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Abstract: Nitrogen-containing carbon derivatives were prepared by the carbonization of
poly(aniline-co-p-phenylenediamine) cryogels in inert atmosphere. Lower aniline fraction in the
comonomer mixture used for preparation of the cryogels led to the decrease of their thermal
stability, a consequent increase of carbonization degree, and less defective structure of carbonized
materials. The resulting carbonaceous products had up to 4 orders of magnitude higher specific
surface area than their respective cryogel precursors, the highest value 931 m2 g−1 being achieved
for carbonized poly(p-phenylenediamine) cryogel. Electrochemical characterization of the carbon
derivatives demonstrated that the decrease in aniline concentration during the synthesis of the
precursor cryogels led to higher gravimetric capacitance for corresponding carbonized materials.
These materials can potentially be used for energy storage applications.

Keywords: poly(aniline-co-p-phenylenediamine); cryogels; carbonization; specific surface
area; capacitance

1. Introduction

Nitrogen-containing carbon materials have attracted considerable attention due to promising
electronic and physicochemical properties [1] which determine their potential applications as
electrode materials for fuel cells and batteries [2–4], sensors [5–7], catalysts [8], electrocatalysts [5],
supercapacitors [9–11], and adsorbents [9,12–15]. Nitrogen-enriched carbon derivatives can be
obtained by a variety of flexible methods, which include chemical vapor deposition [2,6,16,17],
arc discharge [18,19], thermal treatment of C/N-containing compounds or mixtures in inert
atmosphere [3,7,8,10,12] and annealing of materials in inert atmosphere [5,14,15]. Polyaniline and
polyaniline-based materials containing both carbon and nitrogen atoms represent convenient precursors
for the preparation of nitrogen-containing carbon derivatives. Their morphology varying from globules
to nanotubes [20] and macroporous structures [21] is preserved after carbonization [22–24] and can be
reliably set during the initial synthesis. Nitrogen content in the materials can also be controlled by
chemical modification of the polymer structure, for instance by the copolymerization approach [25].

The preparation of novel nitrogen-containing carbon materials by the carbonization of freeze-dried
macroporous polyaniline/poly(vinyl alcohol) cryogels has recently been reported [24]. It was shown
that even after decomposition of poly(vinyl alcohol), which served as a mechanical support in the
initial cryogels, the resulting carbogels retained the macroporous structure of their precursors, while
having 50 times higher specific surface area. This was achieved in a single carbonization step without
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additional activation. Due to its high surface area, this type of material can potentially be useful for
application as an electrochemical capacitor. However, for designing novel electrode materials, it would
be beneficial to control their nitrogen content, which can directly influence their performance [16]. The
copolymerization of aniline with p-phenylenediamine can be a convenient way how to achieve this
goal by offering a facile way to control a composition of a precursor polymer [26,27]. The incorporation
of p-phenylenediamine constitutional units to the polymer structure not only allows the variation of
the nitrogen-to-carbon ratio, but it might also influence specific surface area of the carbonized material
according to the difference in values obtained for carbonized polyaniline and poly(p-phenylenediamine),
14 [28] and 259 m2 g−1 [29], respectively. Thus, in the present paper, we have prepared carbons
by the carbonization of recently reported poly(aniline-co-p-phenylenediamine)/poly(vinyl alcohol)
(poly(ANI-co-PPDA)/PVAL) cryogels [30] and studied the influence of the precursor composition on
the structure and properties of resulting materials.

2. Experimental

2.1. Preparation of Cryogels

Aniline hydrochloride (Penta, Prague, Czech Republic), p-phenylenediamine dihydrochloride
(Sigma-Aldrich, Saint Louis, MO, USA), ammonium peroxydisulfate (Lach-Ner, Neratovice, Czech
Republic) and poly(vinyl alcohol) (Mowiol 10−98, molecular weight 61,000, Sigma-Aldrich, Saint Louis,
MO, USA) were used as received.

Poly(aniline-co-p-phenylenediamine)/poly(vinyl alcohol) cryogels were prepared by the oxidative
copolymerization as described previously [30]. A pre-cooled (−4 ◦C) solution containing aniline
hydrochloride and p-phenylenediamine dihydrochloride (various comonomer mole ratios, total molar
concentration 0.8 M) in 5 wt% aqueous poly(vinyl alcohol) was mixed with equal volume of pre-cooled
1 M ammonium peroxydisulfate solution also in 5 wt% aqueous poly(vinyl alcohol). The resulting
mixture was drawn into polyethylene syringes, frozen in solid CO2/ethanol suspension at −78 ◦C,
and left to polymerize in a freezer at −24 ◦C for 7 days. After the polymerization and thawing of the
cryogels at room temperature, these were removed from the syringes, exhaustively washed with water
to remove reaction by-products, and freeze dried ((GREGOR Instruments L4-110 freeze-drier paired
with Vacuubrand RC 6 pump, Říčany, Czech Republic).

