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thermal, chemical, or electrochemical treatment. Today, it 
is common for the specific surface area of activated carbon 
to reach well over 2000 m2 g−1. However, problems arise as 
the specific surface area increases beyond a certain value. 
For example, the linear relationship between capacitance 
and surface area exists only up to a certain point. Above 
1500 m2 g−1, the capacitance begins to level off, no longer 
increasing linearly with surface area [10]. One explanation 
for this is that the number of small micropores (~1 nm) 
increases for high surface area samples. Micropores of this 
size are too small to allow electrolyte ions to diffuse inside, 
resulting in inaccessible surface area that goes against to 
the charge storage [10,11]. Additionally, carbons with very 
high surface area have a very low volumetric density, and 
reduced mechanical and chemical stability. Therefore, it is 
essential to find a balance between high surface area to in-
crease the number of sites available for charge storage and 
an open pore structure for fast and efficient transport of 
the electrolyte ions into the pores. This could be achieved 
through introducing hierarchical pore structures, where 
micropores provide high surface area and mesopores and 
macropores provide open porosity [11,12]. 

Surface chemistry modification can be used in addition 
to optimizing surface area and pore structure to enhance 
performance. Intentionally doping porous carbon with for-
eign elements, including boron, nitrogen, sulfur, phospho-
rous, and others, can lead to higher surface charge density 
and the addition of pseudocapacitive reactions, leading to 
higher capacitance [5,13−17]. The majority of work in this 
area has focused on introducing oxygen heteroatoms into 
graphene layers of the carbon network. Often the oxygen 
functionalities are acidic in nature, inducing electron ac-
ceptor characteristics into the carbon materials [18]. While 
oxygen functionalities are beneficial in aqueous electro-
lytes, their presence in organic electrolytes is detrimental 
to the performance due to irreversible reactions between 

Highly porous carbon prepared through sol-gel processing can 
be modified with nitrogen via a simple solution-based method 
to achieve increased capacitance. Nitrogen was added either 
in the form of a surface coating using hexamine or incorporat-
ed into the bulk carbon network upon heat treatment of the 
hexamine-coated carbon. The properties and electrochemical 
behavior of both materials were measured and compared to 
that of unmodified porous carbon. Nitrogen in the bulk carbon 
network shows increased conductivity, while nitrogen coated 
on the surface of porous carbon is more effective at increasing 
capacitance. Nitrogen modification can also reduce diffusivity 
resistance and charge transfer resistance, resulting in superca-
pacitors with better performance at higher charge and discharge 
rates.

INTRODUCTION
As the popularity of alternative energy increases, the need 
for energy storage devices increases as well. Wind, solar, 
and other renewable energy resources require to be collect-
ed and stored during peak generation times, while allow-
ing easy recovery in order to meet demand during off-peak 
hours [1]. This calls for the use of energy storage devices, 
such as batteries, fuel cells, and capacitors. Ideal devices 
share many characteristics, including large storage capacity, 
fast transport kinetics, and cyclic fatigue resistance [2−7].

In electric double layer capacitors (EDLCs), which are 
also known as supercapacitors or ultracapacitors, charge 
storage takes place through the formation of an electric 
double-layer structure at the interface between the elec-
trodes and electrolyte. As such, the capacitance is strong-
ly dependent on the surface area of the electrodes. Porous 
carbon has become the most commonly used electrode 
material in EDLCs [8], because it is electrically and ther-
mally conductive, chemically inert, mechanically strong, 
and has a low density [9]. Historically, research efforts have 
focused on achieving a higher capacitance by maximizing 
the surface area of the electrode material through careful 
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oxygen and the electrolyte [19]. Organic electrolytes are of 
interest due to their higher voltage window, which can lead 
to higher energy density. Using aqueous electrolyte, the 
maximum device voltage is less than 1 V as voltages above 
this value approach the thermodynamic voltage window of 
water (1.23 V), at which point the electrolyte decomposes 
[20]. However, the voltage window for organic electrolytes 
is much larger. Devices are typically tested at 2 V, with the 
stability window typically reaching up to 2.7 V [21]. To take 
full advantage of the much higher voltage window of or-
ganic electrolytes, it is necessary to find an alternative to 
oxygen that will also induce pseudocapacitive reactions.

