Naturally Nitrogen and Calcium-doped Nanoporous Carbon from Pine Cone with Superior CO2 Capture Capacities
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Abstract: A highly effective nanoporous CO2 sorbent with naturally-doped nitrogen and calcium elements, derived from pine-cone biomass, shows superior CO2 capture performance. The sorbent was produced from carbonisation and KOH activation of dried pine cones, and possess a highly nanoporous structure with a specific surface area and a pore volume up to 2110 m2/g and 0.89 cm3/g, respectively. The highest CO2 uptake of 20.9 wt% (under 1 bar CO2 and 25 °C) was achieved in a porous structure with relatively high levels of nitrogen and calcium dopants inherited from the biomass precursor. Further porosity and elemental analyses show that CO2 sorption is enhanced by both highly developed ultramicroporous structure (<0.7 nm) and well-dispersed nitrogen and metal dopants in carbon sorbents.

Introduction
Carbon capture and storage (CCS) is considered as one of the effective solutions to reduce excessive CO2 emission and mitigate climate change.1 Particularly in fossil fuel fired power plants, CO2 can be captured either before or after fuel combustion, i.e. pre- or post- combustion carbon capture.  Another major difference is the CO2 concentration in the gas stream: about 15-50% and 5-15% for the pre- and the post- combustion, respectively.2,3 Porous carbon stands out as a competitive contender for both pre-combustion and post-combustion CO2 captures among various sorbents, including amines, zeolites and metal-organic frameworks, because of its relatively low cost and easy production, e.g. from low-cost biomass/waste precursors. Porous carbon also shows good stability in both moisture and chemical environments, and can be readily regenerated thermally or by evacuation.3 
Some of the porous carbons are directly derived from polymeric precursors, such as resorcinol and formaldehyde,4 terephthalaldeyhde and melamine,5 polypyrrole6 and resorcinol and hexamethylenetetramine7, with a corresponding CO2 uptake of 13.8, 14.1, 16.9 and 17.6 wt%, under 1 bar CO2 and 25 °C, respectively. Recently, porous carbon sorbents derived from metal-organic frameworks (MOFs) show excellent CO2 uptakes at high CO2 pressures, due to porosities inherited from the well-developed and highly microporous framework of the precursor materials.8-11 Such porous carbons may also act as stable and high-capacity support for amines to produce even higher capacity chemi-sorbents for CO2, replacing porous silica.12 However, such precursors consume considerable amount of chemicals to make and also require strict control of synthesis conditions, particularly an issue for mass production in scaling-up conditions. On the other hand, biomass precursors, e.g. biomass wastes, have attracted considerable attention, due to their low-cost and renewable abundance. Bio-wastes are usually rich in lignocellulosic compounds and can be directly carbonised and activated to produce porous carbon. Examples include yeast,13 fungi,14 African palm shells15 and celtuce leaves,16 and their corresponding CO2 uptakes are 20.9, 15.3, 19.3 and 19.1 wt%, under 1 bar CO2 and 25 °C, respectively. Moreover, biomass also contains other useful elements, such as nitrogen and metals, which may enhance CO2 adsorption by introducing active sites on the surface of the resulting carbon sorbents. There are few publications indicating the beneficial effects of metal doping on CO2 uptake, because it is difficult to produce truly atomic metal doping in synthetic carbons, whereas attempts to use metal salts for the purpose always lead to relatively large metal clusters, which reduce the number of active sites and add considerable weight to the sorbent, leading to reduced CO2 capacities per unit mass. One of our earlier studies produce porous carbon sorbents from pyrolysed leaves, which show high specific surface areas over 2000 m2/g and excellent CO2 uptakes up to 19.4 wt% under 1 bar CO2 at 25 °C.17 Further investigation suggests magnesium and calcium are well preserved in the resulting carbon sorbents to enhance CO2 uptake, but the metal contents are relatively low.17
Pine cone is the woody fruit of a pine tree. A major component of a pine cone is the dense and tough scale, which is a carbon-rich biomass waste. Pine cones have been used for the production of activated carbon for the removal of heavy metals and organic compounds in contaminated water.18 However, CO2 capture performance of pine cone-derived carbon has never been studied and its chemistry has not been discussed in detail. Particularly, the metal and nitrogen dopants inherited from pine cones are likely to be different, compared to the leaf-derived carbons. 
Here, porous carbon was derived from pine cones by means of chemical activation with KOH. Corresponding characterisations show excellent CO2 uptake of 20.9 wt% at 25 °C and 1 bar CO2, matching the highest reported CO2 uptake (21.2 wt%) on biomass derived carbons at the same condition in the recent literature.19 Elemental analysis also reveals that calcium is the only residual metallic element in carbon sorbents and it positively influences the CO2 capture of the sorbent. 

