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Abstract
In this paper, nitrogen (N)-doped ultra-porous carbon derived from lignin is synthesized through hydrothermal carboniza-
tion, KOH activation, and post-doping process for  CO2 adsorption. The specific surface areas of obtained N-doped porous 
carbons range from 247 to 3064 m2/g due to a successful KOH activation. N-containing groups of 0.62–1.17 wt% including 
pyridinic N, pyridone N, pyridine-N-oxide are found on the surface of porous carbon. N-doped porous carbon achieves the 
maximum  CO2 adsorption capacity of 13.6 mmol/g at 25 °C up to 10 atm and high stability over 10 adsorption/desorption 
cycles. As confirmed by enthalpy calculation with the Clausius–Clapeyron equation, an adsorption heat of N-doped porous 
carbon is higher than non-doped porous carbon, indicating a role of N functionalities for enhanced  CO2 adsorption capability. 
The overall results suggest that this carbon has high  CO2 capture capacity and can be easily regenerated and reused without 
any clear loss of  CO2 adsorption capacity.
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1 Introduction

Recent concerns about climate change and global warming 
arising from the emission of greenhouse gases are rapidly 
increasing [1]. In particular,  CO2 takes up a substantial por-
tion among the greenhouse gases: a total amount of  CO2 
emitted in a year is about 33 Gt and its concentration is over 
400 ppm in atmosphere [2]. Therefore,  CO2 capture is con-
sidered a critical technology to resolve these issues and, par-
ticularly, adsorption has been extensively investigated due 
to high repeatability and selectivity [3]. Adsorbents, includ-
ing porous carbons [4], zeolites [5], metal–organic frame-
work (MOF) [6], and graphenes [7] are the key to determine 
adsorption performances. Among the proposed adsorption 
materials, porous carbons have received significant attention 
because they have certain benefits like cost effectiveness, 

easy handling, and chemical, mechanical, and thermal sta-
bilities [3, 8]. In particular, the surface and porous structures 
of porous carbons can be controlled by varying the synthetic 
conditions and the types of precursors, which indicates the 
potential of improving the adsorption performance [9].

The interaction of porous carbons with  CO2 on the large 
pore surface is a deterministic parameter of the adsorption 
feature, the so-called isotherm. Thus, nitrogen (N) incorpo-
ration onto the porous carbons is promising due to a high 
adsorption capacity and hydrophobicity, which results in 
enhancing  CO2 adsorption capabilities via acid–base inter-
action [1], quadrupolar interaction [10], and/or hydrogen 
bonding interactions [11]. N-containing groups increase the 
surface basicity of carbon materials by means of an electron-
donating ability, resulting in a more favorable interaction 
with acidic  CO2 [12]. This chemical effect of N-doped car-
bons on the  CO2 uptake depends on the identities of bonding 
configurations in the forms of pyrrole/pyridone, pyridinic, 
and pyridine-N-oxide along with the pore size and intercon-
nectivity of the adsorbent [13].

Another consideration for the design of porous carbons is 
the types of precursors. Recently, wood biomass resources 
have been used as promising precursors to replace fossil 
fuel-based ones, because they are abundant, sustainable and 
cost-effective [14]. Examples of wood biomasses, which are 
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composed of cellulose, lignin and hemicellulose, include 
rice straw [15], coconut shell [16], beer waste [17], maca-
damia nut shell [18] and pine cone [19]. Lignin, the second 
most abundant organic material in nature, is thought to be a 
good precursor of porous carbon owing to low cost, natural 
abundance, and industrial-scale production as a byproduct 
of wood industries [20]. In this work, we used lignosulfonate 
acid sodium salt as a carbon precursor to systematically 
study the effect of porous structure and N groups on the 
 CO2 adsorption performances. The post-treatment with urea 
was carried out to introduce N functionality onto the porous 
carbon surface, as well as to further increase the surface area 
by additional activation.

2  Experimental section

2.1  Synthesis of hydrothermal lignin (HyL)

Hydrothermal lignin (HyL) is prepared from lignin prod-
uct, lignosulfonate acid sodium salt through hydrothermal 
carbonization process. 1 g of lignin product was soaked in 
10 g of deionized (DI) water and stirred for a while. After 
stirring, the soaked lignin was put into a 20 ml autoclave 
reactor and heated up to 200 °C for 12 h. After the carboni-
zation step, carbon materials were washed with DI water and 
dried in freeze dryer for 72 h. The obtained carbon structure 
is notated as HyL.