2.2. Carbonization

The freeze-dried cryogels were carbonized in nitrogen atmosphere by heating up to 650 ◦C in an
electric oven at a rate of 15 ◦C min−1, and subsequent passive cooling down for approximately 8 h.
The carbonization yield was determined as a ratio of the sample mass after the carbonization to the
mass of the initial sample.

2.3. Characterization

Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1 Thermogravimetric
Analyzer (Perkin Elmer, Waltham, MA, USA) in a temperature range 35–850 ◦C at a heating rate of
10 ◦C min−1. Air or nitrogen flow-rate was fixed at 25 mL min−1. The morphology of carbonized
cryogels was investigated by a scanning electron microscope (SEM) MAIA3 Tescan (Tescan, Brno,
Czech Republic).

The Brunauer–Emmett–Teller (BET) specific surface area of the samples was determined using a
Gemini VII 2390a (Micromeritics, Instruments Corp, Norcross, GA, USA) with nitrogen as the sorbate.
The samples were vacuum dried at room temperature, and the carbonized samples at 60 ◦C for 50 h.
Contents of carbon and nitrogen were determined on a Perkin-Elmer 2400 CHN elemental analyzer
(Waltham, MA, USA).

Raman spectra were recorded with a Renishaw inVia Reflex Raman microspectrometer after
excitation with a HeNe 633 nm laser. A research-grade Leica DM LM microscope (Leica Microsystems,
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Wetzlar, Germany) was used to focus the laser beam. The scattered light was analyzed with a
spectrograph using holographic grating 1800 lines mm−1. A Peltier-cooled charge-coupled device
(CCD) detector (576 × 384 pixels) registered the dispersed light.

Thin film electrodes were prepared by drop casting of carbon ink, as described in the previous
paper [31]. Briefly, 5 mg of desired material was dispersed in a 400 µL ethanol/590 µL deionized
water/10 µL of 0.5 wt% Nafion® solution in ethanol, and homogenized via ultrasound for 30 min.
Films were formed by evaporation of solvent under a mild nitrogen gas stream from 10 µL droplet
of the carbon ink adhered to the glassy carbon (GC) disk electrode having geometric surface area
0.196 cm2. Specific mass loading was 250 µg cm−2, which was further used in the calculation of
material capacitance. Electrochemical tests were done in a standard three-electrode setup with a
high surface area platinum as a counter electrode and a reference saturated calomel electrode (SCE).
Cyclic voltammetry (CV) was used to assess the capacitance of the synthetized materials in a 3 M
aqueous KOH with an Ivium VO1107 potentiostat/galvanostat (Ivium Technologies B.V., Eindhoven,
The Netherlands). Gravimetric capacitances (C, in F g−1) were calculated using the following formula:

C =
Q

2·∆V·m
=

∫
idt

2·∆V·m
(1)

where Q is the charge passed, obtained by integration of positive and negative sweep in cyclic
voltammograms, ∆V is the explored potential window and m is the mass of the active material
deposited on the surface of GC. Galvanostatic charge/discharge (GCD) was also performed using
different current loads to compare with the results of cyclic voltammetry in the same three-electrode
system. The electrolyte was purged with nitrogen for 15 min prior to the experiment and a mild flow
was kept just underneath the electrolyte surface during measurement. Measurements were done at
room temperature, 25.0 ± 0.5 ◦C.

3. Results and Discussion

The copolymerization of aniline and p-phenylenediamine by ammonium peroxydisulfate in the
frozen poly(vinyl alcohol) solution led to the formation of macroporous poly(ANI-co-PPDA)/PVAL
cryogels, which were earlier characterized in detail [30]. In order to proceed with the carbonization
of cryogels, it was necessary to study at first their thermal stability in air and nitrogen atmosphere
by TGA.

