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A B S T R A C T   

We have prepared a new bio-derived benzoxazine monomer (VFBZ-CN) through condensation of natural re-
newably sourced compounds—vanillin, formaldehyde, and furfurylamine—and then investigated its thermal 
stability and thermal curing polymerization behavior before and after polymerization at various temperatures. 
Differential scanning calorimetry revealed that VFBZ-CN possessed a thermal curing temperature (196 °C) lower 
than those of the typical Pa-type (263 °C) and Boz-Va benzoxazine (223.8 °C) monomers, presumably because 
the presence of its cyano groups facilitated ring opening of the oxazine units. We used various techniques to 
examine the porosity, morphology, structure, chemical composition, and electrochemical properties of the poly 
(VFBZ-CN) materials obtained after carbonization at 700 and 800 °C and KOH activation [giving poly(VFBZ-CN)- 
700 and poly(VFBZ-CN)-800, respectively]. The gravimetric capacitance of poly(VFBZ-CN)-800 (506 F g−1) was 
higher than that of poly(VFBZ-CN)-700 (171 F g−1) at 0.5 A g−1 in KOH solution; the former also displayed 
outstanding cycling stability, with retention of 99.43% of its capacitance after 2000 cycles. We attribute the 
superior performance of poly(VFBZ-CN)-800 as a supercapacitor electrode to its more porous carbon structure 
and higher N and oxygen atoms contents. In addition to their potential for energy storage, these N- and O-doped 
microporous carbons displayed high degrees of CO2 capture.   

1. Introduction 

Supercapacitors are environmentally friendly materials that have 
attracted interest for their potential applications in electronic devices, 
electric vehicles, alternatives to batteries, and renewable power systems  
[1–6]. Based on their release mechanisms and modes of energy storage, 
there are two kinds of supercapacitors: pseudocapacitors and electro-
chemical double-layer capacitors (EDLCs) [7]. Several porous carbons 
materials having large specific surface area, high electrical con-
ductivity, outstanding chemical stability, and good capacitive perfor-
mance [e.g., graphene, carbon nanotubes, and activated carbons (ACs)] 
have been tested for their suitability in gas capture, electrochemical 
energy storage, and gas storage [3,8,9]. In particular, AC materials can 
function as energy storage when combined with EDLCs; their efficiency 
and performance depend on the structure and number of pores, with a 
large number of small carbon pores potentially accommodating a 
greater amount of solvated electrolyte ions. Nevertheless, this 

mechanism of operation of porous carbon materials generally decreases 
the energy density that can be achieved with AC-based supercapacitors  
[10]. Many recent studies have revealed that introducing nitrogen, 
oxygen, and phosphorus atoms into carbon materials can enhance the 
pseudocapacitance, due to the electron donating properties of these 
atoms [11,12]. Furthermore, these heteroatoms can induce reversible 
pseudocapacitance (by facilitating Faradaic electrochemical reactions 
at electrolyte–electrode interfaces) and enhance conductivity and sur-
face wettability [13–17]. Thus, porous carbons containing hetero-
atoms—for example, nitrogen-doped hierarchical porous carbons 
(NHPCs)—are considered to be ideal electrode materials because of 
their combination of pseudocapacitance and double-layer capacitance  
[18], and also because they can be synthesized in a simple and scalable 
manner. Various carbon precursors have been converted into NHPCs 
(e.g., polyacrylonitrile, polyaniline, polythiophene, phenolic resin, 
biomass, and biomass derivatives) for use as novel materials for high- 
performance supercapacitors [19–22]. 
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Polybenzoxazines (PBZs) are novel thermosetting heterocyclic 
polymers obtained through thermal ring-opening polymerization (ROP) 
of benzoxazine (BZ) monomers [23], themselves prepared readily from 
phenols, paraformaldehyde [(CH2O)n], and amines through Mannich 
condensation [24–29]. PBZs are a promising class of high-performance 
NHPCs [30] because of their flexible molecular design, good chemical 
and electrical resistance, high char yields, good thermal stability, good 
flame retardancy, low surface free energies, and minimal shrinkage  
[31–36]. They also have a wide range of potential applications, in-
cluding as adsorbents for CO2, as cathodic material in batteries, in 
electronics, as coatings, and in the aerospace industry [37–43]. More-
over, their N atom content can be adjusted readily by merely changing 
the proportion or type of amine in the PBZ [44]. Nevertheless, we are 
aware of only a single previous report of supercapacitors prepared from 
NHPCs derived from PBZs. Wan et al. synthesized nitrogen-doped 
porous carbons (NPCs) from a nitrile-functionalized BZ through soft- 
templating and KOH activation; these materials featured an abundance 

