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Biomass-derived N-doped porous carbon: an
efficient metal-free catalyst for methylation of
amines with CO2†

Feiying Tang, a Liqiang Wang *a,b and You-Nian Liu *a,b

Developing green, efficient, and low-cost catalysts for methylation

of N–H by using CO2 as the C1 resource is highly desired yet

remains a significant challenge. Herein, N-doped porous carbons

(NPCs) were designed, synthesized, and proved to be an excellent

metal-free catalyst for CO2-participated methylation conversion.

NPCs were prepared via the pyrolysis of a mixture of tannic acid

and urea. Both theoretical calculation and experiment demonstrate

that the N species especially pyridinic N and pyrrolic N within

NPCs can work as Lewis basic sites for attacking CO2 to weaken

the CvO bonds and lower the molecule conversion barrier, facili-

tating the subsequent methylation of N–H to produce, for

example, N,N-dimethylaniline. Besides, the unique porous struc-

ture can enrich CO2 and accelerate mass transfer, synergistically

promoting the conversion of CO2. The optimized NPC(1/5) catalyst,

integrating the porous structure and strong Lewis basicity, exhibits

excellent catalytic activity for CO2-based methylation reaction

under mild conditions (1 bar CO2, 75 °C). Our work, for the first

time, demonstrates the feasibility of using NPCs to catalyze the

methylation of amino compounds to produce N,N-dimethylamine

by exploiting CO2 as the C1 resource.

Carbon dioxide (CO2) is the major greenhouse gas causing
global warming, while it is also regarded as an inexpensive,
non-toxic and sustainable C1 resource for the synthesis of
high value-added fine chemicals and fuels.1–4 Compared with
conventional capture and storage of CO2, fixation and conver-
sion of CO2 is more attractive and economical considering that
it can not only reduce the emission of CO2 but also make full
use of the C1 resource.5–8 Among various chemical approaches
towards CO2 utilization, methylation using CO2 as the C1
resource for the construction of the C–N bond is proved to be

a promising and efficient route.9,10 In particular, methylation
of N–H using CO2 as the carbon resource can give rise to N,N-
dimethylamine, which is broadly used in the synthesis of
medicines, agrochemicals, perfumes, dyes and so on.11–15

To date, diverse catalysts have been developed to promote
CO2-participated methylation reaction (Fig. 1a), including
organometallic catalysts,16–18 organic catalysts,19–22 inorganic
bases23,24 and heterogeneous metallic catalysts.25–27 However,
the problems of metal residues and separation limit the wide
applications of these catalysts. In particular, metals are non-
renewable and even toxic.28,29 Therefore, metal-free hetero-
geneous catalysts are much more attractive for CO2-partici-
pated methylation reaction.

The big challenge facing CO2 conversion is to activate the
highly stable CvO bond of CO2.

30 According to previous
reports, a Lewis base bearing the ability to donate electrons
can activate CO2, as a Lewis acid, via a nucleophilic reaction-
like pathway. For example, CO2 can interact with DBU (1,8-dia-
zabicyclo[5.4.0]undec-7-ene, a typical Lewis base) to form a car-
bonate-like species, which can significantly weaken the CvO

Fig. 1 (a) Previously and newly proposed routes for methylation of N–

H using CO2 as a C1 source. (b) Hirshfeld charge population analysis of
DBU and a simulated NPC model.
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bond and lower the CO2 conversion energy barrier.31,32 Due to
their tunable structure and composition, high stability, and
excellent conductivity, N-doped porous carbon materials have
attracted wide attention in catalysis.33–35 Notably, N-species
within carbon matrices, especially pyridinic N and pyrrolic N,
can act as a Lewis basic site to activate the contacted mole-
cules and hence to promote their catalytic conversion.36,37

Besides, the porous structure favors mass transfer, allowing
the reactants and products to transfer smoothly within the cat-
alysts.38 In addition, for the gas-involved reaction, the porous
structure can enrich the gas molecules, which is kinetically
beneficial for the catalytic reaction.39,40 Hence, we envisioned
that N-doped, porous carbon materials could act as metal-free
heterogeneous catalysts to activate CO2 for the subsequent
methylation reaction to produce N,N-dimethylamine. To the
best of our knowledge, there have been no reports on using
NPC catalysts for methylation of amines with CO2.