2.2  Synthesis of KOH‑activated HyL (KL700)

 In order to fabricate a microporous carbon structure from 
the obtained HyL, chemical activation using KOH as an 
activation agent was empolyed. In a typical preparation 
process, 0.4 g of HyL and 1.2 g potassium hydroxide were 
uniformly mixed in mortar. Afterward, the samples were 
activated to 700 °C for 2 h under argon atmosphere. During 
the activation process, the heating rate was 5 °C/min, and 
the argon flow rate was 100 cc/min. After the activation, all 
the products were rinsed with diluted HCl to eliminate  K+ 
ion. After washing with HCl, the wet products were washed 
with DI water until the pH value was 7. And, the products 
were dried in a freeze dryer for 72 h. The obtained porous 
carbon is named as KL700.

2.3  Synthesis of N‑doped KL700, xN‑KL

For synthesis of N-doped carbon sample, urea [(NH2)2CO] 
was used as nitrogen precursor. In a typical synthesis, 
200 mg of urea and 50 mg of KL700 were mixed in 30 ml 
DI water with vigorous stirring. The obtained solution was 
dried in a vacuum evaporator in 50 °C water bath. Then, 
the product was pyrolyzed at 800 °C 1 h under an argon 

atmosphere. During the pyrolysis, the heating rate was 5 °C/
min, and the argon flow rate was 100 cc/min. The obtained 
specimen is denoted as 4 N-KL. For comparison, the amount 
of urea was changed to 50, 100, 200, 400 mg, while the 
amount of KL700 was fixed as 50 mg. After that, obtained 
materials are denoted as xN-KL, and the x of the xN-KL 
means the mass ratio of the urea versus KL700.

2.4  Materials’ characterizations

Scanning electron microscopy (SEM) images were obtained 
on a FE-SEM (LEO SUPRA 55) and transmission electron 
microscopy (TEM) images were obtained using a Libra 200 
HT Mc Cs, 200 kV.  N2 adsorption/desorption isotherms 
were obtained by a Brunauer–Emmett–Teller apparatus 
(BET, BELSORP-mini II). Before measurement, the sam-
ples were prepared under vacuum condition at 200 °C for 
12 h. The Brunauer–Emmett–Teller (BET) method was 
used to calculate the specific surface area (SSA) of the 
samples. The pore-size distributions were derived by the 
Barrett–Joyner–Halenda (BJH) model. Raman spectra and 
X-ray photoelectron spectroscopy (XPS) were prepared 
to determine the chemical structures and compositions of 
the samples. Raman spectroscopy was conducted using a 
SENTERRA Raman microscope (Bruker) with a 532 nm 
laser. XPS data were obtained using a monochromatic Al-Ka 
(AXIS-NOVA and Ultra DLD, 1486.6 eV).  CO2 adsorption 
data was measured by a high-pressure gas adsorption ana-
lyzer (BELSORP-HP, BEL Japan).

2.5  CO2 adsorption measurement

Before checking the adsorption data, all adsorbents under-
went the pre-treatment step at 200  °C in vacuum. The 
amount of N-doped carbon which was used for the adsorp-
tion experiment is at least 50 mg.  CO2 adsorption measure-
ment with different adsorbents was implemented at 25 °C. 
For the adsorption enthalpy calculation,  CO2 adsorption was 
implemented at different temperatures, 25 °C and 50 °C. 
To measure the cyclability of adsorption and desorption, 
ten continuous cycle of  CO2 adsorption–desorption were 
performed from 0.05 to 10 atm with the same instrument, 
BELSORP-HP.

3  Results and discussion

3.1  Materials’ characteristics

The surface morphology of the samples was investigated by 
SEM and TEM measurement. As shown in the SEM image 
(Fig. S1a–c), raw lignin and HyL showed a smooth surface. 
Comparing Fig. S1a–c, it is clear that the hydrothermal process 
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made a smaller particle than raw lignin which was a macro-
particle. While undergoing hydrothermal carbonization, the 
lignin product successfully went through the carbonization 
step which converted biomass into a carbon-densified prod-
uct at high yield [21]. And, its weak parts and impurities eas-
ily underwent degradation to form small molecules though 
hydrolysis, dehydration and decarboxylation [22]. And, these 
weak functional groups became small defect molecules which 
were dissolved in the solution. Because of the small particle 
size, hydrothermal lignin has a large specific surface area by 
itself. From that, it can be driven to ultrahigh surface porous 
carbon thorough chemical activation. After the KOH activa-
tion process, a highly developed porous structure with macro-
sized pores and nano-sized pores with a diameter less than 
100 nm can be shown (Fig. 1a, b). During the KOH activa-
tion, KOH dehydrates to transform to  K2O and  H2O at 400 °C. 
After that, carbon reacts with  H2O and produces CO and  H2 
gas. CO and  H2O react again to make  CO2 and  H2. With  CO2 
and  K2O,  K2CO3 can be formed by following Eq. (1). 