Experimental Methods
Sample Preparation
Fallen pine cones from a pine tree (Spruce) were picked up in Linnainmaa, Tampere, Finland. The scales of the pine cones were peeled off and washed clean, which were then dried in a vacuum oven at 80 °C overnight. Subsequently, the dried scales were carbonised at 600 °C for an hour in a horizontal tube furnace (VTF 15/75/450, Lenton, UK) under flowing nitrogen gas, at a ramping rate of 3 °C/min and dwelling time of an hour. The carbonised scales were grounded into smaller particles. Each carbon sample of 0.4g was mixed with potassium hydroxide (Fisher Scientific, UK) in KOH/carbon mass ratios of 1:1, 2:1 and 3:1, respectively, in 10 ml distilled water. The mixture was agitated for 30 mins in an ultrasonic bath to obtain a uniform suspension of carbon in the KOH solution. The solution was then dried in a vacuum oven at 80 °C to obtain a solid mixture of KOH and carbon. The chemical activation of carbon was then carried out at 600, 700 and 800 °C in the furnace, respectively, with constant flow of nitrogen for an hour. The corresponding ramping rate remained at 3 °C/min. The activated carbon samples were thoroughly washed by distilled water. For comparison, another KOH/carbon=2:1 and 700 °C sample was washed with 1M HCl acid to remove metal elements within the sample. Finally, all the samples were dried in the vacuum oven at 80 °C overnight. The samples are marked as PCx-y, where PC stands for pine cone-derived carbon, x:1 is the mass ratio of KOH/carbon and y is the chemical activation temperature. The acid washed sample was marked as PC2-700H.
Characterisations 
Surface morphologies of porous carbon were imaged under a field-emission scanning electron microscope (SEM, JSM 6301F, JEOL, Japan). High-resolution images of nanoporous structures were captured by a transmission electron microscope (TEM, JEOL 2100, Japan). The chemical compositions of porous carbon samples were analysed by X-ray photoelectron spectrometry (XPS, K-ALPHA, Thermo Scientific, USA). The identity and composition of elements and compounds were retrieved from the NIST XPS online database by searching their corresponding binding energies in the database system.20 Sample porosities were characterised by means of an automated gas sorption analyser (Autosorb-iQ C, Quantachrome, USA). The specific surface area, specific micropore surface area, micropore volume and pore size distribution were calculated by the Non-Local Density Functional Theory (slit/cylindrical pores) equilibrium model (NLDFT) based on their corresponding nitrogen sorption isotherm at -196 °C. The total pore volume was derived from the amount of adsorbed gas at the partial pressure P/P0=0.99. CO2 uptakes of porous carbon were measured by the same gas sorption analyser from 0.01 to 1 bar at 0 and 25 °C, respectively. The sample tube was immersed in an ice-water mixture bath for the 0 °C test and a thermostatic water bath for the 25 °C. Before the CO2 adsorption test, the sample was degassed in vacuum at 150 °C overnight to remove any residual sorbates, such as moisture. The CO2 adsorption isotherms at 0 °C were also used to calculate ultramicropore volumes (pore size<0.7nm) by the “CO2 on carbon at 273 K NLDFT” model. The heat of adsorption was calculated by the Clausus-Clapeyron Equation based on the CO2 adsorption isotherms at 0, 25 and 50 °C. In addition, N2 sorption isotherms of the water-washed and acid-washed samples PC2-700 and PC-700H were measured at 25 °C by the same method. The corresponding results were used to calculate their single component selectivities (CO2 uptake/N2 uptake) under different pressures. Furthermore, a thermogravimetric analyser (Setsys, Setaram, France) was used to test cyclic performance of CO2 adsorption under temperature swing between 25 and 120 °C in both dry and wet (85% N2 + 15% CO2) gas flow conditions. The temperatures were maintained for an hour at both 25 and 120 °C for the adsorption and desorption of the sorbent, respectively. The wet gas was achieved by passing the gas mixture through a water trap at ambient temperature. A single cycle wet N2 adsorption test was also carried out to analyse the influence of water on CO2 adsorption.