Recently, a number of studies reported improved ca-
pacitance by using carbon enriched with nitrogen in both 
aqueous electrolytes [22−27] and organic electrolytes 
[25,27,28]. Many of these studies incorporate nitrogen into 
the bulk network as heteroatoms, either through the use 
of a nitrogen-containing precursor [22,29−32] or modifi-
cation after carbon synthesis [18,33−37]. Two of the most 
common carbon-nitrogen structures found within the ma-
terial include pyrrole groups with nitrogen in a 5-member 
ring and pyridine groups with nitrogen in a 6-member ring 
[38]. The presence of pyrrolic nitrogen adds two p-elec-
trons to the delocalized π-electron system and a hydrogen 
atom, which is bound in the plane of the ring. Pyridinic ni-
trogen contributes one p-electron to the π-electron system 
and one lone electron pair in the plane of the ring [38]. Ni-
trogen also occurs as quaternary nitrogen, which is within 
a 6-member ring as well, but located at “center” or “valley” 
positions [18]. Quaternary nitrogen is slightly more posi-
tively charged, resembling quaternary nitrogen in ammo-
nium ions (NH4

+) [39]. It is suggested that the quaternary 
nitrogen is a form of pyridinic nitrogen associated with a 
nearby hydroxyl or carboxyl group, which protonates the 
nitrogen by forming a hydrogen bridge [38]. Other re-
searchers claim that the quaternary nitrogen has pyrrolic 
characteristics, increasing the electron-donor effect [18]. 
However, there has not yet to be a solid conclusion con-
cerning which of these groups provides the most benefit 
for improving the performance of carbon-based superca-
pacitors.

In addition to substituting into the carbon network, ni-
trogen can also be added to porous carbon in the form of 
surface functional groups [35,40,41]. This is often at the 
relatively reactive graphene edges, where carbine and car-
bine-type free edge sites are present [21]. Common func-
tional groups include amines, imines, amides, and imides 
[18,21]. Our recent report [42] concluded that nitrogen 
coated on the surface of the pores, rather than being in-
corporated into the bulk carbon network as heteroatoms, 

contributes the most to increasing capacitance. Despite 
similar nitrogen contents, samples with nitrogen on the 
surface outperform samples with nitrogen only in the bulk 
network. The surface modified samples have dramatically 
improved wettability and a capacitance that is nearly twice 
over that of the unmodified carbon, achieved through a 
combination of double-layer formation and pseudocapac-
itive reactions. However, the specific surface area was only 
moderate due to a relatively low pyrolysis temperature and 
a lack of activation to improve the porous structure. This 
significantly limited the number of sites available for the 
charge storage. 

Recently, researchers have been looking at the deposi-
tion of nitrogen-containing conductive polymers, such as 
polyaniline and polypyrrole [8,43−46], on high surface 
area carbon after completing pyrolysis and activation pro-
cesses. These polymers create Faradic pseudocapacitance 
by reversibly oxidizing and reducing over a potential 
range. Polyaniline is perhaps the most researched because 
it has several oxidation-state structures [47]. Adding this 
nitrogen-containing polymer to carbon has been found 
to increase the capacitance significantly due to the com-
bined effects from double-layer capacitance and pseudo-
capacitance [8]. However, problems arise due to the large 
polymers blocking the carbon pores during deposition, 
decreasing the surface area available for charge storage. 
Additionally, swelling and shrinking of the polymers may 
lead to decreased cyclic stability due to mechanical break-
down [8,48]. Coating the pore surfaces of high surface area 
carbon with a smaller nitrogen-containing molecule may 
alleviate these issues.