3.1. Thermogravimetric Analysis

TGA curves of poly(ANI-co-PPDA)/PVAL copolymer cryogels with different composition recorded
in air are given in Figure 1a. A typical TGA curve of a poly(ANI-co-PPDA)/PVAL cryogel contains
three main weight loss regions. For example, for PANI cryogel prepared using 90 mol% of aniline they
are as follows: (1) up to 120 ◦C corresponding to loss of water, (2) around 200–280 ◦C—decomposition
of poly(vinyl alcohol) and loss of the acid protonating polyaniline or poly(p-phenylenediamine),
and (3) around 440–730 ◦C—decomposition of poly(vinyl alcohol) along with conducting polymer
phase [32–34]. Analysis of the thermal behavior of cryogels prepared with various comonomer ratios
show that the decrease in aniline fraction in the sample reduces cryogel stability in the temperature
region from 300 to 700 ◦C. In this case, p-phenylenediamine acts as a less thermally stable component
in the cryogels.
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Figure 1. Thermogravimetric curves of poly(ANI-co-PPDA)/PVAL cryogels prepared using various 
aniline fractions recorded (a) in air and (b) in inert atmosphere. 

Thermogravimetric curves of poly(ANI-co-PPDA)/PVAL cryogels (Figure 1b), having various 
aniline fractions recorded in nitrogen atmosphere, demonstrate that the total weight loss of samples 
during the analysis is, as expected, much lower in the comparison to the TGA in air, where the 
samples were decomposed completely. The residual weight at 860 °C for the cryogels varies in the 
region of about 30–50 wt%. After taking into account mass loss attributed to water evolution from 
the cryogels, which occurs in the temperature region below 120 °C [35], it can be concluded that, 
similarly to TGA in air, the thermal stability of poly(ANI-co-PPDA)/PVAL cryogels under inert 
conditions also decreases with the decrease of aniline fraction in initial reaction mixture. Therefore, 
thermal treatment of poly(ANI-co-PPDA)/PVAL cryogels in inert atmosphere can be used for 
preparation of carbon-based materials with a reasonable yield. According to the thermal stability 
trend, a higher carbonization yield can be expected for cryogels enriched with p-phenylenediamine 
units, but not for the poly(p-phenylenediamine) alone. 

3.2. Carbonization Yield 

Poly(ANI-co-PPDA)/PVAL-C carbonized materials were obtained in a preparative way by 
heating respective poly(ANI-co-PPDA)/PVAL cryogels up to 650 °C in nitrogen atmosphere. The 
carbonization temperature was chosen based on the previous research [36], where it was shown to 
be the minimum temperature which led to complete carbonization of polyaniline still in good yield. 
Table 1 shows carbonization yields of poly(ANI-co-PPDA)/PVAL cryogels containing different 
aniline fractions. The yields varied in the region of 34%–45%, which correlated with the results 
obtained by TGA in nitrogen atmosphere. Slightly lower carbonization yield in comparison to 
residual mass values obtained from TGA in inert atmosphere might be explained by longer exposure 
of the samples to elevated temperatures during the carbonization. Elemental analysis of the 
prepared carbonized materials showed that all of them had N/C weight ratio from 0.11 to 0.15. 
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Figure 1. Thermogravimetric curves of poly(ANI-co-PPDA)/PVAL cryogels prepared using various
aniline fractions recorded (a) in air and (b) in inert atmosphere.

Thermogravimetric curves of poly(ANI-co-PPDA)/PVAL cryogels (Figure 1b), having various
aniline fractions recorded in nitrogen atmosphere, demonstrate that the total weight loss of samples
during the analysis is, as expected, much lower in the comparison to the TGA in air, where the samples
were decomposed completely. The residual weight at 860 ◦C for the cryogels varies in the region
of about 30–50 wt%. After taking into account mass loss attributed to water evolution from the
cryogels, which occurs in the temperature region below 120 ◦C [35], it can be concluded that, similarly
to TGA in air, the thermal stability of poly(ANI-co-PPDA)/PVAL cryogels under inert conditions
also decreases with the decrease of aniline fraction in initial reaction mixture. Therefore, thermal
treatment of poly(ANI-co-PPDA)/PVAL cryogels in inert atmosphere can be used for preparation of
carbon-based materials with a reasonable yield. According to the thermal stability trend, a higher
carbonization yield can be expected for cryogels enriched with p-phenylenediamine units, but not for
the poly(p-phenylenediamine) alone.

3.2. Carbonization Yield

Poly(ANI-co-PPDA)/PVAL-C carbonized materials were obtained in a preparative way by heating
respective poly(ANI-co-PPDA)/PVAL cryogels up to 650 ◦C in nitrogen atmosphere. The carbonization
temperature was chosen based on the previous research [36], where it was shown to be the minimum
temperature which led to complete carbonization of polyaniline still in good yield. Table 1 shows
carbonization yields of poly(ANI-co-PPDA)/PVAL cryogels containing different aniline fractions. The
yields varied in the region of 34%–45%, which correlated with the results obtained by TGA in nitrogen
atmosphere. Slightly lower carbonization yield in comparison to residual mass values obtained
from TGA in inert atmosphere might be explained by longer exposure of the samples to elevated
temperatures during the carbonization. Elemental analysis of the prepared carbonized materials
showed that all of them had N/C weight ratio from 0.11 to 0.15.