Results and Discussion
Morphologies of Pine Cone-derived Carbon
Figure 1 shows the preparation procedure and morphological changes from the original pine cone scales to porous carbon particles. The dried pine cone scales are yellowish brown in colour, and turned black after carbonisation (Figure 1a). 
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[bookmark: _Ref385255290]Figure 1: (a) A photograph of a pine cone and its scales; SEM images of (b) a piece of dried scale and (c) porous carbon particles after KOH activation; (d) A high resolution TEM image of nanoscale porous carbon fragments.
Figure 1b shows that a piece of pine cone scale exhibits relatively rough surface and well-aligned cellulose fibres. Although the shape of the scale remains after carbonisation at 600 °C, the sample becomes crispy and thus is grounded into particles for subsequent mixing with the KOH solution. After chemical activation (Figure 1c), the sample turned into porous carbon particles of random shapes and varied sizes. Pores of micrometre sizes can be also seen at the surface of these particles. The high-resolution TEM image, Figure 1d, reveals a relatively amorphous microstructure, enriched with small carbon segments and micropores.
Porous Structure of Pine-Cone derived Carbon
The porous structures of pine cone-derived carbon were analysed by means of nitrogen and CO2 sorption at -196 and 0 °C, respectively. The specific cumulative surface area (up to 40 nm, SN2), specific micropore surface area (SMicro), total pore volume (VN2), micropore volume (VMicro, <2 nm) and ultramicropore volume (VCO2, <0.7nm) are summarised in Table 1.
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[bookmark: _Ref385332024][bookmark: _Ref385260030]Figure 2: (a) N2 sorption isotherms at -196 °C and (b) corresponding pore size distribution of pine cone-derived carbon sorbents.
Table 1 Porosity characteristics of pine cone-derived carbon.
	Method
	N2 sorption
	CO2 sorption