Herein, through theoretical computation with DBU as a
reference Lewis base, we verified that pyridinic N and pyrrolic
N within the N-doped carbon matrices exhibit considerable
Lewis basicity. They could interact with CO2 to weaken the
CvO bond, facilitating the following methylation reaction.
Then, a series of N-doped, porous carbon materials (NPCs)
were prepared via carbonizing the mixture of urea and tannic
acid with different mass ratios. NPCs possess a hierarchically
porous structure and N-dopant induced Lewis basic sites. The
unique structure and composition could significantly lower
the conversion barrier of CO2 and further promote methyl-
ation. NPCs can efficiently catalyze the methylation of
N-methylaniline with CO2 for the synthesis of N,N-substituted
amine derivatives within a range of CO2 concentrations from
100% to 20% (CO2 : N2) under mild conditions (1 bar, 75 °C).
The excellent performance of NPCs is due to the strong CO2

affinity and their porous structure.
Firstly, the theoretical calculation was performed to demon-

strate that NPCs are a qualified candidate for heterogeneous
Lewis basic catalysts, using DBU as a reference (a widely
exploited homogeneous Lewis basic catalyst). The Lewis basi-
city can be determined from the electron-donating capability,
which can be evaluated through charge analysis.41,42 The N
species of N-doped porous carbon mainly include graphitic N,
pyridinic N, pyrrolic N and oxidized N (Fig. 1b). Graphitic N
bonds with three carbon atoms, while pyridinic N (six-ring)
and pyrrolic N (five-ring) bond with two carbon atoms. For oxi-
dized N, the N atom bonds with an O atom. As shown in
Fig. 1b, pyridinic N and pyrrolic N prefer to exist in the defect
site and zigzag edge of carbon materials. The Hirshfeld charge
population analysis of DBU and a NPC model is shown in
Fig. 1b. It can be seen that the pyridinic N (−0.11 to −0.20)
and pyrrolic N (−0.20 to −0.24) of NPCs possess excess nega-
tive charge which is similar to the active N site (−0.21) of DBU
and this demonstrates that pyridinic N and pyrrolic N exhibit
considerable Lewis basicity, while graphitic N and oxidized N
possess positive charge (0.03 and 0.20), suggesting that they
have negligible Lewis basicity. The Lewis basic sites can
provide nucleophilic sites to interact with the C atom of CO2

and hence to activate the CO2 molecule, which often leads to
the twist of molecule structure and the increase of bond
length. Therefore, the molecular structure of CO2 before and
after interacting with the pyridinic N and pyrrolic N of NPCs
was investigated. As shown in Fig. S1,† the initial bond length
of CvO is 1.168 Å, and the angle of CO2 is 180.0°. After inter-
acting with the pyridinic N or pyrrolic N, the bond length of
CvO changes to 1.175 Å and 1.178 Å, and the angle of the CO2

molecule changes to 165.8° and 162.5°, respectively. The
results demonstrate that the pyridinic N or pyrrolic N could
interact with the CO2 molecule to affect its molecular struc-
ture. Meanwhile, the longer bond length and smaller angle
indicate lower bond energy, in favor of CO2 activation and cata-
lytic conversion. In addition, the pyrrolic N exhibits stronger
interaction with the CO2 molecule than the pyridinic N,
arising from its higher negative charge. Interestingly, it was
found that graphitic N could enhance the negative charge on
pyridinic N or pyrrolic N (Fig. S2†). To sum up, it is theoreti-
cally possible for NPCs to work as metal-free heterogeneous
catalysts for the activation of CO2 to benefit the subsequent
conversion.

Secondly, NPCs were prepared by carbonizing the dried
mixing solution of urea and tannic acid (TA) with different
mass ratios (Fig. 2a). The as-obtained NPCs exhibit typical
(002) and (100) graphitic peaks at 25.2 and 43.4°, respectively
(Fig. S3†). TEM and the corresponding HR-TEM images of
different NPC samples are shown in Fig. 2b–i. All samples
exhibit a similar sheet-like morphology. The porous structure
can be deduced from the HR-TEM images, where there exist
an interrupted crystal lattice and a defective structure (Fig. 2b–
i). A closer observation shows that they are composed of ultra-
thin nanosheets. The porous structure could indicate that
NPCs are composed of stacked small pieces of carbon sheets,

Fig. 2 (a) Synthesis of NPC. (b) XRD patterns of NPC samples. TEM and
HRTEM images of (c and d) NPC(1/2); (e and f) NPC(1/3); (g and h)
NPC(1/5); and (i and k) NPC(1/7).
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which leads to plenty of large pores within the carbon matrices
(Fig. S4†, highlighted in red lines). The unique 2D porous
structure is highly desired in heterogeneous catalysis in view
of exposing the active sites and promoting the mass transfer.

