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Abstract

:

In this work, N/O codoped porous carbons (NOPCs) were derived from corn silk accompanied by Na2CO3 activation. The porous structures and surface chemical features of as-prepared carbon materials were tailored by adjusting the Na2CO3 mass ratio. After activation, the optimized sample (NOPC1) with abundant ultramicropores and pyrrolic N displays an enhanced CO2 adsorption capacity of 3.15 mmol g−1 and 1.95 mmol g−1 at 273 K and 298 K at 1 bar, respectively. Moreover, this sample also exhibited high IAST selectivity (16.9) and Henry’s law selectivity (15.6) for CO2/N2 at 298 K as well as moderate heat adsorption. Significantly, the joint effect between ultramicropore structure and pyrrolic N content was found to govern the CO2 adsorption performance of NOPCs samples.
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1. Introduction


Parallel to the massive consumption of fossil fuels, the continuous emissions of various air pollutants have led to global warming and resulted in a series of serious ecological issues. To alleviate these environmental problems, various technologies have been developed to inhibit CO2 from releasing into the atmosphere, such as chemical absorption [1], physical absorption [2], membrane separation [3], cryogenic distillation [4] and others [5]. Among these technologies, physical absorption with the merits of a cost-effective process, including low equipment requirements, low power consumption and efficient regeneration [6,7], is considered one of the most competitive techniques to curb CO2 emissions. To date, various porous materials, such as zeolite [8], porous organic polymers [9], mesoporous silica [10], graphene [11], metal-organic frameworks (MOFs) [12,13], covalent organic frameworks (COFs) [14] and porous carbons [15], have been developed as physical adsorbents for CO2 capture. In this regard, porous carbons have been attracting greater attention due to their large specific surface area, adjustable porosity and surface functionality [15,16]. However, the low polarity of pristine porous carbons commonly causes poor adsorption selectivity of CO2 over N2 and low adsorption heat [6]. Activation is considered to be the optimal approach to improve the physicochemical properties of carbon materials, including physical activation and chemical activation. During physical activation, the porosity of carbon materials significantly increase through high temperature carbonization or partial gasification of a precursor. By contrast, during chemical activation, the activator can create a multi-scale porous structure for carbon materials via chemical etching under high temperatures [17,18]. Various activators have been widely used in the literature, such as KOH, NaOH, H3PO4, Na2CO3, K2CO3, ZnCl2 and others [18,19]. Among these activators, KOH is the most frequently used as a chemical agent to modify various carbon materials to enhance their CO2 adsorption capacity. For instance, sucrose-derived porous carbons were prepared by adding different ratios of KOH and urea, and displayed a remarkable CO2 uptake of 8.19 mmol g−1 at 273 K and 1 bar [19]. Liu et al. [20] synthesized a category of porous carbon monoliths via a novel in-situ KOH activation methodology. The reported carbon monoliths had a high ultramicropore volume of 0.3 m3 g−1 and therefore demonstrated remarkable static CO2 uptake (5.0 mmol g−1). Similarly, the N, S, and O co-doped porous carbons were fabricated via KOH activation of polybenzoxazine and exhibited a high CO2 adsorption capacity of 7.04 mmol g−1 and CO2/N2 selectivity of 27 at 273 K [21]. In fact, KOH activation can induce large amounts of micropores and small mesopores in carbon frameworks [22]. However, KOH activation can result in potentially serious environmental pollution and heavy corrosion damage to the experimental apparatus. In contrast, carbonate can simultaneously carry out chemical and physical activation of the carbon framework via the release of CO2 at high temperatures [17]. For example, through a Na2CO3 assisted method, a 3D holey N-doped graphene with a large specific surface area of 1173 m2 g−1 was synthesized via fast pyrolysis of alanine [23]. Caglayan et al. demonstrated that the CO2 mass uptake of carbon material activated by Na2CO3 was eight times high than that of the air oxidized and nitric acid oxidized counterparts [24].