(1)CO
2
+ K

2
O → K

2
CO

3

Around 600  °C, KOH is completely consumed, and 
 K2CO3 starts to decompose to  CO2 and  K2O [Eq. (2)].

Moreover,  CO2 can react with carbon to make CO at a 
higher temperature. Also, intercalated  K2CO3 and  K2O react 
directly with carbon and oxidize carbon to CO [23]. From 
these reactions, it is seen that etching was done on the carbon 
framework by the redox reaction with potassium hydroxide 
as chemical activating reagent [24]. The etching done on the 
carbon frame work produced nano-sized pores, and modified 
the carbon surface uniformly. In a low magnification SEM 
image of KL700 (Fig. 1a), completely modified surface with 
various pores through KOH activation can be seen. Except 
the macro-sized pore whose size is about 10 μm, the other 
side’s surface was modified smoothly after the activation. 
High magnification SEM image and TEM image of KL700 
(Fig. 1b, c) show a nano-sized pore on the surface of KL700 
below 10 nm. From high magnification SEM images and 
TEM image of 4 N-KL, after the post-doping process on 

(2)K
2
CO

3
→ K

2
O + CO

2

Fig. 1  a, b SEM images of 
KL700, c TEM image of 
KL700, d, e SEM images 
of 4 N-KL, f TEM image of 
4 N-KL
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KL700, the structure was maintained well, and the nano-
sized pores were also maintained uniformly.

The textural properties of the porous carbons are listed 
in Table 1. It can be seen that the BET surface area and the 
pore volume increased significantly from 125 to 3170 m2/g 
and 1.33 to 1.6 cm3/g, after KOH activation from HyL. And, 
after post-doping, of 1 N-KL, 2 N-KL, and 4 N-KL show 
similar high BET SSA of 3020, 3064, and 3021 m2/g. SSA 
of 8 N-KL where eight times more N precursor was used 
than porous carbon decreased to 3170–2470 m2/g, because 
the high amount of urea blocked the nano-sized pores. Also, 
the total pore volume (Vtot pore) of 8 N-KL was 1.26 cm3/g, 
which was the lowest among the synthesized porous carbon. 

As shown in Fig. 2, the types of adsorption can be clas-
sified from the result of  N2-sorption isotherm of HyL (a), 
KL700 (c), 4 N-KL (e), respectively. From Fig. 2a, HyL 
showed a type-III isotherm [25, 26]. From Fig. 2b, BJH plot 
of HyL shows that there is no pore below 10 nm. And, the 
macro-sized pore whose size is over than 100 nm is domi-
nant. Also, the mean pore dimeter of HyL was measured 
to be 42.50 nm from Table 1. The isotherm plots in Fig. 2c 
and e corresponded to type-I curves with well-defined pla-
teaus [27], showing a microporous nature of the KL700, and 
4 N-KL [28]. After activation and post-doping, the mean 
pore diameter was measured around 2 nm which can sup-
port that the nano-sized pore was well-developed on the 

Table 1  Physical and chemical 
characteristics of various 
samples

SSA specific surface area calculated by BET equation, Vtot pore total pore volume estimated from the adsorp-
tion amount of  N2 at P/Po = 0.99

Samples Physical properties Chemical properties

SSA  (m2/g) Mean pore 
diameter (nm)

Vtot pore  (cm3/g) N (wt%) O (wt%) C (wt%)

HyL 125 42.50 1.33 – 31.16 68.84
KL700 3172 2.02 1.60 – 12.28 87.72
1 N-KL 3020 2.51 1.89 0.62 19.34 80.03
2 N-KL 3064 2.04 1.56 0.64 12.26 87.10
4 N-KL 3021 2.09 1.58 1.10 9.35 89.55
8 N-KL 2473 2.04 1.26 1.17 11.02 87.81

Fig. 2  BET analysis of HyL, KL700, 4 N-KL.  N2 adsorption/desorption isotherm a HyL, c KL700, e 4 N-KL, pore distribution graph b HyL, d 
KL700, f 4 N-KL
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surface of porous carbon, and also after the doping process. 
Pore-size distribution plots of KL700 and 4 N-KL supported 
the existence of nano-sized pores below 5 nm (Fig. 2d, f). 
And, the microporous surface areas (Smicro) of KL700 and 
4 N-KL calculated using the t plot were 3085 and 2943 m2/g, 
respectively. These results indicate that KL700 and 4 N-KL 
contained a microporous structure.