	Sample
	SN2 /m2/g
	SMicro /m2/g
	VN2/cm3/g
	VMicro /cm3/g
	VCO2/cm3/g

	PC2-600
	1260
	1220
	0.47
	0.41
	0.28

	PC1-700
	1170
	1140
	0.39
	0.34
	0.28

	PC2-700
	1680
	1670
	0.61
	0.56
	0.34

	PC2-700H
	1640
	1610
	0.60
	0.53
	0.32

	PC3-700
	2110
	2060
	0.89
	0.78
	0.32

	PC2-800
	1650
	1620
	0.64
	0.58
	0.30


All the N2 sorption isotherms in Figure 2a are of Type-I sorption characteristics, which indicate that all carbon sorbents possess microporous structures. The pore size distributions of the porous carbon sorbents, derived from their corresponding N2 sorption isotherms, Figure 2b, show three major peaks in the micropore size range (<2 nm) at 0.7, 1.2 and 1.9 nm, respectively. There is also a weak and broad peak at 3.5 nm, which suggests the existence of a small proportion of mesopores. Table 1 shows the porosities of carbon sorbents are mainly influenced by the KOH/carbon mass ratio and the activation temperature. On the one hand, both specific surface area and pore volume have an approximately linear relationship with the KOH/carbon mass ratio, and the sample PC3-700 prepared at 700 °C and KOH/carbon=3:1 shows the highest specific surface area of 2110 m2/g and pore volume of 0.89 cm3/g. However, PC2-700 exhibits the highest ultramicropore volumes of 0.34 cm3/g. It indicates a higher KOH/carbon ratio helps to develop a porous structure with a higher specific surface area and pore volume, but it also enlarges the sizes of micropores, which results in a reduced ultramicropore volume.
On the other hand, activated with the same KOH/carbon mass ratio (KOH/carbon=2:1), the sample shows a significant increase in both specific surface area and pore volume, when the activation temperature rises from 600 to 700 °C. However, the 700 and 800 °C treated samples have similar specific surface area and pore volumes, but the ultramicropore volume is reduced from 0.34 to 0.30 cm3/g. The amount of reduction in ultramicropore volume is almost equal to the amount of increased total pore volume (from 0.61 to 0.64 cm3/g). It has been mentioned in the literature that KOH and carbon react differently at different activation temperatures. Below 700 °C, the chemical activation reaction is mainly based on the dehydration of KOH and the gasification of carbon, which removes carbon atoms to generate porous structures. Above 700 °C, it is the reduction of CO2, K2O and K2CO3 by carbon that further develops the porous structure.21 The slightly reduced surface area and increased pore volume suggests the higher activation temperature may not encourage the development of more ultra-micropores but enlarge the size of existing pores.
In addition, in Figure 2a, the PC2-700H isotherm is at a similar position to PC2-700 with slightly lower N2 uptake, which indicates the HCl acid wash has a limited influence on the resulting porous structure. It is also reflected in Table 1 that PC2-700H and PC2-700 show very similar porosity characteristics.
Chemical Analysis on Pine-Cone derived Carbon
The surface chemistry of pine-cone derived carbon is characterised by XPS and the characterisation results are summarised in Table 2. As in the case of leaf-derived carbon, the device only detects carbon and oxygen elements, which originate from the lignocellulosic compounds (cellulose, lignin, hemicelluloses and pectin) in pine cones.22,23 Other anticipated elements, such as nitrogen and metals, are not detected, because the thicknesses of cellulosic fibres and cell walls are beyond the detection limit of XPS. Therefore, it cannot collect the information of elemental compositions below.
After carbonisation, potassium and silicon elements become detectable. The emergence of potassium may be caused by the decomposition of cell membranes and the subsequent release of potassium cations in the cell cytoplasm.  Figure 3a is the high resolution XPS K-2p spectrum of the carbonised pine cone PC0-600 and it shows two peaks at 295.6 and 292.9 eV, which correspond to the binding energies of K-2p1/2 and 2p3/2 electrons, respectively. Silicon is another element detected after carbonisation, which may be due to damaged cell structure caused by carbonisation, considering silicon is an essential element in plant cell walls. After KOH activation, the proportion of silicon is increased from 0.3 to 0.8 wt%, because the chemical activation reaction further etches fibres and cells, exposing more silicon compounds. Figure 3d is the high resolution XPS Si-2p spectrum of the activated sample PC2-700. The hill in the spectrum starts from 105 to 100 eV, which covers the binding energies of a range of oxidised silicon. The curve can be deconvoluted into three sub-peaks at 103.6, 102.6 and 101.5 eV, which correspond to Si4+, Si3+ and Si2+ oxidised states of silicon.24
[bookmark: _Ref385423491]Table 2 Chemical composition of pine cone-derived carbon
	Sample
	Chemical composition (at%)