Heteroatom doping, especially strongly electronegative atoms (such as N, O and P), can effectively improve the surface physical-chemical properties of carbon materials [25,26] and further enhance CO2 adsorption performance. Substantially, incorporation of nitrogen into the carbon skeleton can provide abundant basic sites that may enhance the Lewis acid-base interaction between functional groups on the surface and acidic CO2 molecules [19,22,27]. Furthermore, introduction of another heteroatom can increase the surface polarities of N-doped carbon materials [19], which is also conducive to CO2 adsorption. For instance, N and P co-doped porous carbon was fabricated through pyrolysis of a highly-cross-linked triazine polymer and demonstrated an enhanced CO2 adsorption capacity of 1.52 mmol g−1 at 1 bar [28]. Similarly, N and O co-doped carbon nanotubes synthesized via coal pyrolysis activation achieved a remarkable CO2 uptake capacity of 3.77 mmol g−1 at 298 K and 1 bar [29]. In addition, micropores, especially ultramicropores (d < 1 nm), present a vital contribution to the adsorption capacity and adsorption selectivity of CO2, while mesopores and macropores can reduce CO2 transport resistance and accelerate CO2 diffusion, respectively [29,30,31]. Therefore, rational design of carbon materials with a hierarchical porous structure of combined micropores, mesopores and macropores can optimize the adsorption performance of CO2.



Biomass-derived porous carbons have received a great deal of attention for their physical adsorption of CO2 considering their low cost, high accessibility, environmental sustainability and high chemical stability [32,33]. More significantly, heteroatom self-doping stemmed from the organic elements in plants that can be formed through chemical activation processes, and the multi-scale pores originated from biological structures with interconnected channels that can effectively increase the rates of CO2 diffusion [33]. In a recent study, heteroatom-doped porous carbons derived from cornstalk [15], bamboo [34], tobacco stems [35], lotus stalks [36], hazelnut shells [37] and Entada rheedii shells [38] have been prepared and employed as the adsorbents for CO2 adsorption, demonstrating the decisive effect of ultramicropore and heteroatom doping on CO2 adsorption capacity. Corn silk, as a cheap and readily available biomass raw material, containing abundant N and O elements [39], is a potential candidate for preparing porous adsorbents toward CO2 capture, and the adsorption performance of carbon materials based on corn silk has not yet been investigated. Herein, N/O codoped porous carbons were synthesized from corn silk, while pore-structure and surface chemical features were adjusted through Na2CO3 activation at high temperatures. The optimized sample, with abundant ultramicropores and pyrrolic N, displays an enhanced CO2 adsorption capacity, in comparison to its counterparts. This work is expected to pave an accessible pathway for synthesizing a cost-effective alternative that enhances CO2 capture.




2. Materials and Methods


2.1. Materials


The original corn silk was obtained from a corn field in Daixian, Shanxi province, China. The chemical reagents, such as sulfuric acid (H2SO4), hydrochloric acid (HCl), and sodium carbonate (Na2CO3) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China and used without further purification.




2.2. Fabrication of N/O Codoped Porous Carbons (NOPCs)


The synthesizing process of NOPCs is shown in Figure 1. Typically, corn silks were dispersed in 0.5 M H2SO4 solution and maintained at 80 °C for 5 h. The products were treated with 1 M HCl, and subsequently washed with deionized H2O until neutral. Finally, the silks were dried at 100 °C for 12 h to obtain acid-activated corn silks (a-CS). Next, the a-CS was thoroughly blended with a Na2CO3 solution (the weight ratio value of Na2CO3 to a-CS is 0:1/1:1/3:1/9:1) and the obtained mixture was impregnated and stirred for 12 h, followed by separation and airing at 100 °C for 24 h. Afterwards, 1 g of the mixture powder was placed in a tube furnace under an N2 atmosphere and activated at 800 °C for 3 h. Subsequently, the products were soaked in 1 M HCl for 24 h and washed with deionized water until a pH value of seven was reached. Finally, a N/O codoped porous carbon was obtained after drying overnight at 100 °C, which was named NOPCx, where x represented the Na2CO3/a-CS mass ratio.