Table 1. Carbonization yield of poly(ANI-co-PPDA)/PVAL cryogels prepared using different
aniline fractions. ID/IG are ratios of integrated surface area in the Raman spectra of carbonized
poly(ANI-co-PPDA)/PVAL-C materials.

Aniline Mole Fraction, % Carbonization Yield, % ID/IG

100 (PANI) 39 2.96
80 45 2.88
70 35 2.51

0 (PPDA) 34 2.39
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3.3. Raman Spectroscopy

Raman spectroscopy is a method of choice for the characterization of the carbonization. Raman
spectra of carbonized poly(ANI-co-PPDA)/PVAL-C materials prepared from the cryogels having
various aniline fractions (Figure 2) exhibit two main bands located at around 1350 cm−1—the disorder
induced band (D band) and the 1600 cm−1—the graphitic band (G band) [37]. They correspond to the
molecular structure of a typical disordered carbon-like material.
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Figure 2. Raman spectra of carbonized poly(ANI-co-PPDA)/PVAL-C materials prepared from the
cryogels synthesized using various aniline fractions. Excitation wavelength 633 nm.

The degree of structural disorder is characterized by the ID/IG ratios determined by integrated
peak areas (Table 1), which were calculated from the Raman spectra (Figure 2). These values decreased
with the decreasing the amount of aniline mole fraction in the initial samples, which corresponds to an
increase of carbonization degree, which is in the good agreement with TGA results. The relatively high
values of the ID/IG and the broadening of the G and D bands indicate a high degree of structural disorder
in these materials. This is connected with incorporation of nitrogen in the carbon sp2 network [37].
This statement is supported by the presence of a G + D combination band at about 2750 cm−1 observed
in the spectra in the presence of defects (Figure 2).

3.4. Morphology

As shown before [30], poly(ANI-co-PPDA)/PVAL cryogels have a macroporous structure with a
pore size up to tens of micrometers, which is dependent on copolymer composition (Figure 3a,c,e,g).
Evolution of the materials morphology after carbonization was assessed by SEM (Figure 3b,d,f,h).

The macroporous structure of initial cryogels was not preserved after carbonization (Figure 3),
unlike the previously reported result where the morphology of the carbogels produced from
poly(ANI)/PVAL cryogels was found to be retained [24]. Carbonized materials in general show
significantly poorer mechanical stability due to complete pyrolysis of PVAL under experimental
conditions [38], which served as a mechanical support in initial cryogels and shrinking of the gels
during the carbonization. The principal difference from the previous work [24] might be explained
by a possibly different pore structure of cryogels induced by a higher concentration of the monomer
used and a different monomer/poly(vinyl alcohol) ratio, which might influence the distribution
of a produced polymer across the cryogel volume. Resulting carbonized materials have different
morphology depending on their composition. With the decrease of aniline fraction in the cryogel, the
carbonized cryogels changed from agglomerates of complex morphology for carbonized polyaniline
homopolymer cryogels to sponge-like particles with visible submicrometer-sized pores for carbonized
poly(p-phenylenediamine) homopolymer cryogels.
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Figure 3. Scanning electron microscopy images of initial (a,c,e,g) and carbonized (b,d,f,h)
poly(ANI-co-PPDA)/PVAL cryogels prepared using various aniline fractions: (a,b) 100 mol%,
(c,d) 80 mol%, (e,f) 70 mol%, and (g,h) 0 mol%.

3.5. Specific Surface Area

Specific surface area and pore volume of carbonized poly(ANI-co-PPDA)/PVAL-C cryogels, which
are important parameters for potential electrochemical applications of the prepared materials, were
assessed by a nitrogen-absorption technique. The carbonization of the cryogels led to the increase
of their specific surface area by one order of magnitude for the cryogels prepared using 100, 80 and
70 mol% of aniline and by 4 orders of magnitude for poly(p-phenylenediamine) cryogel (Table 2), despite
the fact that all carbonized materials did not keep their macroporous structure after carbonization
process. Analysis of the specific surface area for the carbonized cryogels also shows that this parameter
decreases with the decrease of aniline fraction in monomer mixture. This is in good agreement with
SEM results and changes in the morphology of carbonized materials. It should be especially noted
that polyaniline and poly(p-phenylenediamine) powders carbonized under the similar conditions
showed much lower specific surface areas, 14 [28] and 259 m2 g−1 [29], respectively, therefore using
poly(ANI-co-PPDA)/PVAL cryogels as a precursor for a carbonized material achieves higher values.
This might be of benefit for electrode materials in supercapacitors [27].