The chemical composition of the carbon surface was
detected by XPS. The peaks of C, N and O can be found on the
XPS spectrum (Fig. S6†), which agrees well with the energy-
dispersive X-ray (EDX) mapping results, where a uniform N
distribution is observed (Fig. S5†). The C 1s spectra can be
divided into three different peaks, which are ascribed to the
bond of C–C, C–N/C–O and CvO (Fig. S7†). The N 1s spectra
of all samples are shown in Fig. 3a. The N 1s spectra can be
divided into four different peaks that are graphitic N, pyridinic
N, pyrrolic N and oxidized N.43 The contents of different N
species are listed in Table S1.† It can be found that the
content of N increases from 7.6 at% to 8.3 at% with the incre-
ment of urea proportion. Specifically, NPC(1/5) possesses a
lower graphitic N content (2.7 at%) but higher pyrrolic N
(0.7 at%) and pyridinic N (4.0 at%) contents than its compa-
nions (NPC(1/2): 3.1 at%, 0.5 at% and 3.6 at%; NPC(1/3): 3.4
at%, 0.5 at% and 3.1 at%; and NPC(1/7): 3.5 at%, 0.5 at% and
3.8 at%). Of note, pyridinic N and pyrrolic N only exist in the
zigzag edge or the defect site of N-doped carbon materials.
This situation means that there exist defective structures
within NPCs. Thus, Raman measurement was performed to
obtain more information on the defective structure. As shown
in Fig. 3b, the spectra exhibit two different peaks, the D band
(at around 1340 cm−1) and the G band (at around 1587 cm−1),
which are assigned to the disordered and graphitic nature of
the carbon structure, respectively.29 All samples possess a
highly defective structure, and have a similar value of ID/IG:
1.01 (NPC(1/2)), 1.05 (NPC(1/3)), 1.02 (NPC(1/5)) and 1.10
(NPC(1/7)). The structural defect is often present along with the

porous structure. Thus, the porous property of the NPCs was
investigated via the nitrogen adsorption/desorption isotherm
and the pore size distribution (Fig. S8 and Table S2†).
Interestingly, the N2 adsorption and desorption isotherms
display a remarkable increase at low pressure for all NPC
samples, indicating the existence of micropores within them.
Besides, the occurrence of hysteresis loops at P/P0 of 0.5 to 0.9
suggests the presence of mesopores. The pore structure was
further confirmed by the pore size distribution, where micro-
pores with a size from 1 to 1.5 nm, mesopores with a size from
8 to 50 nm and even macropores (with a size >50 nm) were
observed. The specific surface area (SBET) follows the order of
NPC(1/2) (107.6 m2 g−1) < NPC(1/3) (146.5 m2 g−1) < NPC(1/5)

(216.8 m2 g−1) < NPC(1/7) (242.8 m2 g−1). The unique hierarchi-
cally porous structure can not only enrich CO2, but also allow
the CO2 molecule to fully access the Lewis basic N sites, syner-
gistically promoting the catalytic conversion of CO2. Then, the
CO2 uptake ability of all NPC samples was investigated to
determine their capacity for CO2 enrichment. The CO2 uptake
amounts reach 44.5, 52.2, 62.8 and 54.4 mg g−1 for NPC(1/2),
NPC(1/3), NPC(1/5) and NPC(1/7), respectively, at 273 K and 1 bar,
while, at 298 K and 1 bar, they are 31.6, 34.1, 39.2 and 40.9 mg
g−1, respectively (Fig. S9a†). The CO2 uptake capacity of NPCs
confirms the affinity of NPCs for CO2, which is relevant to the
basic N-sites. The adsorption heat for different NPCs is shown
in Fig. S9b.† NPC(1/5) exhibits the highest value, indicating its
strongest CO2 affinity. The affinity of NPCs to CO2 can enhance
the concentration of CO2 in the pore channel of NPCs, kineti-
cally favouring the conversion of CO2. CO2 TPD tests were
further performed to prove that the introduced N can work as
Lewis basic sites. There exists an obvious CO2 signal for all
NPCs within the temperature range from 375 to 500 K, which
arises from the Lewis acid–base interaction.44 As the types of N
species and their contents vary with different samples, the
interactions between them and CO2 vary too, leading to the
slight difference in desorption temperature. The total CO2

signal strength for each sample was calculated via integrating
the desorption curves from 375 to 500 K, and it follows the
order of NPC(1/5) (17) > NPC(1/7) (14) > NPC(1/3) (8) > NPC(1/2) (3)
(Fig. 3c). These suggest that NPC(1/5) exhibits higher basicity
and is possibly more active in the catalytic CO2 conversion.