2.3. Characterization


The surface morphology and microstructure of NOPCs were observed via scanning electron microscopy (SEM, Thermo Fisher Quattro S, Thermo Fisher Scientific, Waltham, MA, USA) and transmission electron microscopy (TEM, Thermo Scientific Talos F200S, Thermo Fisher Scientific, USA). The crystallinity of samples was characterized via X-ray diffractometer (XRD, Brucker D8 Advance, Brucker, Germany) with Cu-Ka radiation (λ = 1.5418 Å). The graphitization degree of NOPC samples was investigated using a Raman spectrometer (Raman, Thermofisher Dxr2xi, Thermo Fisher Scientific, USA) with an excitation wavelength of 514 nm. The elemental composition of samples was analyzed using an elemental analyzer (EA, Elementar Vario EL cube, Elementar, Germany). The surface functional groups and elemental contents of NOPCs were determined using a Fourier transformed infrared spectrometer (FTIR, Thermo Scientific Nicolet iS50, Thermo Fisher Scientific, USA) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific K-alpha, Thermo Fisher Scientific, USA) with a monochromatic Al Ka X-ray source (1486.6 eV photons). Shirley background subtraction was used for the deconvolution of XPS spectra. The textural properties of NOPCs were measured at 77 K using a gas sorption analyzer (Micromeritics ASAP 2460, Micromeritics, Norcross, GA, USA). The specific surface area and pore size distribution were determined using the BET method and non-local density functional theory (NLDFT).




2.4. CO2 Adsorption Experiment


The CO2 and N2 adsorption isotherms were measured on a Belsorp Max II instrument under pressures of 0–100 kPa. Prior to the adsorption measurement, the samples were degassed at 120 °C for 12 h to remove impurities from the pores.





3. Results


3.1. Physico-Chemical Properties of NOPCs


The morphological features of the NOPCs are shown in Figure 2. The NOPC0 sample directly carbonized from a-CS shows a relatively dense block structure and smooth surface without apparent pores (Figure 2a,b). Compared to NOPC0, the NOPC1 displays a wrinkled flake surface (Figure 2c,d), implying that the new surface with pore structures in the sample can be produced through Na2CO3 activation. With the increase of Na2CO3 dosage, a large number of pores, even macropores, are observed on the surface (Figure 2e,f). It is worth noting that, NOPC9 exhibits a sponge-like overall structure with multiscale pore holes present (Figure 2g,h), indicating that micropores can be transformed into mesopores and macropores in the cases of higher dosage of Na2CO3, which is mainly caused by the escape of a large amount of gas molecules, such as CO or CO2, during the activation process. In addition, there are no obvious macropores on the flake surface in NOPC1 (Figure 2i), suggesting micropores and mesopores dominated carbon materials. The corresponding HR-TEM image (Figure 2i inset image) shows a heterogeneous worm-like structure with irregular lattice fringes, manifesting the characteristics of amorphous carbon.



The XRD spectra of all samples (Figure 3a) displays two broad peaks at around 24° and 43°, which belong to (002) and (100) plane reflections of carbon, respectively [15,27]. Notably, compared to the unactivated NOPC0, the diffraction peaks of other samples become wider, signifying more defects and disorderly structures. The graphitization degree of all samples was further analyzed via Raman spectra as shown in Figure 3b. Two prominent broad peaks located at approximately 1344 cm−1 (D band) and 1575 cm−1 (G band) are clearly observed, which is ascribed to amorphous/defective carbon and graphitic carbon, respectively [27,40]. The ratios of D band to G band (ID/IG) for NOPC1, NOPC3 and NOPC9 are higher than NOPC0, indicating that more defects were introduced into carbon network by the activation treatment of Na2CO3 at high temperatures. In fact, this enhanced degree of disorder can offer more active sites for improving CO2 adsorption capacity [28,40].



The surface features of all samples were further analyzed by FT−IR, as illustrated in Figure 3c. The broad band at 3437 cm−1 is assigned to O−H and/or N−H stretching vibrations [15,41,42], while two weak peaks at 2924 cm−1 and 2847 cm−1 are ascribed to the C−H stretching vibrations [40,43]. The moderately intense peak centered at 1631 cm−1 belongs to C=C/C−N/C−O [11,15]. Two weak peaks at 1448 and 1119 cm−1 are attributed to pyridine-like groups and C−N, respectively [15,41,43]. In addition, the peaks located at 1379 and 1035 cm−1 are related to O−H [11,43] and C−O bonds [42], respectively. The results of the FT−IR analysis clearly confirm that N and O elements are successfully introduced into the carbon skeleton structure through the activation of Na2CO3.