of micro- and mesopores, high N and O atom contents, large surface 
areas, and good electrical conductivity [45]. 

In this study, we prepared a fully bio-derived monomer (VFBZ-CN) 
through the condensation of vanillin (V), furfurylamine (F), and 
(CH2O)n. Previous reports suggested that the incorporation of a furan 
ring into the BZ monomer would improve the thermal properties of the 
resulting PBZ [46]. In addition, the presence of cyano groups in the BZ 
structure would also increase the number of N atoms in the resulting 
microporous carbon skeletons after KOH activation, potentially en-
hancing the electronic conductivity and pore structure of the carbon 
materials. The synthesis of VFBZ-CN monomer was confirmed using 
nuclear magnetic resonance (NMR) and Fourier transform infrared 
(FTIR) spectroscopy. We used thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), and FTIR spectroscopy to study 
the thermal stability and thermal ROP of the BZ monomer. Finally, we 
determined the electrochemical properties of the resulting NPC mate-
rials through cyclic voltammetry (CV). 
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2. Experimental 

2.1. Materials 

Vanillin, paraformaldehyde (CH2O)n, zinc acetate, malononitrile, 
sodium carbonate (Na2CO3), and furfurylamine were purchased from 
Acros. Dimethyl sulfoxide (DMSO), ethyl acetate (EA), hexane, 1,4-di-
oxane and absolute ethanol (EtOH) were purchased from Alfa Aesar. 

2.2. 2-(4-Hydroxy-3-methoxybenzylidene)malononitrile (V-CN) 

Vanillin (15.2 g, 100 mmol), malononitrile (6.60 g, 100 mmol), and 
zinc acetate (0.20 g, 2.40 mmol) were stirred in absolute EtOH (50 mL) 
at 80 °C for 8 h. The solvent was evaporated and then the residue was 
washed with hexane to afford a yellow powder (yield: 64%). FTIR (KBr, 
cm−1): 3385 (OH), 2227 (CN); 1H NMR (DMSO‑d6, δ, ppm): 3.81 (s, 

3H), 6.98 (s, 1H), 7.51 (s, 1H), 7.65 (s, 1H), 8.29 (s, 1H), 10.81 (s 1H);  
13C NMR (DMSO‑d6, δ, ppm): 56.11, 76.42, 113.68, 115.65, 115.86, 
116.86, 122.84, 128.14, 147.92 155.16, 163.57. 

2.3. 2-((3-(Fur-2-ylmethyl)-8-methoxy-3,4-dihydro-2H-benzo[e][1,3] 
oxazine 6yl)methylene)malononitrile (VFBZ-CN) 

A solution of V-CN (0.50 g, 2.0 mmol), furfurylamine (0.24 g, 
2.0 mmol), and (CH2O)n (0.16 g, 5.0 mmol) in 1,4-dioxane (50 mL) was 
heated at 110 °C under N2 for 24 h. The solvent was evaporated through 
vacuum distillation to afford a brown residue, which was purified 
through column chromatography (SiO2; hexane/EtOAc, 1:1) to give a 
yellow solid (yield: 60%). FTIR (KBr, cm−1): 2227 (CN), 1244 
(AreOeC), 947 (oxazine); 1H NMR (DMSO‑d6, δ, ppm): 3.83 (s, 2H, 
furyl–CH2N), 3.79 (s, 1H, CH3), 3.99 (s, 2H, ArCH2N), 5.03 (s, 2H, 
OCH2N), 6.32–7.61 (m, CH aromatic), 8.27 (s, 1H, CH]CCNCN); 13C 
NMR (DMSO‑d6, δ, ppm): 47.40, 47.94, 55.54, 82.47, 76.54, 82.93, 
109.01, 110.47, 110.70, 114.10, 114.89, 120.68, 123.22, 125.45, 
142.87, 147.63, 149.67, 151.27, 160.65. 