Polymers 2020, 12, 11 7 of 11

Table 2. Specific surface area, pore volume of poly(ANI-co-PPDA)/PVAL cryogels prepared at various
aniline fractions before (Data from reference [30]) and after carbonization, and gravimetric capacitance
of the carbonized materials evaluated at different scan rates.

Aniline
Mole

Fraction, %

Before Carbonization After Carbonization

Specific
Surface

Area, m2
·g−1

Pore
Volume,
cm3
·g−1

Specific
Surface

Area, m2
·g−1

Pore
Volume,
cm3
·g−1

Capacitance
at 5 mV·s−1,

F·g−1

Capacitance at
100 mV·s−1,

F·g−1

100 18 0.016 328 0.34 102 7.4
80 75 0.020 325 0.11 106 24.6
70 78 0.012 511 0.24 117 21.2
0 0.11 0.014 931 0.42 138 34.2

3.6. Electrochemistry

Electrochemical characterization of carbonized poly(ANI-co-PPDA)/PVAL-C cryogels was
performed by cyclic voltammetry and comparison of their capacitive responses in 3 M KOH at
100 mV s−1 sweep rate are presented in Figure 4.
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From the area encompassed in Figure 4a by the forward/backward scans, it is evident that 
poly(p-phenylenediamine)-derived carbon delivers the highest capacitance. Voltammograms of 
materials prepared from precursors synthesized with 70 and 80 mol% of aniline have a somewhat 
smaller area. Quantification is given in Table 2. The shape of all three cyclic voltammetric curves 
recorded for the carbonized p-phenylenediamine-containing materials (Figure 4a; 0, 70 and 80%) 
display similar features; namely, an inclined rectangle which indicates a significant resistance in 
explored samples and a “hump” centered around −0.7 V in the forward going scan and at −1.1 V in 

Figure 4. (a) Cyclic voltammograms of carbonized poly(ANI-co-PPDA)/PVAL-C cryogels recorded in
quiescent N2-purged 3 M KOH solution at the scan rate of 100 mV s−1 and (b) gravimetric capacitance
measured at different scan rates.

From the area encompassed in Figure 4a by the forward/backward scans, it is evident that
poly(p-phenylenediamine)-derived carbon delivers the highest capacitance. Voltammograms of
materials prepared from precursors synthesized with 70 and 80 mol% of aniline have a somewhat
smaller area. Quantification is given in Table 2. The shape of all three cyclic voltammetric curves
recorded for the carbonized p-phenylenediamine-containing materials (Figure 4a; 0, 70 and 80%)
display similar features; namely, an inclined rectangle which indicates a significant resistance in
explored samples and a “hump” centered around −0.7 V in the forward going scan and at −1.1 V in the
negative sweep, probably due to pseudo-faradaic processes ascribed to electrochemical transformations
of nitrogen groups produced from poly(p-phenylenediamine) upon carbonization. By contrast, the
carbonized material prepared from polyaniline cryogel (Figure 4a; 100%) delivers significantly smaller
capacitance with a voltammogram that is almost horizontal indicating lower resistance and absence of
pseudo-faradaic maxima.

The results obtained for cyclic voltammetry are in agreement with the ones obtained by GCD,
showing the same trend in terms of capacitive response in the series of investigated materials (Figure 5).
Recorded GCD curves point to large capacitance fade with increasing current load, consistent with
cyclic voltammetry, but the curves are generally featureless and preserve the shape with an increasing
current load.



Polymers 2020, 12, 11 8 of 11

Polymers 2020, 12, 11 8 of 11 

 

the negative sweep, probably due to pseudo-faradaic processes ascribed to electrochemical 
transformations of nitrogen groups produced from poly(p-phenylenediamine) upon carbonization. 
By contrast, the carbonized material prepared from polyaniline cryogel (Figure 4a; 100%) delivers 
significantly smaller capacitance with a voltammogram that is almost horizontal indicating lower 
resistance and absence of pseudo-faradaic maxima. 