The textural properties of NOPCs are measured via N2 adsorption-desorption at 77 K, as shown in Figure 3d. The NOPC0 with a non-porous structure exhibits a low BET surface area (0.47 m2 g−1) and a negligible adsorption capacity. Different from NOPC0, other samples prominently increase in their N2 adsorption capacity at P/P0 < 0.05 and show an obvious hysteresis loop at P/P0 > 0.4, implying the characteristics of microporous and mesoporous structures [22,28]. In addition, a sharp increase of N2 uptakes in the high pressures (0.9 < P/P0 < 1.0), suggesting the existence of a small number of macropores [15], testified in Figure 2 and Figure S1. For further analysis, the textural properties of all samples are listed in Table 1. After chemical activation, the specific areas of NOPC1, NOPC3 and NOPC9 are significantly higher than that of NOPC0, verifying the indispensable role of Na2CO3 in forming porous structures in carbon materials. Notably, the NOPC9 has lower surface area and pore volumes than NOPC3, which is most likely due to the pore collapse phenomenon caused by higher etching with more dosages of Na2CO3 at high temperatures. As summarized in Table 1, the pore size distributions obtained via the NLDFT method show that the cumulative micropore volume of NOPC1 is 0.3668 cm3 g−1, higher than NOPC3 (0.3618 cm3 g−1) and NOPC9 (0.2899 cm3 g−1). In addition, the micropore diameters (<1 nm) of NOPC1, NOPC3 and NOPC9 are mainly concentrated at 0.8 nm, and the NOPC1 possesses the highest cumulative ultramicropore volume. More impressively, as reflected in Figure 3e and Table 1, the cumulative ultramicropore volume (<0.7 nm) for NOPC1 is much larger than that of other samples, which is beneficial for enhancing CO2 adsorption due to the overlapping interaction of the van der Waals’ force [20,27,29,32].



The elemental contents of NOPCs samples were analyzed via EA as listed in Table S1. With the increase of the mass ratio of Na2CO3, the oxygen contents of activated samples display a continuously increasing tendency, while nitrogen contents increase at first, and then decrease. Interestingly, the nitrogen content of NOPC9 is lower than NOPC3, which may be due to the release of nitrogen species by reacting with excessive Na2CO3. In addition, all samples have higher levels of oxygen than nitrogen, revealing that oxygen-containing functional groups are more stable at high temperatures. Considering that all samples retain a considerable amount of N and O, it can be speculated that N and O elements are successfully induced into the carbon backbone. The surface elemental compositions of NOPCs were further determined via XPS. The C, O, N and trace P elements were detected on the surface of all samples, as shown in Figure 3f and Table S2, and the elemental contents of nitrogen and oxygen calculated by XPS results exhibit the same variation pattern as the EA analysis. The deconvolution of N 1s spectra (Figure 3g) for all samples yielded four peaks at binding energies of 398.7, 400.2, 401.2 and 402.4 eV, which are attributed to the pyridinic N, pyrrolic N, graphitic N and oxidized N, respectively [44,45]. The relative contents of different N species and O species for all samples are summarized in Table 2. With the increase in the mass ratio of Na2CO3, the contents of pyridinic N and oxidized N increase significantly, while that of pyrrolic N and graphitic N decrease. In fact, pyrrolic N and pyridinic N play a dominant role in enhancing the CO2 adsorption performance via Lewis acid-base interactions and hydrogen bonding between surface functional groups and CO2 molecules [15,19,22,27,41,42]. Therefore, the NOPC1 sample with the highest relative contents of pyrrolic N can be employed as a potential adsorbent for CO2 adsorption. In addition, a certain number of oxygen groups in porous carbons can also boost CO2 adsorption capacity [34,35]. Therefore, the characteristics of oxygen-containing groups are assessed by the high-resolution C 1s and O 1s spectra, as described in Figure 3h,i. The high-resolution C 1s spectroscopy shows five major peaks, corresponding to C=C/C−C (284.8 eV), C−N (286.0 eV), C−O (286.7 eV), O−C=O (289.2 eV) and π−π* bonds (291.0 eV), respectively [46,47]. Likewise, the O 1s spectra can be fitted into three peaks located at 531.4 eV, 532.6 eV and 533.9 eV, corresponding to C=O, C−OH and C−O−C, respectively [44,48]. These XPS results confirm the existence of abundant oxygen-containing functional groups on the surface of NOPC samples, which is beneficial for further promoting CO2 adsorption [16,29,43]. More significantly, the NOPC1 sample has the highest content of C−OH among NOPCs, as listed in Table 2, suggesting a stronger affinity for CO2 through the hydrogen bonding interactions [21].