2.4. Poly(VFBZ-CN) 

The BZ monomer VFBZ-CN was cured thermally at (110, 150, 180, 
210, and 250 °C for 2 h at each temperature) to give a dark-brown solid. 

2.5. Poly(VFBZ-CN)-700 and Poly(VFBZ-CN)-800 

VFBZ-CN (1.00 g) was cured thermally at 250 °C for 4 h. The re-
sulting PBZ sample was calcinated in a furnace (heating rate: 
5 °C min−1) up to a temperature of 600 °C for 3 h. KOH solution [the 
weight ratio of KOH/poly(VFBZ-CN) = 1/1] was added to the calci-
nated sample and then the mixture was stirred at 25 °C for 24 h. The 
water was evaporated under vacuum at 120 °C for 24 h. Finally, the 
sample was activated at either 700 or 800 °C for 8 h in a tubular furnace 
(heating rate: 5 °C min−1) under a N2 atmosphere. After cooling to 
room temperature, the product was washed with deionized water and 
acetone, then the black solid was dried at 100 °C for 48 h. 
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3. Results and discussion 

3.1. Synthesis of V-CN and VFBZ-CN 

Scheme 1 presents our synthetic route toward V-CN and VFBZ-CN. 
First, we prepared V-CN through the reaction of vanillin with mal-
ononitrile in the presence zinc acetate in absolute EtOH. Then, we 
subjected V-CN to Mannich condensation with (CH2O)n and furfur-
ylamine 1,4-dioxane at 110 °C to obtain VFBZ-CN. 

The chemical structures of vanillin, V-CN, and VFBZ-CN were con-
firmed through NMR and FTIR spectroscopy. The 1H NMR spectrum of 
vanillin [Fig. 1(a)] features signals at 3.93, 6.34, 7.03–7.45, and 
9.82 ppm representing the protons of its CH3, OH, aromatic, and CHO 
units, respectively. In the 1H NMR spectrum of V-CN [Fig. 1(b)], a sharp 
singlet appears at 8.23 ppm, corresponding to the CH]C(CN)2 unit, but 
no signal is present for an aldehydic group, confirming the complete-
ness of the Knoevenagel reaction. The presence of the oxazine ring in 

VFBZ-CN was confirmed by the appearance [Fig. 1(c)] of two signals at 
3.99 and 5.03 ppm for the ArCH2N and OCH2N moieties, respectively. 
In addition, this 1H NMR spectrum of VFBZ-CN exhibited a signal at 
3.83 ppm for the furyl–CH2N (g) unit and three signals at 6.32, 6.42, 
and 8.25 ppm representing the furyl moiety. 

The 13C NMR spectrum of vanillin [Fig. 2(a)] features characteristic 
signals at 56.38, 109.32–152.48, and 192.11 ppm, representing the 
carbon nuclei of the CH3, aromatic, and CHO units, respectively. In the  
13C NMR spectrum of V-CN [Fig. 2(b)] three new signals appeared, at 
75.30, 117.00, and 161.65 ppm, corresponding to the carbon nuclei of 
the CH]C(CN)2 (f), CN (c), and CH]C(CN)2 (b) moieties, respectively.  
Fig. 2(c) reveals signals at 48.10 and 83.30 ppm, representing the 
ArCH2N and OCH2N units, respectively, of the oxazine ring, in the 13C 
NMR spectrum of VFBZ-CN. In addition, signals of the carbon nuclei of 
the furan ring appeared at 109.61, 110.78, and 143.77 ppm. 