The results obtained for cyclic voltammetry are in agreement with the ones obtained by GCD, 
showing the same trend in terms of capacitive response in the series of investigated materials (Figure 
5). Recorded GCD curves point to large capacitance fade with increasing current load, consistent 
with cyclic voltammetry, but the curves are generally featureless and preserve the shape with an 
increasing current load. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4
Aniline mole fraction:

  100% 
  80% 
  70% 
  0 % 

5 A g-1

E 
vs

. S
C

E,
 V

Time, s

10 A g-1

 
Figure 5. Galvanostatic charge/discharge tests of carbonized poly(ANI-co-PPDA)/PVAL-C cryogels 
at the current loads of 5 and 10 A g−1 recorded in quiescent N2-purged 3 M KOH solution. 

All tested carbonized poly(ANI-co-PPDA)/PVAL-C cryogels are sensitive to the increasing 
potential sweep rate with significant capacitance fade (Figure 4b). This huge drop in delivered 
capacitance is a trait of carbon materials that lack sufficient conductivity, which might be 
circumvented by the addition of some conduction-enhancing additive. Capacitive response 
correlates to some extent to the specific surface area, with the highest values delivered by the 
material with the largest pore volume and the highest surface area. To try to elucidate the 
contribution from electric double-layer capacitance and pseudo-capacitance, we conducted a Dunn 
analysis [39] on the carbonized poly(p-phenylenediamine) as it delivered the highest capacitance 
among the probed materials. Figure S1 in Supplementary Materials reveals that the contribution 
from pseudo-capacitance in poly(p-phenylenediamine)-derived carbon is limited to a few percent, 
reiterating the dominant role of the surface area on the capacitance. This result is in fact surprising, 
considering that a large contribution of double layer capacitance should allow for very fast charging 
at any potential sweep rate/current load. However, if one evaluates expected capacitance of the 
materials, taking typical 20 μF cm−2 as a real capacitance, it is clear that carbonized 
poly(p-phenylenediamine) does not have all of its specific surface available to the electrolyte. For this 
reason, we believe that a poor rate capability of investigated materials is due to limited access of the 
electrolyte to the pores in the interior of materials and hindered diffusion at high potential sweep 
rates or current loads. In other words, during fast scans, a significant amount of electrolyte gets 
trapped in the pores and cannot respond to rapid potential modulations, resulting in low 
capacitances. 
  

Figure 5. Galvanostatic charge/discharge tests of carbonized poly(ANI-co-PPDA)/PVAL-C cryogels at
the current loads of 5 and 10 A g−1 recorded in quiescent N2-purged 3 M KOH solution.

All tested carbonized poly(ANI-co-PPDA)/PVAL-C cryogels are sensitive to the increasing potential
sweep rate with significant capacitance fade (Figure 4b). This huge drop in delivered capacitance is a
trait of carbon materials that lack sufficient conductivity, which might be circumvented by the addition
of some conduction-enhancing additive. Capacitive response correlates to some extent to the specific
surface area, with the highest values delivered by the material with the largest pore volume and the
highest surface area. To try to elucidate the contribution from electric double-layer capacitance and
pseudo-capacitance, we conducted a Dunn analysis [39] on the carbonized poly(p-phenylenediamine)
as it delivered the highest capacitance among the probed materials. Figure S1 in Supplementary
Materials reveals that the contribution from pseudo-capacitance in poly(p-phenylenediamine)-derived
carbon is limited to a few percent, reiterating the dominant role of the surface area on the capacitance.
This result is in fact surprising, considering that a large contribution of double layer capacitance
should allow for very fast charging at any potential sweep rate/current load. However, if one evaluates
expected capacitance of the materials, taking typical 20 µF cm−2 as a real capacitance, it is clear that
carbonized poly(p-phenylenediamine) does not have all of its specific surface available to the electrolyte.
For this reason, we believe that a poor rate capability of investigated materials is due to limited access
of the electrolyte to the pores in the interior of materials and hindered diffusion at high potential
sweep rates or current loads. In other words, during fast scans, a significant amount of electrolyte gets
trapped in the pores and cannot respond to rapid potential modulations, resulting in low capacitances.

4. Conclusions

Nitrogen-containing carbon derivatives were prepared by one-step carbonization of freeze-dried
poly(ANI-co-PPDA)/PVAL cryogels. Although macroporous cryogel morphology was not preserved
upon carbonization, the specific surface area of the resulting materials was found to increase by up to 4
orders of magnitude. It reached the highest value 931 m2 g-1 for carbonized poly(p-phenylenediamine)
cryogel, which is larger than that for its carbonized powder analogue. In addition to increasing
specific surface area, lower aniline fraction used for the preparation of the precursor cryogels, and
their corresponding lower thermal stability led to production of carbon derivatives with fewer defects.
These carbonized copolymer materials can potentially be used for electrochemical energy-storage
applications, and their gravimetric capacitance was found to be enhanced with a decrease of aniline
content in the synthesis of precursor cryogels.