Thirdly, catalytic methylation of N-methylamine into N,N-
dimethylamine using CO2 as the C1 resource was taken as a
model to evaluate the catalytic performance of the obtained
NPCs. The detailed determination conditions of HPLC are
shown in Fig. S10.† As shown in Table 1, hardly any
N-methylamine (2.1%) was converted into N,N-dimethylamine
in the absence of the catalyst in CH3CN solution (entry 1). The
conversion (C) of N-methylaniline increases significantly in the
presence of NPC catalysts and follows the order of NPC(1/5) >
NPC(1/7) > NPC(1/3) > NPC(1/2). In particular, NPC(1/5) performs
the best with the highest conversion (80.1%), and the selecti-
vity (S) goes up to 83.9%. The excellent catalytic performance
could be ascribed to its high capacity for CO2 uptake and
strong Lewis basicity. Then, we investigated the impact of sol-
vents (including CH3OH, 1,4-dioxane, CH3CN, THF, DMSO

Fig. 3 (a) N 1s XPS spectra, (b) Raman spectra and (c) CO2 TPD results
of NPC(1/2), NPC(1/3), NPC(1/5) and NPC(1/7).
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and DMF) on the catalytic performance (Table S3†). As
expected, DMF of weak basicity performs the best of all (C:
97.1%, S: 90.2%). Of note, NPC(1/5) even exhibits comparable
catalytic activity to some of the recently reported homogeneous
catalysts (listed in Table S4†). The kinetic data on the methyl-
ation reaction over NPC(1/5) are shown in Fig. S11.† Under the
optimized conditions, the methylation reaction was extended
to other N-substituted amine derivatives. The corresponding
products were obtained with high conversion and selectivity in
both DMF and CH3CN (Table 2). These methylation reactions
were also carried out in the CH3CN solvent (Table 2). The
results further verify the high catalytic activity of NPC(1/5),
which arises from its intrinsic Lewis basicity and unique pore
structure. Interestingly, when primary amine was utilized as a
substrate for methylation reaction, the main product obtained
was N-methylformanilide and its derivative (Scheme S1†). The
recyclability and stability of NPC(1/5) were also investigated via
catalytic recycling measurements (Fig. 4a). After six catalytic
runs, the catalyst shows a non-significant loss in catalytic
activity (C: 92.1%, S: 90.5%), indicating its high recyclability
under liquid phase reaction conditions. XPS tests were per-
formed to determine the situation of the N active sites before
and after the catalytic reaction. Neither the N types nor their
content revealed obvious changes, which further confirms the
catalytic stability of NPCs (Fig. S12 and Table S5†). As men-
tioned above, the NPCs show good CO2 uptake capacity and
abundant porosity, which allows CO2 to be concentrated in
pores even under low concentrations and favours its further
conversion. The catalytic behaviour of NPC(1/5) under different
concentrations of CO2 was further tested (Fig. 4b). Under 80%
CO2 concentration, the conversion of N-methylaniline was
86.2%, and the selectivity of N,N-dimethylaniline was 89.5%.
When the CO2 concentration dropped to 50%, the conversion

and selectivity were 71.3% and 86.6%, respectively. Even when
the CO2 concentration was decreased to 20%, they remained at
46.8% (C) and 90.6% (S), respectively. In the absence of
NPC(1/5), the DMF solvent showed much more inferior per-
formance, especially under relatively lower concentrations of
CO2. This finding further confirms the high activity of NPCs,
which can be strengthened by the DMF solvent due to its
Lewis basicity. The superior catalytic performance in the pres-
ence of NPC(1/5) possibly comes from the high porosity and
CO2 affinity of NPC(1/5), which ensures relatively high CO2 con-
centration in the porous channel even under relatively low CO2

concentrations.
Lastly, the theoretical calculation was presented to under-

stand the mechanism of Lewis basic N species catalysed CO2-
participated methylation reaction. As mentioned above, NPCs
exhibit strong Lewis basicity, and the Lewis basic sites can

Table 1 Methylation reaction of N-methylaniline with CO2 under
various conditions

Entry Catalyst C (%)

S (%)