3.2. CO2 Adsorption Performance of NOPCs


The CO2 adsorption capacity of NOPC1, NOPC3 and NOPC9 were measured at 273 K and 298 K under 1 bar, respectively. As displayed in Figure 4a,b, the CO2 adsorption uptakes of all samples significantly decrease as the temperature is increased from 273 K to 298 K, verifying the exothermic adsorption characteristic in thermodynamics. It is noteworthy that NOPC1, with the lowest specific surface area, exhibits the highest CO2 uptakes (3.15 and 1.95 mmol g−1 at 273 K and 298 K, respectively, Table 3). To demonstrate these results, the relationships between CO2 uptake and the physicochemical characteristics are investigated and shown in Figure 4c and Figure S2. It can be seen that the CO2 uptake is positively correlated with the V1 (d < 1 nm), V0.7 (d < 0.7 nm) and content of pyrrolic N, however, it is rarely related to BET surface area, nitrogen content and micropore volume. In fact, when the slit pore (below 0.7 nm) is smaller than twice the kinetic diameter of CO2 molecules (0.33 nm), the interaction between CO2 and adsorbent surfaces can be enhanced through the van der Waals force [20]. Additionally,, as listed in Table 2, the higher contents of pyrrolic N and C−OH in NOPC1 can strengthen the affinity for CO2 molecules, thereby effectively improving its CO2 adsorption capacity. Numerous studies have claimed that ultramicropores (d < 0.7 nm) play the decisive role in enhancing CO2 adsorption compared to other factors [32,35,36,49]. More comparisons of the CO2 adsorption capacity of NOPC1 and other activated carbon materials are listed in Table 4. The NOPC1 sample in our work exhibits competitive CO2 adsorption performance compared to other adsorbents in previous studies.



Isosteric heat adsorption (Qst) is a significant thermodynamic parameter to evaluate the affinity of adsorbents for CO2. To determine the value of Qst, the pure adsorption isotherms of CO2 on NOPCs are first fitted using the single-site Langmuir model [54,55]:


  q =     q   s a t   b p   1 + b p      



(1)




where q is the adsorption capacity (mmol g−1), qsat presents saturation adsorption capacity (mmol g−1), b is Langmuir constant (kPa−1), and p is the pressure (kPa). Next, Qst can be calculated based on the fitted CO2 adsorption data at 273 and 298 K via the Clausius-Clapeyron equation [27]:


    Q   s t   = − R   T   2       ∂ l n P   ∂ T      



(2)




where R, P and T represent the gas constant (8.314 J mol K−1), pressure (kPa) and temperature (K), respectively. From Figure 4d, it is calculated that the Qst values of all samples are in the range of 18.7–23.6 kJ mol−1, implying the physisorption mechanism of the adsorption process [15]. Notably, the Qst values of all adsorbents exhibit a slight increase with the improved adsorption capacity, which may be attributed to the enhanced adsorbate-adsorbate interactions between CO2 molecules in the ultramicropore [22,27]. In substance, CO2 molecules preferentially occupy the active sites during the adsorption process, and as the amount of CO2 increased, the ultramicropore (d < 0.7 nm) played the dominant role [27,56]. The higher Qst for NOPC9 at low CO2 loading is most likely due to its higher content of oxygen-containing functional groups (Tables S1 and S2), which provide more active adsorption sites. Furthermore, at high surface coverage, the value of Qst for NOPC1 is higher than those for NOPC3 and NOPC9, verifying the decisive effect of ultramicropores (d < 0.7 nm) enhancing the affinity of adsorbents for CO2.