Supplementary Materials: Are available online at http://www.mdpi.com/2073-4360/12/1/11/s1, Figure S1: Cyclic
voltammogram of carbonized poly(p-phenylenediamine) derived carbon recorded in quiescent nitrogen-purged 3

http://www.mdpi.com/2073-4360/12/1/11/s1
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M KOH solution at the scan rate of 10 mV s−1 and an electric double-layer capacitance contribution evaluated by
Dunn method.

Author Contributions: Conceptualization, K.A.M. and P.B.; investigation, K.A.M., N.G., I.A.P., M.T. and B.A.Z.;
writing—original draft preparation, K.A.M.; writing—review and editing, K.A.M., N.G., I.A.P., M.T., B.A.Z., J.S.
and P.B.; supervision, P.B. All authors have read and agreed to the published version of the manuscript.

Funding: The authors wish to thank the Czech Science Foundation (18-04669S) for the financial support. This
work was supported by the Serbian Ministry of Education, Science, and Technological Development through the
projects III45014.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Inagaki, M.; Toyoda, M.; Soneda, Y.; Morishita, T. Nitrogen-doped carbon materials. Carbon 2018, 132,
104–140. [CrossRef]

2. Qu, L.T.; Liu, Y.; Baek, J.B.; Dai, L.M. Nitrogen-doped graphene as efficient metal-free electrocatalyst for
oxygen reduction in fuel cells. ACS Nano 2010, 4, 1321–1326. [CrossRef] [PubMed]

3. Zhou, X.J.; Tang, S.; Yin, Y.; Sun, S.H.; Qiao, J.L. Hierarchical porous N-doped graphene foams with superior
oxygen reduction reactivity for polymer electrolyte membrane fuel cells. Appl. Energy 2016, 175, 459–467.
[CrossRef]

4. Li, L.; Zhou, G.M.; Yin, L.C.; Koratkar, N.; Li, F.; Cheng, H.M. Stabilizing sulfur cathodes using nitrogen-doped
graphene as a chemical immobilizer for Li-S batteries. Carbon 2016, 108, 120–126. [CrossRef]

5. Wang, Y.; Shao, Y.Y.; Matson, D.W.; Li, J.H.; Lin, Y.H. Nitrogen-doped graphene and its application in
electrochemical biosensing. ACS Nano 2010, 4, 1790–1798. [CrossRef] [PubMed]

6. Feng, S.M.; dos Santos, M.C.; Carvalho, B.R.; Lv, R.T.; Li, Q.; Fujisawa, K.; Elias, A.L.; Lei, Y.; Perea-Lopez, N.;
Endo, M.; et al. Ultrasensitive molecular sensor using N-doped graphene through enhanced Raman scattering.
Sci. Adv. 2016, 2, e1600322. [CrossRef]

7. Travlou, N.A.; Bandosz, T.J. N-doped polymeric resin-derived porous carbons as efficient ammonia removal
and detection media. Carbon 2017, 117, 228–239. [CrossRef]

8. Duan, X.G.; Indrawirawan, S.; Sun, H.Q.; Wang, S.B. Effects of nitrogen-, boron-, and phosphorus-doping or
codoping on metal-free graphene catalysis. Catal. Today 2015, 249, 184–191. [CrossRef]

9. Tian, W.J.; Zhang, H.Y.; Sun, H.Q.; Tade, M.O.; Wang, S.B. Template-free synthesis of N-doped carbon with
pillared-layered pores as bifunctional materials for supercapacitor and environmental applications. Carbon
2017, 118, 98–105. [CrossRef]

10. Zhu, J.Y.; Xu, D.; Wang, C.C.; Qian, W.J.; Guo, J.; Yan, F. Ferric citrate-derived N-doped hierarchical
porous carbons for oxygen reduction reaction and electrochemical supercapacitors. Carbon 2017, 115, 1–10.
[CrossRef]

11. Jeong, H.M.; Lee, J.W.; Shin, W.H.; Choi, Y.J.; Shin, H.J.; Kang, J.K.; Choi, J.W. Nitrogen-doped graphene for
high-performance ultracapacitors and the importance of nitrogen-doped sites at basal planes. Nano Lett.
2011, 11, 2472–2477. [CrossRef] [PubMed]

12. Bai, F.H.; Xia, Y.D.; Chen, B.L.; Su, H.Q.; Zhu, Y.Q. Preparation and carbon dioxide uptake capacity of
N-doped porous carbon materials derived from direct carbonization of zeolitic imidazolate framework.
Carbon 2014, 79, 213–226. [CrossRef]