The FTIR spectrum of vanillin [Fig. 3(a)] is characterized by ab-
sorption bands at 3201 cm−1 for the phenolic OH group, 2852 and 
2750 cm−1 for the CeH bond of the aldehydic group, and 1667 cm−1 

for the C]O bond. The FTIR spectrum of V-CN featured no absorption 
band for the C]O bond and exhibited a new sharp peak at 2227 cm−1 

for the cyano group [Fig. 3(b)]. The FTIR spectrum of VFBZ-CN 
[Fig. 3(c)] displayed new absorption bands for the BZ moiety at 947, 
1495, 1244, and 1032 cm−1, representing out-of-plane CeH bending, 
trisubstituted benzene ring, asymmetric CeOeC stretching, and sym-
metric CeOeC stretching, respectively. In addition, the absence of any 
absorption bands for the phenolic OH group of vanillin and the NH2 

group of furfurylamine, and the presence of a band at 2237 cm−1 for 
the CN moiety and the absorption bands at 1563 and 760 cm−1 for the 
furan group, confirmed the synthesis of this new VFBZ-CN monomer in 
high purity. 

3.2. Thermal curing polymerization of the VFBZ-CN monomer 

The DSC profile of the uncured VFBZ-CN [Fig. 4(a)] revealed a 
sharp melting point at 160 °C, confirming the high purity of this 
monomer, followed by ROP at 196 °C with a reaction heat of 248 J g−1. 
Thus, the monomer VFBZ-CN possesses an exothermic curing tem-
perature lower than those of the typical Pa-type monomer 3-phenyl-3,4- 
dihydro-2H-benzoxazine (263 °C) [47,48], the monomer Boz-Va 
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(223.8 °C) [49], the monomer pHMTI-pan (287.5 °C) [50] and the 
monomer oHPNI-man (287.5 °C) [51] due to the basicity and catalytic 
effect of the cyano groups. The curing polymerization temperature and 
polymerization enthalpy of VFBZ-CN both decreased after thermal 
treatment at 110 °C (190 °C and 96 J g−1, respectively) and 150 °C 
(188 °C and 52 J g−1, respectively). Furthermore, the exothermic 
curing temperature and the heat of reaction disappeared after in-
creasing the thermal treatment temperature from 180 to 250 °C, con-
sistent with full thermal curing of the monomer VFBZ-CN and forma-
tion of poly(VFBZ-CN). In addition, we recorded FTIR spectra to 
examine the thermal curing behavior of VFBZ-CN at these various 
temperatures. Fig. 4(b) reveals that the absorption bands of the BZ ring 
at 947, 1244, and 1032 cm−1 decreased after curing at 180 and 210 °C 
and disappeared completely at 250 °C, consistent with the DSC data. 
Furthermore, upon increasing the curing temperature from 180 to 
250 °C, the intensity of the absorption band of the reactive cyano group 
of VFBZ-CN at 2235 cm−1 decreased and new absorption peaks ap-
peared centered at 1385 and 1632 cm−1, indicating that the reactive 
cyano groups in poly(VFBZ-CN) had transformed completely into 

triazine rings and that an extra extended two-dimensional (2D) fra-
mework had formed, presumably improving the crosslinking density 
and thermal stability of the poly(VFBZ-CN) [44,45,52]. 

We used the temperature for 10% weight loss (Td10) and the char yield 
to characterize the thermal stability of the monomer VFBZ-CN before and 
after each curing stage (Fig. 5). From the TGA analysis, the uncured VFBZ- 
CN monomer exhibited a thermal decomposition temperature and char 
yield of 319 °C and 45 wt%, respectively. After its thermal treatment at 
110, 150, 180, 210, and 250 °C, the values of Td10 were 373, 377, 380, 
378, and 379 °C, respectively, and the char yields were 52, 57, 59, 59.40 
and 62 wt%, respectively. The char yield of poly(VFBZ-CN) after calcining 
at 250 °C (62 wt%) was remarkable when compared with those of the Pa- 
type BZ and poly(Boz-Va), which displayed char yields of 48 and 60 wt%, 
respectively, after thermal curing at only 250 °C. This superior stability 
was presumably due to the crosslinking networks of poly(VFBZ-CN), ad-
ditional crosslinking from the furan unit and the extended 2D framework 
arising from its triazine rings [53,54]. 