Moreover, the CO2/N2 selectivity is a significant parameter to determine the practical applications of adsorbents. Figure 4e shows the CO2 and N2 adsorption uptakes of NOPC1, NOPC3 and NOPC9 at 298 K. The CO2 adsorption uptakes are significantly higher than the N2 adsorption uptakes over the entire pressure range at 298 K, demonstrating the higher adsorption selectivity of as-prepared samples for CO2, which is in favor of separating CO2 from combustion flue gas. To further evaluate the performance of adsorbents, the CO2/N2 adsorption selectivity can be calculated by the ideal adsorption solution theory (IAST) using CO2 and N2 adsorption data fitted with a single-site Langmuir model (Equation (1)). The main components of flue gas are assumed to be N2 (85%) and CO2 (15%). The IAST selectivity (S) can be defined as [55,57]:


  S =       x   1       y   1           x   2       y   2        



(3)




where x and y represent the mole fraction of different components in the adsorbed phase mixture and the gas phase mixture, respectively. Next, the IAST selectivity of CO2/N2 for NOPC1, NOPC3 and NOPC9 at 298 K was calculated according to the IAST method and presented in Figure 4f and Table 3. It is found that the IAST selectivity of NOPC1 is much higher than those of NOPC3 and NOPC9. In addition, the CO2/N2 selectivity is also estimated using Henry’s law (Supporting information) and the corresponding results are summarized in Table 3. The CO2/N2 selectivity determined by two theoretical models turn in a consistent performance. Significantly, the NOPC1 sample with the highest selectivity may benefit from its higher ratio of ultramicropores (Figure 3e and Table 1), since the deep well potential in the ultramicropore wall can thoroughly soak CO2 molecules and increase the adsorption potential energy, thereby boosting the CO2 adsorption selectivity [27,49]. On the other hand, the CO2/N2 selectivity of NOPC9 is significantly higher than that of NOPC3, which is most likely due to the fact that abundant oxygen-contained functional groups on the surface of NOPC9 enhance interactions with CO2 molecules.





4. Conclusions


In summary, NOPCs were fabricated via direct carbonization of corn silk involving Na2CO3 activators. The obtained NOPC1 sample has a large specific surface, high ultramicropore volume (d < 0.7 nm and d < 1 nm) and high content of pyrrolic N. Therefore, NOPC1 provides 3.15 and 1.95 mmol g−1 of the CO2 uptake at 273 K and 298 K under 1 bar, respectively. Additionally, the CO2/N2 selectivity determined by the IAST model and Henry’s law is 16.9 and 15.6 at 298 K, respectively. It has been demonstrated that ultramicropore and pyrrolic N exert greater influence on the CO2 adsorption capacity and CO2/N2 selectivity. Notably, the CO2 adsorption capacity of NOPCs needs to be further improved and the essential factor (ultramicropore and pyrrolic N) for enhancing the CO2 adsorption performance cannot be independently studied in this work. However, the current research provides valuable information on synthesis of N/O codoped carbon adsorbents derived from biomass for selective CO2 adsorption.
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Figure 1. Schematic illustration of fabrication of NOPCs. 
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Figure 2. SEM images of (a,b) NOPC0, (c,d) NOPC1, (e,f) NOPC3, (g,h) NOPC9. TEM image of (i) NOPC1 and HR-TEM image of NOPC1 in inset. 
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Figure 3. (a) XRD patterns, (b) Raman spectra, (c) FT−IR spectra and (d) N2 adsorption-desorption isotherms of NOPCs. (e) Pore size distributions of NOPC1, NOPC3 and NOPC9. (f) XPS survey scan for all samples. (g) N 1s spectrum, (h) C 1s and (i) O 1s spectrum of NOPC1. 
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Figure 4. CO2 adsorption isotherms of NOPC1, NOPC3 and NOPC9 at (a) 273 K and (b) 298 K. (c) The relationship of CO2 uptake with ultramicropore volume and pyrrolic N content. (d) Isosteric heat of CO2 adsorption for NOPC1, NOPC3 and NOPC9. (e) Isotherms of CO2 and N2 of NOPC1, NOPC3 and NOPC9 at 298 K. (f) CO2/N2 IAST selectivity of NOPC1, NOPC3 and NOPC9 at 298 K. 
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Table 1. Textural properties of all samples.
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	Sample
	SBET (m2 g−1)
	Vt a (cm3 g−1)
	Vm b (cm3 g−1)
	V1 c (cm3 g−1)
	V0.7 d (cm3 g−1)