The structures of HyL, KL700, and 4 N-KL were further 
investigated by Raman spectroscopy as shown in Fig. 3. The 
D band derived from defective carbon materials can be seen 
to be around 1330 cm−1, whereas G band which is the result 
of in-plane vibrations of  sp2-bonded carbon can be seen to 
be around 1590 cm−1. The D band for HyL is detected at 
1330 cm−1 and G band is detected at 1565 cm−1, and D 
band for KL700 can be seen at 1330 cm−1 and G band for 
KL700 at 1575 cm−1. Because of nitrogen doping, the site 
of D and G band for 4 N-KL slightly changed, D band was at 
1335 cm−1 and G band at 1580 cm−1. ID/IG ratio is related to 
 sp3/sp2 carbon ratio which can explain the amount of defect 
[29]. Therefore, if ID/IG ratio is higher than the pristine mate-
rial, it means that there are more defects on the materials 
than the pristine material [30]. ID/IG ratio for HyL is 0.83, 

and after the KOH activation, ID/IG ratio for KL700 is 0.93 
indicating that the KOH activation produced more defect 
sites with the effect of activation, i.e., etching. The ID/IG 
ratio of 4 N-KL is 0.91 which is almost similar to the ratio 
of KL700.

Surface chemical component and atomic percentage 
of the surface elements of HyL, KL700, 4 N-KL samples 
were evaluated by XPS analysis. From wide XPS spectra 
(Fig. 4a, Table 1), much of oxygen-containing group was 
decreased after the activation treatment [24]. Lots of oxy-
gen species in HyL were etched out during the KOH acti-
vation, so after the activation, carbon contents increased 
to 68.84–87.72 wt%. The high-resolution C1 s spectra of 
HyL (Fig. S2a), KL700 (Fig. S2b) and 4 N-KL (Fig. S2c) 
can be explained into five individual component peaks, 
corresponding to C–C (284.6 eV), C=C (284.8 eV), C–O 
(285.9  eV), C=O (287.5  eV), and O–C=O (289.2  eV), 
respectively [31]. In KL700, the peak intensity of C=O 
group dramatically dropped after the activation because of 
KOH reduction [32]. Besides, nitrogen bonding configu-
rations of 4 N-KL are further characterized by the high-
resolution N1s spectra (Fig. 4b). The peaks of N1s spectra 

Fig. 3  Raman spectroscopy of a HyL, b KL700, c 4 N-KL

Fig. 4  a Wide XPS spectra 
of HyL, KL700, 1 N-KL to 
8 N-KL, b N1s peak of 4 N-KL
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can be assigned to various N-containing groups, including 
pyridinic N (398.1 eV), pyridone N (400.5 eV) and N-oxides 
(402–405 eV) [33]. From Fig. 4b, the dominant N-contain-
ing group was pyridinic and pyridone groups which are 
suitable for  CO2 adsorption due to the preferred interaction 
between the groups and  CO2. Other N-doped samples con-
tained the same N-containing groups yet with different ratios 
(Fig. S3). But, the amount of nitrogen on the porous carbon’s 
surface was increased following the amount of N precursor 
(Table 1). 1 N-KL and 2 N-KL have low nitrogen contents 
that are under 1.0 wt%. 4 N-KL and 8 N-KL have a higher 
nitrogen percentage of 1.10, and 1.17 wt%, respectively.

3.2  CO2 adsorption behavior

The  CO2 adsorption isotherm of 1 N-KL to 8 N-KL, and 
KL700 at 298 K up to 10 atm is shown in Fig. 5a and 
Table  2. The finest adsorbent for  CO2 adsorption was 
4 N-KL with 13.6 mmol/g, and 2 N-KL which adsorbed 
13.0 mmol/g was the following one. The adsorption amount 
did not directly correspond to the specific surface area. 
KL700 with 3172 m2/g had a larger SSA than 4 N-KL 
with 3021 m2/g, but the adsorption amount of KL700 with 
12.4 mmol/g was less than 4 N-KL with 13.6 mmol/g. Nitro-
gen sites which are on the surface of the carbon materials act 
as the active site when  CO2 adsorbed to the adsorbent [1]. 
The greater the amount of urea used as N precursor, the more 
was the increase in the amount of adsorbed  CO2 versus the 
surface area. And, this tendency can explain the correlation 
between the amount of induced nitrogen and the amount of 