	
	C
	O
	N
	K
	Ca
	Si

	Pine Cone
	89.2
	10.8
	0
	0
	0
	0

	PC0-600
	83.9
	12.7
	0
	3.1
	0
	0.3

	PC2-600
	81.3
	16.0
	1.3
	0
	0.6
	0.8

	PC1-700
	86.5
	12.1
	0.5
	0
	0.4
	0.5

	PC2-700
	83.4
	15.0
	0.5
	0
	0.5
	0.6

	PC2-700H
	83.7
	14.8
	1.0
	0
	0
	0.5

	PC3-700
	86.5
	12.0
	0.5
	0
	0.4
	0.6

	PC2-800
	86.2
	12.2
	0.5
	0
	0.7
	0.4


Nitrogen and calcium are the two elements detected after KOH activation. The potassium peak disappeared in the spectrum after the sample was washed by distilled water, which indicates both intrinsic (from cells) and extrinsic (from KOH) potassium can be removed from the carbon structure by distilled water washing. The emergence of nitrogen may originate from the etching of cell walls by means of chemical activation and the fixation of nitrogen due to the reaction between pectin and intracellular proteins.25 Figure 3b is the high resolution XPS N-1s spectrum, which shows a single peak centred at 400.0 eV. It corresponds to the binding energy of pyrrolic type of nitrogen.26 It has been reported in literature that the amount of nitrogen in carbon decreases with the increasing KOH/carbon weight ratio and activation temperature.6,27 However, it can be concluded from Table 2 that nitrogen content does not vary much with the increasing KOH/carbon mass ratio. It is mentioned previously that the cell structure is etched by means of chemical activation and it exposes more chemical compounds inside. A higher KOH/carbon mass ratio can lead to a higher degree of etching and thus exposing more nitrogen–containing compounds within cells, which balances the reduced nitrogen content caused by chemical activation. 
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[bookmark: _Ref385513683]Figure 3: High resolution XPS spectra of chemical elements in pine cone-derived carbon.
Besides nitrogen, calcium is another element that was detected after chemical activation. Figure 3c is the high resolution XPS Ca-2p spectrum with two peaks at 350.8 and 347.3 eV corresponding to the binding energies of Ca-2p1/2 and 2p3/2 electrons. It indicates calcium exists in the form of +2 cations. It has been reported in some biological studies that calcium plays the cross-linking role in cell walls, which is bound with pectin.28 In an earlier study on residual potassium in carbon, the author proposes that the residual potassium may exist in the form of extra-framework cations.29 In the case of pine cone-derived carbon, the potassium is washed away by distilled water and calcium becomes the residual metal in the resulting carbon structure. Then, the calcium cations may be still bound with the resulting carbon structure, which originates from lignocellulosic compounds, including pectins. After the sample was washed by 1M HCl acid, all metal elements were removed, but the silicon remained in the carbon structure.
CO2 Uptakes of Pine-Cone Derived Carbon
The CO2 adsorption capacities of pine-cone derived carbon are carried out from 0.01 to 1 bar CO2 at the temperatures of 0 and 25 °C, respectively. Their CO2 adsorption isotherms are plotted in Figure 4 and the corresponding CO2 uptakes at 1 and 0.15 bar CO2 are summarised in Table 3.
It can be concluded from the figure that PC2-700 shows the highest CO2 uptake of 20.9 wt% under 1 bar CO2 and 25 °C. This capacity almost matches the highest reported CO2 uptake of a biomass-derived carbon sorbent in the literature so far (only that derived from sawdust shows a capacity of 21.2 wt%).19 It is also close to the highest reported CO2 uptake of a polymer-derived carbon sorbent (polyacrylonitrile, 22.6 wt%) at the same temeprature.30 It should be noted that the activation of PC2-700 uses a smaller amount of KOH than that of PC3-700; hence, an optimised KOH/carbon ratio can reduce the cost of the manufacturing process and the amount of generated waste.
In contrast, at 0 °C, PC3-700 and PC2-700 possess very similar CO2 uptakes of 34.4 and 34.2 wt%, respectively. Compared with PC2-700, PC3-700 shows a further developed porous structure with a similar level of nitrogen content. However, it possesses a lower calcium level than that of PC2-700; this implies that CO2 uptake is not only influenced by porous structures but also by the intrinsic metal dopants from the pine cone precursor. However, PC3-700 also shows a slightly smaller ultramicropore volume than that of PC2-700 (about 4% smaller). Some earlier studies in the literature have proposed that ultra-micropore (< 0.7 nm) has the dominant influence on the CO2 uptake of non-doped carbon sorbents, due to enhanced adsorption potential in ultramicropores.6, 19 Therefore, it is important to distinguish further the influences of microporosity and metal dopants.
PC2-700 and PC2-700H were washed by distilled water and 1M HCl acid, respectively. Table 1 indicates PC2-700 and PC2-700H possess similar porous structures with slightly smaller ultramicropore volume (similar to that of PC3-700, also about 4% smaller). Table 2 shows that calcium is washed away by 1M HCl in PC2-700H. In addition, it has been discussed in the literature that pyridinic and pyrrolic nitrogens are two common types of nitrogen dopants in carbon materials.6 Pyridinic nitrogen possesses much higher basicity than pyrrolic nitrogen, due to the lone pair of electrons. In contrast, pyrrolic nitrogen shows alkalescence.31 In the present case, a small amount of nitrogen is detected in both samples (≤ 1 at%) and it only exists in the pyrrolic form. PC2-700H shows almost double the nitrogen content of PC2-700, but exhibits a reduced CO2 uptake of 20.0 wt% at 1 bar of CO2 and 25 °C, Table 3. Even under 0.15 bar, PC2-700H still shows 1 wt% less the CO2 uptake of PC2-700H. Furthermore, the N2 sorption isotherms and CO2/N2 selectivities of PC2-700 and PC-700H at 25 °C, Figure 4d, clearly show that, although PC2-700 and PC2-700H possess similar porous structures, the difference between their CO2/N2 selectivities is significantly greater in the low pressure regime than at higher pressures. This is another indication of enhanced CO2 binding at relatively low pressures by metal doping, since the natural metal dopants are preserved in the water-washed sample PC2-700 but removed from the acid-washed PC2-700H.