We recorded the DSC profiles of poly(VFBZ-CN) at various heating 
rates (5, 10, 15, and 20 °C min−1) [Fig. 6(a)]. The curing temperature 
increased upon increasing the heating rate from 5 to 20 °C min−1. We 
determined the activation energy of the reaction using the Kissinger 
method [55], calculated from Eq. (1): 

=
T

AR
E

E
RT

ln ln
p a

a
2

(1) 

where β is the heating rate, R is the gas constant, A is the pre-ex-
ponential factor, and TP is the exothermic curing peak. According to the 
Kissinger method, we plotted ln(β/TP

2) with respect to 1/TP
2 to get the 

value of Ea from the slope of the line [Fig. 6(b)]. The activation energy 
for VFBZ-CN (104 kJ mol−1) was lower than that for 7-(furylmethyl)- 
7,8-dihydro-6H-[1,3]dioxolobenzoxazine (S-fa, 113.6 kJ mol−1) [56], 
suggesting that the cyano groups in the monomer VFBZ-CN catalyzed 
the ROP at lower temperature. 

3.3. Structural characterization of poly(VFBZ-CN)-700 and poly(VFBZ- 
CN)-800 

We used X-ray diffraction (XRD) and Raman spectroscopy to in-
vestigate the graphitic structures of our carbon materials poly(VFBZ- 
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CN)-700 and poly(VFBZ-CN)-800. The XRD profiles of poly(VFBZ-CN)- 
700 and poly(VFBZ-CN)-800 (Fig. S1) both featured diffraction peaks 
centered at values of 2θ of 12 and 25°, corresponding to their 002 and 
100 planes, respectively, as well as peaks at a value of 2θ of 44°, re-
presenting graphitic carbon [53]. Thus, the XRD patterns suggested that 
poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 both possessed the char-
acteristics of amorphous porous carbons. Fig. 7 displays the Raman 
spectra of the NPC materials we obtained after KOH activation of poly 
(VFBZ-CN)-700 and poly(VFBZ-CN)-800. D and G-bands appeared at 
1359 and 1584 cm−1 for poly(VFBZ-CN)-700, respectively; and 1352 
and 1582 cm−1 for poly(VFBZ-CN)-800. The position of the G-band for 
poly(VFBZ-CN)-800 was closer to that of graphene (1581 cm−1) in-
dicating that poly(VFBZ-CN)-800 provided had a better graphenoid 
structure than poly(VFBZ-CN)-700. The integral ratios of the D- and G- 
bands (ID/IG), characterizing the graphitic degrees of poly(VFBZ-CN)- 
700 and poly(VFBZ-CN)-800, were 1.66 and 1.19, respectively, in-
dicating that poly(VFBZ-CN)-800 was more highly graphitized (i.e., it 
was a more regular carbon material and had a less disordered structure) 
than poly(VFBZ-CN)-700 [57,58]. 

We used N2 adsorption/desorption to investigate the porosities of 
poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 (Fig. 8, Table 1). The 
isothermal curves of poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 
[Fig. 8(a)] revealed rapidly increasing N2 absorption in the low pres-
sure regime (P/P0  <  0.10), slight increases in the moderate pressure 
range (P/P0 = 0.1–0.9), and finally sharp increases in the high pressure 
regime (P/P0 = 0.9–1), suggesting the presence of micropores in our N- 
doped carbon materials (i.e., type-I isotherms). Moreover, the specific 

surface area of poly(VFBZ-CN)-800 (560 m2 g−1) was higher than that 
of poly(VFBZ-CN)-700 (408 m2 g−1), suggesting the formation of an 
ultramicroporous structure after KOH activation of poly(VFBZ-CN)-800 
(i.e., increased BET surface area, micropore volume, and micropore 
pore size after carbonization and activation by KOH) [53,54]. Pore size 
distribution curves [Fig. 8(b)] revealed that the average pore size and 
total pore volume were 1.42 nm and 0.80 cm3 g−1, respectively, for 
poly(VFBZ-CN)-700 and 2.37 nm and 1.254 cm3 g−1, respectively, for 
poly(VFBZ-CN)-800, making them microporous or even mesoporous 
materials. Transmission electron microscopy [TEM; Fig. 8(c) and (d)] 
and scanning electron microscopy [SEM; Fig. S2(a) and S2(b)] images 
confirmed that poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 had porous 
structures. 

