption isotherms attained plateau rather quickly. Setting aside the 
stability concerns of previously studied carbon or carbon containing 
basic functionalities tethered at the surface/structures, their CO2 uptake 
capacity at high temperature drop rapidly [5,35,47]. It is significant that 
metal free materials, made only with abundant C, H, and N elements 
show such high uptake at high temperature and low pressures. 
Furthermore, as the separation of CO2 from N2 is central to the 
post-combustion CO2 capture process, when MCN3 was exposed to the 
N2 gas it exhibited only ≈ 0.18 mmol/g uptake at 1 bar, a factor crucial 
for practical application. 

The reversibility of CO2 adsorption capacity of MCN3 at room tem
perature and 75 ◦C was assessed gravimetrically by exposing the ma
terial repeatedly to a CO2 atmosphere alternating between 6 mbar (CO2 
removal) and 1 bar (CO2 uptake) for five cycles. The results show that 
isotherms are completely reversible and uptake capacity in measured 
cycles remained almost unaltered, (Fig. 3e). For recovery, combined 
heat treatment and mild vacuum was applied. It was found that at 80 ◦C, 
1 h, 95% CO2 was driven off while at 100 ◦C, 1.5 h complete removal 
was noted. As the temperature of the flue-gas emitted from power plants 
is high, these results highlight the utility of MCN materials for low 
pressure post combustion capture. In addition, small angle XRD patterns 
and FTIR spectra of the spent MCN3 after adsorption-desorption cycles 
exhibit no change, infer that both pore network and chemical structure 
is intact after repetitive uptake cycles. 

To understand the superior uptake and facile release of MCN 

Fig. 3. (a− c) CO2 sorption isotherm of MCN materials carried out at different temperatures (d) a comparison CO2 uptake capacity of MCN materials and activated 
carbon, (e) cyclic tests of CO2 adsorption on MCN3. 
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materials, we calculated the isosteric heat of adsorptions (Qst) values 
using isotherm data collected at different temperatures [13,43,48]. The 
results show that at low pressure, MCN3 has a significantly higher initial 
Qst ~73 kJ/mol, values typically seen for the presence of terminal and 
secondary amines. (Fig. 4a). The MCN1 has the lowest Qst ~58 kJ/mol 
which can be attributed to a relatively less number of free NH2 sites in 
the materials (Fig. 4b). At higher CO2 pressure (> 250 mbar), a small 
difference in Qst values for MCN1 indicates similar nature of binding 
sites and coverage of the majority of available sites. To explain this 
further, we calculated the initial isosteric heat of adsorption values in 
different pressure regimes (Table 2). The results reveal the differences in 
types and concentration of CO2 adsorption sites in MCN materials. The 
high Qst values in the 0− 250 mbar regime suggest high affinity binding 
sites (e.g. terminal amines) are prominent in this region, which follows 
an order MCN3 > MCN2 > MCN1 in terms of their abundance. Notably, 
thermal condensation of amine precursors may likely result in formation 
of a variety of amines (terminal amine, piperidine, aniline, pyridine, 
triazine, and carbon ring, etc.) having differences in CO2 affinity thereby 
influencing the material uptake behavior [35,47]. In particular, thermal 
condensation of triethylenetetramine in MCN3 generates structure with 
less conjugation having more terminal amine sites in comparison to the 
other materials (FTIR, XPS results), thus show high uptake in low 
pressure regime. 

Beyond 500 mbar high initial heat of adsorption of MCN1 also infers 
that it is the type of amines that influence the uptake behavior, as the 
XPS results show types of C and N present in MCN3 differ from MCN1 
and MCN2. Furthermore, the (0− 250)/(500− 1000) ratio of heats of 
adsorption shows that this trend did not just reflect the number of CO2 
adsorption sites, but rather a relative increase in the number of high 
affinity binding sites for materials with higher nitrogen content. This is 

significant as it provides the basis for how to design an adsorbent with a 
desired Qst by tuning structures with a particular type and number of N 
sites in the material. It is noted that Qst values throughout the adsorption 
process are still lower than the chemical bonding enthalpy of the ni
trogen lone pair with CO2 ~80 kJ/mol in liquid amine solutions. This 
data suggests that nitrogen-rich carbon structures reported here have 
moderately high chemisorption strength due to N embedded surfaces, 
which can be tuned to achieve easy-on/easy-off sorbent for CO2 capture 
at application specific temperature. 

3.1. Conclusions 

In summary, the nitrogen content of mesoporous carbon nitrides can 
easily be enhanced and such modification has a direct effect on CO2 
uptake capacity at low pressure and higher temperature. It is demon
strated that the isosteric heat of adsorption, which is a function of ni
trogen type and content, can be tuned to design the binding energetics of 
the material. Further, MCN materials have the potential for their use as 
CO2 sorbent or membranes. The work highlight the role of structural 
transformations needed to control the type and environment of CO2 
binding sites in designing new sorbent materials. 
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Appendix A. Supplementary data 
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Fig. 4. Comparison of isosteric heat of adsorption (Qst) as a function of CO2 uptake in (a) 0–250 mbar (b) 250–500 mbar and (c) 500–1000 mbar pressure regimes.  

Table 2 
CO2 uptake capacity and isosteric heat of adsorption values of MCN materials.  

Sample 
CO2 capacity (mmol/g) *Initial isosteric heat of adsorptions Qst ΔHads kJ/mol 

Ratio 0− 250/500− 1000 Reference 
0 ◦C 25 ◦C 75 ◦C 0− 250 mbar 250− 500 mbar 500− 1000 mbar 

MCN1  2.43 1.38 58 43 39 1.48 This work 
MCN2  2.48 1.60 67 45 38 1.78 This work 
MCN3  2.53 1.74 73 49 37 2.02 This work 
AC  2.40 0.76     This work 
X13  3.90 − [13] 
Porous Carbon 7.60 2.49 − [46] 
NaNH2-C 5.58 3.41 − [39] 
PEHA@CNS  2.65 5.45     [38] 
Cu-BTC  4.7 0.63     [49]  
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