Table 3 CO2 uptakes of pine-cone derived carbon sorbents under 1 bar CO2.
	Sample
	CO2 uptake / wt%

	
	1 bar
	0.15 bar

	
	0 °C
	25 °C
	0 °C
	25 °C

	PC1-700
	27.4
	18.4
	12.5
	7.2

	PC2-700
	34.2
	20.9
	12.0
	6.6

	PC2-700H
	32.5
	20.0
	11.0
	5.6

	PC3-700
	34.4
	19.4
	10.4
	4.7

	PC2-600
	27.2
	16.6
	10.4
	5.1

	PC2-800
	30.5
	18.9
	10.3
	5.2
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[bookmark: _Ref392111626]Figure 4: CO2 adsorption isotherms of pine cone-derived carbon at (a) 25 and (b) 0 °C from 0.01 to 1 bar; (c) their corresponding heats of adsorption; (d) N2 sorption isotherms and CO2/N2 selectivities of PC2-700 and PC-700H at 25 °C.
In addition to the single cycle CO2 adsorption tests, multi-cycle CO2 adsorption tests were carried out on the PC2-700 by means of temperature swing between 25 and 120 °C, using a (85% N2 and 15% CO2) gas mixture to mimic CO2 concentration in the flue gas from post-combustion power plants. The results can be compared with CO2 uptakes under pure CO2. Furthermore, in order to clarify the influence of water/moisture on CO2 adsorption, the cyclic tests were comparatively carried out for both dry and wet gas flow under identical temperature-swing conditions. 
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Figure 5: Cyclic performance of gas sorption on PC2-700 at 25 °C in both (a) dry and (b) wet (85% N2 + 15% CO2) flows; (c) a single cycle of water adsorption on PC2-700 in a wet N2 gas flow.
Figure 5a shows four cycles of dry CO2 adsorption at 25 °C. It demonstrates that PC2-700 can maintain a stable 6-7 wt% CO2 uptake after multiple cycles of adsorption and desorption. In each cycle, the sorbent reaches its maximum CO2 uptake in about 30 minutes. However, in the case of wet CO2 adsorption (Figure 5b), the shape of the adsorption/desorption curve changes from the “square” to the “sawtooth” pattern. Figure 5b shows that, in the wet CO2 gas flow, the sorbent maintains a gas uptake about 12 wt%, which is higher than that is tested in the dry CO2 gas flow. In addition, even after an hour of adsorption, the weight of the sample is still increasing, indicating that the sorbent is still adsorbing gas molecules from the gas flow. Furthermore, it is interesting to notice that the initial rate of gas uptake is faster in the case of the wet CO2 adsorption. However, the adsorption rate decreases with the increasing gas uptake, and it becomes slower than that of the dry CO2 uptake at the later stage.
In order to analyse the influence of water on CO2 adsorption, an additional single cycle wet N2 adsorption test is carried out on PC2-700. Due to the low uptake of N2 on carbon, the increase in the sorbent weight can be attributed to water adsorption. Figure 5c shows that the adsorption/desorption curve has a “sawtooth” pattern, which is similar to that of the wet CO2 adsorption (Figure 5b) and is different from that of the dry CO2 adsorption (Figure 5c). It indicates that the presence of water influences both gas adsorption capacity and rate. Figure 5c also shows that PC2-700 has a water uptake of 8 wt% at 25 °C in an hour, which is comparatively lower than that of the wet CO2 uptake (12 wt%) and but slightly higher than that of the dry CO2 uptake (6-7 wt%). It suggests that the presence of water may help to increase CO2 uptake. This effect may be attributed to the co-adsorption of water and CO2 on carbon and the dissolution of CO2 in adsorbed water.
Heat of Adsorption and Influence of Dopants on CO2 Capture
In addition to the isotherms, CO2 uptakes are also plotted in Figure S1(a, c and e) against their corresponding porosity parameters, including specific surface area, total pore volume and ultramicropore volume, with both experimental data of pine cones, London Plane leaves and other biomass precursors from literature.17 It can be observed from Figure S1a and c that specific surface area and pore volume unnecessarily play a dominant role in CO2 adsorption. Those with higher specific surface area and pore volume unnecessarily have higher CO2 uptakes. Figure S1e suggests those samples with higher ultramicropore volumes may also have higher CO2 uptakes. However, there are samples with similar