1b 1c

1 No catalyst 2.1 83.0 17.0
2 NPC(1/2) 25.7 81.2 18.8
3 NPC(1/3) 39.6 80.0 20.0
4 NPC(1/5) 80.1 83.9 16.1
5 NPC(1/7) 65.8 87.0 13.0
6a NPC(1/5) 97.1 90.2 9.8
7a No catalyst 64.1 78.9 21.1
8b No catalyst 13.7 82.2 17.8
9b NPC(1/5) 71.3 86.6 13.4

Reaction conditions: 1a (0.25 mmol), PhSiH3 (0.5 mmol), catalyst
(15 mg), solvent (CH3CN, 3 mL), 1 atm CO2, 75 °C and 20 h. a Solvent
was replaced by DMF, reaction time, 18 h. b Solvent was replaced by
DMF, reaction time, 18 h, CO2/N2 (v/v, 1/1, 1 bar). Conversion (C) and
selectivity (S) were determined by HPLC.

Fig. 4 (a) The recycling experiments for NPC(1/5). (b) The catalytic per-
formance in the absence and presence of NPC(1/5) under various CO2

concentrations.

Table 2 Catalytic methylation of various N-substituted amines by
NPC(1/5)

Reaction conditions: Reactant (0.25 mmol), PhSiH3 (0.5 mmol), cata-
lyst (15 mg), solvent (DMF, 3 mL). a Solvent was replaced by CH3CN.
Conversion (C) and selectivity (S) were determined by HPLC.
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interact with CO2 to polarize the CO2 molecules, which is sup-
posed to loosen the CvO bond, lower the energy barrier for
breaking the CvO bond, and hence benefit the catalytic con-
version of CO2. Based on previous reports,14,23,45,46 the process
of CO2-participated methylation reaction mainly involves four
steps (Scheme S2†): (i) hydrosilylation of CO2 to form silyl for-
mates; (ii) hydrosilylation of silyl formates to form silyl acetals;
(iii) intermolecular hydrosilylation to form silylmethoxide
species; and (iv) methylation of amines with silylmethoxide to
yield the methylated products. Herein, by means of theoretical
calculation, we analysed the reaction process of CO2-partici-
pated methylation in the absence or presence of different
Lewis basic N species (pyridinic N and pyrrolic N). In step (i),
in the absence of N species, the energy barrier of the reaction
between PhSiH3 and CO2 is 35.1 kcal mol−1, while in the pres-
ence of pyridinic N and pyrrolic N, the energy barrier drops to
26.4 and 29.5 kcal mol−1, respectively (Fig. 5a and Fig. S13†).
These results indicate that Lewis basic N sites could signifi-
cantly activate CO2 and lower its conversion barrier, promoting
the reaction of CO2 with PhSiH3. In step (ii), in the presence of
pyridinic N and pyrrolic N, the energy barrier drops from 55.2
to 31.2 and 45.5 kcal mol−1, respectively (Fig. 5b and
Fig. S14†). In step (iii), the energy barrier declines from 76.0 to
53.0 and 56.9 kcal mol−1 in the presence of pyridinic N and
pyrrolic N, respectively (Fig. 5c and Fig. S15†). In contrast, in
step (iv), non-obvious changes in the energy barrier were
observed (Fig. 5d and Fig. S16†). The Lewis basic N species
play an important role in steps (i) to (iii) to lower the reaction
barriers. Consequently, the presence of Lewis basic N species
could significantly promote the methylation with CO2.

Conclusions

In summary, N-doped porous carbons (NPCs), which were pre-
pared by direct pyrolysis of the mixture of tannic acid and urea,
were developed as a metal-free catalyst for CO2-participated
catalytic methylation reaction. The N species especially pyrrolic
N and pyridinic N within the carbon matrices afford NPCs
strong Lewis basicity. The N species can work as nucleophilic
sites to attack the C atom of CO2, weakening the CvO bond
and hence lowering the energy barrier for CO2 conversion.
Besides, the hierarchical porous structure of NPCs can help to
enrich CO2 and accelerate mass transfer, which kinetically
favors the CO2-participated methylation conversion. As a result,
NPC(1/5) shows high catalytic activity, selectivity and stability,
and can efficiently catalyze the methylation of N–H into N,N-di-
methylamine using CO2 as the C1 resource under mild con-
ditions. Our work, for the first time, proved the feasibility of
using N-doped, porous carbon as an efficient metal-free cata-
lyst for methylation reaction using CO2 as the C1 resource.
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