adsorbed  CO2. The amount of adsorbed  CO2 by specific sur-
face area was 0.0039 mmol/m2 by KL700, and it increased 
to 0.00404–0.0047 mmol/m2 by 1 N-KL to 8 N-KL, respec-
tively, at 10 atm. KL700 has the largest specific surface area 
(3172 m2/g) and has no nitrogen functionality. Only with 
micropore volume and specific surface area, KL700 cap-
tured  CO2 2.3 mmol/g at 1 atm and 12.4 mmol/g at 10 atm. 
In case of 8 N-KL, too much nitrogen was loaded on the 
carbon’s surface, and the specific surface area shrank to 2/3 
than the non-doped carbon, KL700. While 8 N-KL mostly 
has nitrogen functionality, the  CO2 capture performance was 
2.7 mmol/g at 1 atm, and 12.4 mmol/g at 10 atm, because 
of demolition of walls between pores and pore blocking by 
the abundant urea. From these results, it is certain that both 
porosity and nitrogen functionality would be compromised. 
4 N-KL has a large surface area and adequately contains 
nitrogen sites.

The reversibility of  CO2 adsorption for 4 N-KL at 298 K 
was tested over 10 cycles up to 10 atm (Fig. 5b, c). Dur-
ing the ten cycles,  CO2 adsorption performance was main-
tained at 96–102%, almost same to the original performance. 
Adsorption capacities for the first cycle and tenth cycle are 
almost identical, with generally overlapped desorption and 
adsorption curves. Thus,  CO2 capture in 4 N-KL is highly 
reversible and primarily based on physical adsorption.

Heat of adsorption (Qst), which shows the interaction 
between  CO2 and adsorbents was calculated by the adsorp-
tion isotherms done at 25 °C and 50 °C. The enthalpy was 
calculated using the Clausius–Clapeyron equation [34].

ΔH◦

ads
= R

[

� lnP

�(1∕sT)

]

�

Fig. 5  a  CO2 adsorption amount from 0.05 to 10 atm, b  CO2 adsorption cycle with 4 N-KL, c First cycle and tenth cycle of  CO2 adsorption 
graph with 4 N-KL

Table 2  CO2 uptakes of various 
adsorbents xN-KL and KL700 
at 25 °C

1 N 2 N 4 N 8 N KL700

CO2 adsorption at 1 atm (mmol g−1) 2.2 2.5 2.6 2.7 2.3
CO2 adsorption at 10 atm (mmol g−1) 12.2 13.0 13.6 11.6 12.4
CO2 adsorption amount by SSA (mmol m−2) 0.0040 0.0042 0.0045 0.0047 0.0039
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where ΔH◦

ads
 is the heat of adsorption, and R is the ideal gas 

constant. A plot of � lnP and �(1∕T) gives a linear equation, 
and the gradient of the equation is proportional to adsorption 
heat. Figure 6 shows the curves of the calculated enthalpy 
at each adsorbed  CO2. The adsorption enthalpy shows 
physical adsorption performance, but the adsorption heat 
of absorbent which has more N-doping sites is greater than 
the other [35]. The average adsorption enthalpy of 8 N-KL, 
4 N-KL and KL700 is − 24 kJ/mol,  21 kJ/mol and − 15 kJ/
mol, respectively. If the enthalpy is higher than in KL700, it 
means that there is enhanced interaction between  CO2 and 
nitrogen-doped site of adsorbent.

4  Conclusion

In summary, the N-doped nanoporous carbon was devel-
oped with KOH activation and urea modification from 
abundant biomass lignin. Lignin-based porous carbon was 
synthesized with a BET surface area over 3000 m2/g and 
nitrogen content over 1.0 wt%. The surface functionali-
ties were characterized in detail by XPS, Raman, SEM, 
and TEM.  CO2 adsorption experiments were performed 
at 298 K from 1 atm to 10 atm. The final product, 4 N-KL 
can adsorb  CO2 more than 13 mmol/g at 10 atm which is 
more than adsorption capacities of other samples due to 
the existence of N content and optimized porous structure. 
For enthalpy calculation, adsorption tests were checked at 
higher temperature over 298 K. Cycle tests were performed 
over ten cycles from 0.05 to 10 atm and the structure and 
nitrogen functionality survived after the ten cycles.
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