From the TGA analysis [Fig. S3], both poly(VFBZ-CN)-700 and poly 
(VFBZ-CN)-800 displayed higher char yield (87 wt%) than that of poly 
(VFBZ-CN) (62 wt%), indicating that our materials possessed out-
standing thermal stability. The surface wettability and conductivity of 
carbon materials are typically enhanced by the presence of heteroatoms 
[e.g., N and O atoms], which promote their capacity as supercapacitors  
[59]. We used X-ray photoelectron spectroscopy (XPS) to identify the 
chemical compositions of the microporous carbon materials poly(VFBZ- 
CN)-700 and poly(VFBZ-CN)-800 and the percentages of C, N, and O 
atoms on their surfaces. The XPS profiles featured peaks at 286, 532, 
and 690 eV representing the C, N, and O atoms on the surfaces of poly 
(VFBZ-CN)-700 and poly(VFBZ-CN)-800 (Fig. S4). To investigate the 
degrees of graphitization of our poly(VFBZ-CN) materials calcined at 
700 and 800 °C, we fitted the peaks for their N 1 s and O 1 s binding 
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Fig. 8. (a) N2 adsorption/desorption isotherms, (b) pore size distributions, and (c, d) TEM images of poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800.  

Table 1 
Thermal properties, XPS data, surface areas, and electrochemical performance of the BZ samples.             

XPS analysis (%)   

Samples Td10 (°C) Char yield (wt%) C O N Smicro (m2 g−1) Specific capacitance (F g−1)  

VFBZ-CN 319 45.15 – – – – – 
poly(VFBZ-CN) 379 62 – – – – – 
poly(VFBZ-CN)-700 723 87 44.71 51.48 2.33 408 171 
poly(VFBZ-CN)-800 734 87 61.66 36.01 3.81 560 506 
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energies on their surfaces [Fig. 9, Table 2]. Four types of N atom species 
were present on the surfaces of the microporous materials poly(VFBZ- 
CN)-700 and poly(VFBZ-CN)-800 [Fig. 9(a) and (b)]: pyridinic N atoms 
(ca. 398 eV), quaternary N atoms (ca. 401 eV), oxidized N atoms (ca. 
403 eV), and pyridonic N atoms (ca. 400 eV) [60]. Furthermore,  
Fig. 9(c) and (d) reveal signals for five types of O species near 531, 532, 
533, 534, and 535 eV, representing quinone species, C]O units, CeO 
units, CeOH units, and adsorbed H2O [61]. The N atom contents on the 
surfaces of poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 were 2.33 and 
3.81 wt%, respectively, while their O atom contents were 36.01 and 
51.48 wt%, respectively (Table 2) [62]. The contents of N-6 and N-5 
species in our poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 micro-
porous carbon materials were higher than those of other N-doped 
carbon materials [62–64]. 

Therefore, we suspected that our new NPC materials would exhibit 
high electrochemical performance and be useful for CO2 capture. From 
CO2 uptake measurements [Fig. 10(a) and (b)], the degrees of CO2 

capture by poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 at 298 K were 
3.22 and 3.43 mmol g−1, respectively, while at 273 K they were 6.39 
and 6.81 mmol g−1, respectively. The superior CO2 capture perfor-
mance of poly(VFBZ-CN)-800 was due presumably to its higher N atom 
content (3.81%) and Brunauer–Emmett–Teller (BET) surface area 
(560 m2 g−1) and larger total volume (1.254 cm3 g−1) and average 
pore size (2.37 nm), relative to those of poly(VFBZ-CN)-700. Table S1 
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Fig. 9. XPS spectra (N 1 s and O 1 s orbitals) of (a, c) poly(VFBZ-CN)-700 and (b, d) poly(VFBZ-CN)-800.  