13. Bashkova, S.; Bagreev, A.; Bandosz, T.J. Adsorption/oxidation of CH3SH on activated carbons containing
nitrogen. Langmuir 2003, 19, 6115–6121. [CrossRef]

14. Mangun, C.L.; Benak, K.R.; Economy, J.; Foster, K.L. Surface chemistry, pore sizes and adsorption properties
of activated carbon fibers and precursors treated with ammonia. Carbon 2001, 39, 1809–1820. [CrossRef]

15. Mangun, C.L.; DeBarr, J.A.; Economy, J. Adsorption of sulfur dioxide on ammonia-treated activated carbon
fibers. Carbon 2001, 39, 1689–1696. [CrossRef]

http://dx.doi.org/10.1016/j.carbon.2018.02.024
http://dx.doi.org/10.1021/nn901850u
http://www.ncbi.nlm.nih.gov/pubmed/20155972
http://dx.doi.org/10.1016/j.apenergy.2016.03.066
http://dx.doi.org/10.1016/j.carbon.2016.07.008
http://dx.doi.org/10.1021/nn100315s
http://www.ncbi.nlm.nih.gov/pubmed/20373745
http://dx.doi.org/10.1126/sciadv.1600322
http://dx.doi.org/10.1016/j.carbon.2017.02.099
http://dx.doi.org/10.1016/j.cattod.2014.10.005
http://dx.doi.org/10.1016/j.carbon.2017.03.027
http://dx.doi.org/10.1016/j.carbon.2016.12.084
http://dx.doi.org/10.1021/nl2009058
http://www.ncbi.nlm.nih.gov/pubmed/21595452
http://dx.doi.org/10.1016/j.carbon.2014.07.062
http://dx.doi.org/10.1021/la0300030
http://dx.doi.org/10.1016/S0008-6223(00)00319-5
http://dx.doi.org/10.1016/S0008-6223(00)00300-6


Polymers 2020, 12, 11 10 of 11

16. Luo, Z.Q.; Lim, S.H.; Tian, Z.Q.; Shang, J.Z.; Lai, L.F.; MacDonald, B.; Fu, C.; Shen, Z.X.; Yu, T.; Lin, J.Y.
Pyridinic N doped graphene: Synthesis, electronic structure, and electrocatalytic property. J. Mater. Chem.
2011, 21, 8038–8044. [CrossRef]

17. Nakajima, T.; Koh, M. Synthesis of high crystalline carbon-nitrogen layered compounds by CVD using nickel
and cobalt catalysts. Carbon 1997, 35, 203–208. [CrossRef]

18. Sun, L.; Wang, C.L.; Zhou, Y.; Zhang, X.; Cai, B.; Qiu, J.S. Flowing nitrogen assisted-arc discharge synthesis
of nitrogen-doped single-walled carbon nanohorns. Appl. Surf. Sci. 2013, 277, 88–93. [CrossRef]

19. Panchakarla, L.S.; Subrahmanyam, K.S.; Saha, S.K.; Govindaraj, A.; Krishnamurthy, H.R.; Waghmare, U.V.;
Rao, C.N.R. Synthesis, structure, and properties of boron- and nitrogen-doped graphene. Adv. Mater. 2009,
21, 4726–4730. [CrossRef]

20. Stejskal, J.; Sapurina, I.; Trchová, M.; Konyushenko, E.N. Oxidation of aniline: Polyaniline granules,
nanotubes, and oligoaniline microspheres. Macromolecules 2008, 41, 3530–3536. [CrossRef]

21. Stejskal, J.; Bober, P.; Trchová, M.; Kovalcik, A.; Hodan, J.; Hromádková, J.; Prokeš, J. Polyaniline cryogels
supported with poly(vinyl alcohol): Soft and conducting. Macromolecules 2017, 50, 972–978. [CrossRef]

22. Mentus, S.; Ćirić-Marjanović, G.; Trchová, M.; Stejskal, J. Conducting carbonized polyaniline nanotubes.
Nanotechnology 2009, 20, 245601. [CrossRef] [PubMed]
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29. Plachý, T.; Sedlačík, M.; Pavlínek, V.; Morávková, Z.; Hajná, M.; Stejskal, J. An effect of carbonization on the
electrorheology of poly(p-phenylenediamine). Carbon 2013, 63, 187–195. [CrossRef]

30. Milakin, K.A.; Trchová, M.; Acharya, U.; Hodan, J.; Hromádková, J.; Pfleger, J.; Zasońska, B.A.; Stejskal, J.;
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