In this paper, a simple solution-based method is used 
as a proof-of-concept, with the intention of eliminating 
the need for the complicated and/or expensive processing 
that is sometimes used to introduce nitrogen atoms into 
porous carbon structures. In order to achieve high capaci-
tance contributions from both double layer formation and 
pseudocapacitive reactions, the porous carbon was modi-
fied after pyrolysis and activation steps to maintain a high 
specific surface area while achieving a high concentration 
of nitrogen. In addition, the influence of the location of the 
added nitrogen on material properties and electrochemical 
performance was investigated. Nitrogen either remains on 
the surface of highly porous carbon as functional groups or 
is incorporated into the bulk carbon network as heteroat-
oms. Both nitrogen-modified samples are then compared 
to the original unmodified porous carbon. Multiple tech-
niques were used to analyze the samples, including nitro-
gen sorption analysis, X-ray photoelectron spectroscopy 
(XPS), cyclic voltammetry (CV), galvanic cycling, and elec-
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trochemical impedance spectroscopy (EIS).

RESULTS

Structure and composition
Isotherms and pore size distributions from nitrogen sorp-
tion are shown in Fig. 1 and the corresponding surface area, 
pore volume, and pore size are listed in Table 1. All samples 
show similarly shaped isotherms, with contributions from 
micropores, mesopores, and macropores. Unmodified car-
bon (UC) has the highest amount of micropores, resulting 
in this sample having the highest total surface area. For hex-
amine-coated carbon (HTMA-C), the total surface area is 
significantly lower than UC. This suggests that hexamine is 
successfully introduced into the porous carbon, coating the 
inner surfaces of larger pores and filling the smaller pores 
[35]. Upon heat treatment of HTMA-C to incorporate ni-
trogen into the bulk carbon network, the total surface area 

increases as seen for nitrogen-modified carbon (NC), but 
still remains lower than UC. Interestingly, the mesopore 
surface area and mesopore volume for NC become larger 
than the values for UC, which indicates the formation of 
new mesopores when carbon is heated in the presence of 
hexamine through an activation process [33]. However, the 
microporous surface area for NC is still lower than that of 
UC, suggesting that some nitrogen is retained in the micro-
pores. The mesopore size distributions in Fig. 1c show how 
the mesopore volume changes after surface modification 
with hexamine. For HTMA-C, nitrogen-modified carbon 
has a slightly lower mesopore volume than UC. However, 
upon heat treatment to obtain NC, the mesoporous volume 
is recovered and even surpasses that of UC. The nitrogen 
in the hexamine coating may react with the carbon when 
heated, etching away some of the material to open up the 
porous structure [43]. In the micropore region shown in 
Fig. 1d, the decrease in pore volume after hexamine mod-
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Figure 1  (a) Illustration of hexamine filling the carbon pores. (b) Nitrogen sorption isotherms, (c) mesopore size distribution, and (d) micropore size 
distribution for UC, HTMA-C, and NC.
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ification is much more significant. This suggests that the 
hexamine fills the micropores first, then partially fills the 
mesopores. An illustration of this mechanism is shown in 
Fig. 1a. Again, after heat treatment, some of the micropore 
volume is recovered. However, unlike in the mesoporous 
region, the micropore volume of NC remains lower than 
UC.

Table 2 lists the chemical compositions in wt.% and at.% 
for the three samples. All samples have a small amount of 
oxygen, which originates from the precursors and activa-
tion processes. No nitrogen is detected in UC even though 
nitrogen-containing hexamine was used as the reactive cat-
alyst during synthesis. When heated above 850°C, nitrogen 
is removed from carbon [22,42], so it is likely that most 
of the nitrogen is removed during pyrolysis at 900°C. As 
demonstrated with both HTMA-C and NC, modifying po-
rous carbon with hexamine after pyrolysis and activation 
adds a fair amount of nitrogen. NC has more nitrogen than 
HTMA-C, which may be due to hexamine changing the be-
havior of porous carbon when heated at high temperature. 
Again, the hexamine in this sample may cause the removal 
of some carbon, leading to the higher nitrogen content in 
NC.