Table 2 
Area fractions determined from the N 1s and O 1s XPS spectra of the microporous carbons poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800.            

Samples N species O species  

N-6 N-5 N-Q N-X Quinone C]O CeO CeOH H2O  

poly(VFBZ-CN)-700  27.32  27.48  13.50  13.07  15.12  18.11  25.74  21.14  20.09 
poly(VFBZ-CN)-800  23.32  24.05  20.43  14.64  10.29  13.15  38.06  24.21  14.29 
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Fig. 10. CO2 adsorption of poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 at (a) 
298 and (b) 273 K. 
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shows the performance data of poly(VFBZ-CN)-700 and poly(VFBZ- 
CN)-800 compared with those of other previously reported N-con-
taining porous carbon materials derived from PBZ matrices. 

3.4. Electrochemical performance 

We used CV to measure the electrochemical properties of our poly 
(VFBZ-CN) microporous carbon materials in 1 M aqueous KOH as the 
electrolyte [Fig. 11(a) and (b)]. The CV curves of poly(VFBZ-CN)-700 
and poly(VFBZ-CN)-800 were both rectangle-like shapes featuring 
humps—typical characteristics of electric double-layer capacitance and 
pseudocapacitance [65–69]. Fig. 11(c) and (d) display the galvanostatic 
charge/discharge (GCD) curves of poly(VFBZ-CN)-700 and poly(VFBZ- 
CN)-800 recorded at current densities in the range 0.5–20 A g−1. The 
shape of each GCD curve for the two microporous carbon materials was 
triangular, suggesting the coexistence of electric double-layer capaci-
tance and pseudocapacitance, resulting from the presence of graphitic 
microporous carbon structures featuring various kinds of functionalized 
units (pyridinic and pyrrolic N atoms; C]O and phenolic OH groups  
[70–74]. We used equation (S1) to determine the specific capacitances 
poly(VFBZ-CN)-800 and poly(VFBZ-CN)-700 from the GCD curves 
(Fig. 11(e)). Fig. 11(e) reveals that the capacitance of the two poly 
(VFBZ-CN) electrodes decreased slightly upon increasing the current 
density from 1 to 20 A g−1, revealing their rapid charge/discharge 
characteristics. Notably, at a current density of 0.5 A g−1, the capaci-
tance of the poly(VFBZ-CN)-800 electrode (506 F g−1) was higher than 

that of the poly(VFBZ-CN)-700 electrode (171 F g−1), presumably be-
cause the former’s microporosity, graphitic structure, and higher con-
tent of accessible surface O atoms (36.01 wt%) led to a larger pseu-
docapacitance. To investigate the cycling stability of the poly(VFBZ- 
CN)-700 and poly(VFBZ-CN)-800 electrodes, we performed GCD studies 
at a current density of 10 A g−1. After 2000 cycles in the KOH elec-
trolyte, the rates of capacitance retention were 98.33 and 99.43% for 
the poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 electrodes, respec-
tively [Fig. 11(f)], indicative of outstanding long-term cycling stability. 
Xu et al. synthesized NCMs from aniline-phenol BZ (NCM-700, NCM- 
800, NCM-900) and aniline-cardanol BZ (ACNCM-900) at various car-
bonization temperatures. Comparing the specific capacitances of NCM- 
700, NCM-800, NCM-900, and ACNCM-900 at various current densities 
(0.25–5.0 A g−1), they found that NCM-900 had the highest electro-
chemical specific capacitance (reaching a high of 460F g−1) at all 
current densities. Also, after 2000 cycles, the capacitance retention of 
NCM-900 was 96.1%, presumably because of its high BET surface area 
(798 m2 g−1) and large content of N atoms (4.95%) [75]. Furthermore, 
Liu et al. prepared the N- and O-containing carbon compounds NOPC-x 
and NOPC-bis-CN-x from a bio-based BZ. At 1 A g−1, the electro-
chemical performance of NOPC-bis-CN-3 (167.3 F g−1) was superior to 
that of NOPC-x, with greater than 80% of retention capability at 10 A 
g−1 [46]. In addition, Wan et al. prepared the NHPC materials NPC- 
600, HPC-600, and HPC-700 from a nitrile-functionalized BZ and ob-
tained specific capacitances of 254.4, 375.4, and 279.7 F g−1, respec-
tively, at 1 A g−1 [44]. Interestingly, the specific capacitances of our 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