ultramicropore volumes exhibiting large gap in CO2 uptakes (on the left hand side of the figure). It indicates ultramicropore volume is not the only factor that influences CO2 uptakes. CO2 uptakes per unit surface area, total pore volume and ultramicropore volume (specific CO2 uptakes) are also plotted in Figure S1(b, d and f) against their porosity parameters. In this case, all three figures show a clearly decreasing trend of specific CO2 uptake with the increasing porosities, which indicates those samples with lower porosities show higher CO2 uptakes per unit porosities (mostly our pine cones and leaf-derived carbon). It should be noted that the sample PC1-700 occupies the highest position at the top left of Figure S1b, d and f, while all of our pine cones and London Plane leaves derived carbon samples occupy the top-left corner of the figures. This observation indicates that nitrogen and metal dopants play a more important role than porosity for the low pressure CO2 capture (i.e., ≤ 1 bar).
Figure 4c is the heat of adsorption plot of pine cones derived carbon. PC1-700 shows the highest heats of adsorption than those of the other samples throughout calculated CO2 uptake range, while PC2-700 and PC2-700H stay at the bottom. This is very different from the CO2 uptake isotherms in Figure 4a and b, where PC2-700 is at the top. Considering PC1-700 has the least developed porous structure, its high heat of adsorption can be only attributed to the existence of nitrogen and calcium dopants. In addition, PC2-600 possesses the second highest position below that of PC1-700 in Figure 4c but the highest nitrogen content, which indicates the nitrogen dopant has less contribution to the heat of adsorption than that from the calcium dopant. 
Figure 4a shows that PC2-700 exhibits an extra 0.9 wt% CO2 uptake at 25 °C and 1 bar CO2 when compared with that of PC2-700H. This reduction can be attributed to both reduced ultramicropore volume (by 4%) and the removal of metal dopants. However, PC2-700H doubles the level of nitrogen content of PC2-700, and this can partially “offset” the detrimental effect caused by reduced porosity and metal content. Furthermore, Table 2 shows that PC2-700 possesses a calcium content of 0.5 at%. By simple calculation, even if the “offset effect” by doubled nitrogen dopants is ignored, for every atomic percent of calcium dopant, the CO2 uptake can be raised by 1.8 wt%. In both studies on the naturally metal-doped carbon sorbents, XPS characterisations show that metal dopants exist in the form of +2 cations, which may enhance CO2 capture by means of electrostatic interaction. However, metal cations can be either exposed to the gas environment and play the role of an active site for enhanced CO2 binding, or buried beneath the surface but still within the depth detectable by XPS. Then, the function of metal dopants is weakened in the latter situation.

Conclusions
Porous-carbons derived from pine-cones naturally contain well dispersed calcium and nitrogen elements. The porous structure of the carbon sorbent is mainly controlled by the KOH/carbon mass ratio and the activation temperature. The CO2 uptake of carbon sorbent is influenced by its nanoporous structure (especially its ultramicropore volume). Detailed elemental analysis shows that both nitrogen and calcium dopants also provide considerable beneficial effects on CO2 uptake. A sample activated at 700 °C and with a KOH/carbon mass ratio 2:1, washed by distilled water, shows the highest CO2 uptake of 20.9 wt% under 1 bar CO2 and 25 °C, which matches the highest CO2 uptake of biomass-derived carbon sorbent in the literature, thanks to the highly developed nanoporous structure and the naturally-doped nitrogen and calcium in carbon. Further data analysis indicates that calcium and nitrogen doping enhance CO2 binding with the carbon structure and the resulting carbon exhibit high CO2 uptake per unit surface area and pore volume. This study shows an effective approach to explore the beneficial effects of atomic metal doping in carbon sorbents and to produce large quantities of porous carbon materials for high capacity CO2 capture.
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