Survey spectra from XPS are shown in Fig. 2. UC shows 
large peaks for carbon and oxygen, as well as small peaks 
for nitrogen and fluorine. Nitrogen is present due to the 
use of hexamine as the reactive catalyst during cyrogel syn-
thesis, although much of the nitrogen is lost during pyrol-
ysis at high temperature [22,42]. The fluorine peak is from 
the polytetrafluoroethylene (PTFE) binder used to prepare 
samples for measurement and will not be analyzed further 
as it has minimal effect on the performance of the mate-
rial. The modified carbon samples also show carbon and 
oxygen peaks, in addition to stronger nitrogen peaks. Al-

though PTFE was also used to prepare these samples, the 
fluorine peak intensity is too low to separate from the back-
ground noise in the spectra. Each of the 3 samples exhibits 
a strong C1s peak near 284.8 eV, which is typical for pure 
carbon [49,50]. Detailed scans for O1s peak and N1s peak 
are shown in Fig. 3 and Fig. 4, respectively. A summary 
of each of the different peaks and their percent contribu-
tion is shown in Table 3. The detailed scans of O1s peak 
show that each of the three samples has a peak centering 
at approximately 533.1 eV which can be attributed to oxy-
gen single bonded to carbon in the form of phenol and/or 
ether groups [23,51]. A second peak is also present in each 
sample, centered around 531.5 eV, which may be attribut-
ed to oxygen double bonded to carbon as a quinone type 
group [23,51]. A very small third peak is seen at approx-
imately 535.4 eV, which may correspond to chemisorbed 
oxygen or water [23,51]. After adding the hexamine coat-
ing to carbon, the relative amount of C−O as compared to 
C=O decreases. For UC, the peak ratio of C−O to C=O is 
approximately 3:2, but this ratio decreases to 1:1 for HT-
MA-C. However, after heat treatment the ratio of C−O to 
C=O increases again, with a ratio of 3:2 for NC.

A very significant difference between HTMA-C and NC 
can be found when looking at the detailed scan for N1s 
peak in Fig. 4. HTMA-C shows one large peak at approxi-
mately 399.8 eV and a much smaller peak at approximate-
ly 401.4 eV. NC shows two distinct peaks at 400.9 eV and 
398.9 eV. For HTMA-C, the peak at 399.8 eV corresponds 
to amine or cyano groups [38,50], while the smaller peak 
at 401.4 eV corresponds to quaternary nitrogen (N-Q) 
[22,25].  The significantly larger intensity of the peak at 
399.8 eV suggests that most of the nitrogen found in this 
sample is in the form of surface funtionalities. For NC, the 
peak at 400.9 eV corresponds to pyrrolic nitrogen (N-5) 

Table 1  Surface area, pore volume, and pore diameter from nitrogen sorption analysis. Contributions from both mesopores and micropores are listed

Sample
Surface area (m2 g−1) Pore volume (cm3 g−1) Pore diameter (nm)

Total Mesopore Micropore Mesopore Micropore Mesopore Micropore
UC 735.7 134.3 550.4 0.46 0.30 3.2 1.4
HTMA-C 172.4 96.4 34.6 0.39 0.02 3.7 1.6
NC 442.8 167.8 188.4 0.53 0.11 3.2 1.5

Table 2  Chemical compositions for UC, HTMA-C, and NC from EDAX

Sample
Composition (wt.%) Composition (at.%)

C N O C N O

UC 98.1 – 1.9 98.6 – 1.4

HTMA-C 90.5 8.0 1.5 91.9 7.0 1.2
NC 89.0 9.8 1.2 90.5 8.6 0.9
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Figure 3  Detailed scans for the O1s peak for (a) UC, (b) HTMA-C, and (c) NC.
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[25,27,38], while the peak at 398.9 eV corresponds to pyr-
idinic nitrogen (N-6) [22,25].  Therefore, while the vast 
majority of nitrogen groups in HTMA-C are in the form of 
surface functionalities or a surface-only coating of hexam-
ine, the heat treatment applied to NC helps to incorporate 
nitrogen into carbon’s bulk network in the form of substitu-
tional heteroatoms. Such differences will have an effect on 
the electrochemical properties. 

To investigate the effect of the different forms of nitro-
gen on the electrical conductivity of the carbon, resistance 
measurements were taken using a 4-point probe. UC has a 
resistance of approximately 5.18 Ω, while both of the sam-
ples containing nitrogen have lower resistances. For HT-
MA-C, the resistance is 4.01 Ω and for NC is even lower 
at 2.57 Ω. For HTMA-C, the amine groups contribute lone 
pair electrons. In NC, the pyrrolic nitrogen contributes two 
p-electrons to the delocalized π-electron system, while pyr-
idinic nitrogen contributes one p-electron to the π-electron 
system as well as lone electron pairs [38]. In these ways, 
modification helps to increase electronic conductivity 
through carbon.