-20

-15

-10

-5

0

5

10

15

5 mV s-1

 10 mV s-1

 30 mV s-1

 50 mV s-1

 70 mV s-1

 100 mV s-1

 200 mV s-1

(a)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

5 mV s-1

 10 mV s-1

 30 mV s-1

 50 mV s-1

 70 mV s-1

 100 mV s-1

 200 mV s-1

Potential (V vs. Hg/HgO)

(b)

0 500 1000 1500 2000

-1.0

-0.8

-0.6

-0.4

-0.2

0.0 0.5 A g-1

 1 A g-1

 2 A g-1

 3 A g-1

 5 A g-1

 7 A g-1

 10 A g-1

 15 A g-1

 20 A g-1

Po
te

nt
ia

l (
V 

vs
. H

g/
H

gO
)

Time (s)

(d)

0 100 200 300 400

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

C
ur

re
nt

 d
en

si
ty

 (A
 g

-1
)

 0.5 A g-1

 1 A g-1

 2 A g-1

 3 A g-1

 5 A g-1

 7 A g-1

 10 A g-1

 15 A g-1

 20 A g-1

Po
te

nt
ia

l (
V 

vs
. H

g/
H

gO
)

Time (s)

(c)

0 5 10 15 20

0

100

200

300

400

500

Current density (A g-1
)

Poly(VFBZ-CN)-700 
 Poly(VFBZ-CN)-800 

Sp
ec

ifi
c 

C
ap

ac
ita

nc
e 

(F
 g

-1
)

(e)

0 500 1000 1500 2000
0

20

40

60

80

100

Poly(VFBZ-CN)-700 
 Poly(VFBZ-CN)-800 

C
ap

ac
ita

nc
e 

R
et

en
tio

n 
(%

)

Cycle number

(f)

Fig. 11. (a, b) CV curves of (a) poly(VFBZ-CN)-700 and (b) poly(VFBZ-CN)-800. (c, d) GCD curves of (c) poly(VFBZ-CN)-700 and (d) poly(VFBZ-CN)-800, recorded at 
various currents. (e) Specific capacitances of poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800, recorded at current densities from 0.5 to 20 A g−1. (f) Cycling stabilities of 
poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800 electrodes, recorded at a current density of 10 A g−1 over 2000 cycles. 
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poly(VFBZ-CN)-800 electrode are higher relative to those of all of these 
previously reported NPC materials derived from PBZ matrices (Table 
S2), presumably because our material was a porous carbon having a 
higher degree of graphitization, larger pores, and greater N and O atom 
contents (based on XPS, Raman spectral, and BET analyses). Thus, poly 
(VFBZ-CN)-800 has excellent potential for application in high-rate su-
percapacitors. 

4. Conclusions 

We have synthesized a new bio-based BZ monomer (VFBZ-CN) from 
the natural materials vanillin, furfurylamine, and (CH2O)n. VFBZ-CN 
possesses a lower thermal curing temperature (196 °C) and excellent 
thermal stability after thermal curing at 250 °C, when compared with 
typical BZ monomers, as determined through DSC and TGA analyses. 
Furthermore, at 0.5 A g−1, an electrode prepared from poly(VFBZ-CN)- 
800 featured a specific capacitance (506 F g−1) larger than that of the 
electrode prepared from poly(VFBZ-CN)-700 (171 F g−1). Moreover, 
the poly(VFBZ-CN)-800 electrode was highly stable, with a capacitance 
ratio of 99.43% at a current density of 10 A g−1 after 2000 charge/ 
discharge cycles. In addition to use in a supercapacitor, our poly(VFBZ- 
CN)-800 microporous carbon material derived from renewable re-
sources has great potential for application in CO2 capture. 
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