	NOPC0
	0.47
	8.9 × 10−4
	-
	-
	-



	NOPC1
	850.16
	0.82
	0.3668
	0.1795
	0.1194



	NOPC3
	1269.79
	1.63
	0.3618
	0.1169
	0.0762



	NOPC9
	1096.95
	1.42
	0.2899
	0.0885
	0.0604







a: Total pore volume (Vt) obtained at P/P0 of 0.99. b,c,d: Cumulative micropore volume of Vm, (d < 2 nm), V1, (d < 1 nm) and V0.7 (d < 0.7 nm) determined by NLDFT model.
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Table 2. The contents of different N species and O species for NOPCs samples.
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Sample

	
N Species (%)

	
O Species (%)




	
Pyridinic N (%)

	
Pyrrolic N (%)

	
Graphitic N (%)

	
Oxidized N (%)

	
C=O

(%)

	
C−OH (%)

	
C−O−C

(%)






	
NOPC0

	
27.26

	
41.34

	
22.07

	
9.34

	
14.97

	
64.77

	
20.26




	
NOPC1

	
25.55

	
41.21

	
24.98

	
8.27

	
15.24

	
79.53

	
5.23




	
NOPC3

	
29.37

	
38.01

	
19.54

	
13.08

	
20.3

	
75.38

	
4.32




	
NOPC9

	
32.21

	
34.31

	
18.49

	
15

	
16.18

	
75.92

	
7.89
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Table 3. CO2 and N2 uptakes, and CO2/N2 selectivity of NOPC1, NOPC3 and NOPC9.
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Sample

	
CO2 Uptake (mmol g−1)

	
N2 Uptake (mmol g−1)

	
CO2/N2 Selectivity (298 K)




	
273 K

	
298 K

	
298 K

	
IAST (1 bar)

	
Henry’s Law






	
NOPC1

	
3.15

	
1.95

	
0.196

	
16.9

	
15.6




	
NOPC3

	
2.63

	
1.55

	
0.223

	
8.8

	
10.2




	
NOPC9

	
2.17

	
1.27

	
0.145

	
12.2

	
16.0
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Table 4. CO2 adsorption performance of NOPC1 compared with other works.
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	Sample
	Activation
	SBET

(m2 g−1)
	CO2 Uptake

(mmol g−1)

(298 K, 1 Bar)
	IAST Selectivity
	Ref.





	A-TDP-12
	KOH, 700 °C
	1332
	1.52
	6
	[28]



	C0800
	800 °C
	431
	2.4
	33.7
	[31]



	C2800
	hydroquinonesulfonic acid potassium salt, 800 °C
	-
	1.9
	12.5
	[31]



	AC-TBG
	KOH, 800 °C
	971
	3.2
	-
	[33]



	AC-UK
	KOH, 650 °C
	532
	2.63
	-
	[34]



	SRC-3K-500
	KOH, 500 °C
	743
	2.78
	6.7
	[50]



	Z0800
	Zn(NO3)2, 800 °C
	569
	2.5
	25.0
	[51]



	1:2/900/2
	H3PO4, 800 °C
	773
	1.88
	-
	[52]



	A-TCLP-700-1
	KOH, 700 °C
	1353
	2.39
	19
	[53]



	NOPC1
	Na2CO3, 500 °C
	850.16
	1.95
	16.9
	This work
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