Electrochemical Analysis
Cyclic voltammograms taken at 10, 50, and 100 mV s−1 and 
galvanic cycling curves taken at 0.5, 1, 5, and 10 mA for 

each sample are shown in Fig. 5. Compared to unmodified 
carbon, there is some distortion in the CV curves for the 
modified samples. This suggests the possible presence of 
pseudocapacitance, although no redox peaks are clearly 
visible. The measured current is also higher for this sam-
ple than UC, suggesting higher capacitance. Due to the 
much lower surface area for HTMA-C as compared to UC, 
it can be assumed that the enhanced performance is from 
pseudocapacitive reactions induced by the hexamine coat-
ing. The CV for the NC sample shows a measured current 
that is much lower than that of HTMA-C. Surprisingly, it 
is also slightly lower than the measured current for UC. 
A small peak still occurs as the voltage approaches 2 V, 
suggesting that some pseudocapacitive reactions are still 
present. From the GC curves, all samples show minimal 
voltage drops at the onset point of discharge. However, the 
differences in discharge time are significant. Mirroring the 
findings from the CV curves, HTMA-C shows the best per-
formance as evidenced by the longest discharge time, while 
NC has the lowest performance.

Values for capacitance normalized to mass, total sur-
face area, and volume are listed in Table 4. The gravimet-
ric capacitance is highest for HTMA-C, increasing by al-
most 10% when compared to UC despite the added mass 
from the hexamine coating. Similarly, the volumetric ca-
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Figure 4  Detailed scans for the N1s peak for (a) HTMA-C and (b) NC.

Table 3  Percent contributions for the different functional groups as measured by XPS

Sample

O1s N1s

C=O C–O Water N-6 Amine/cyano N-5 N-Q

531.5 eV 533.1 eV 535.4 eV 398.9 eV 399.8 eV 400.9 eV 401.1 eV

UC 0.39 0.56 0.06 – – – –

HTMA-C 0.48 0.47 0.04 – 0.91 – 0.09

NC 0.38 0.55 0.07 0.59 – 0.41 –
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pacitance is highest for HTMA-C. It should be noted that 
neither the specific surface area nor nitrogen content has 
been optimized to achieve the highest capacitance in these 
devices, resulting in the relatively modest capacitance val-

ues. Alternatively, this is an investigation of the importance 
of nitrogen location in the porous carbon and its effect on 
the electrochemical performance. When the capacitance is 
normalized to total surface area, the effect of the hexamine 
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Figure 5  Cyclic voltammograms taken at 10, 50, and 100 mV s−1 (left) and galvanic cycles taken at 0.5, 1, 5, and 10 mA (right) for UC (a and b), 
HTMA-C (c and d), and NC (e and f).

Table 4  Capacitance normalized to mass, total surface area, and volume

Sample Gravimetric capacitance (F g−1) Capacitance normalized to total surface area (F m−2) Volumetric capacitance (F cm−3)
UC 80.2 0.109 42.5
HTMA-C 87.8 0.509 49.8
NC 64.7 0.153 35.7
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coating is even more prominent. The capacitance is near-
ly 5 times higher for HTMA-C than UC, a direct result of 
modification from the hexamine coating. However, when 
nitrogen is incorporated into the bulk carbon network 
rather than remaining on the surface as a hexamine coat-
ing, it is detrimental to charge storage as evidenced by the 
significantly decreased capacitance for NC. Nyquist plots 
from EIS are shown in Fig. 6. For HTMA-C, the linear 
portion of the curve at lower frequencies has a more ver-
tical slope, indicating that the diffusivity resistance is the 
lowest for this sample. The hexamine in HTMA-C may be 
smoothing the carbon pore surfaces, decreasing scattering 
effects and making it easier for the electrolyte ions to move 
in and out of the pores. However, the diffusivity resistance 
of NC increases and surpasses that of UC. Table 5 shows 
that the equivalent series resistance (ESR) increases slightly 
for carbon after modification for both NC and HTMA-C, 
but there is very little difference between the two samples. 
However, a difference can be seen for the RCT, increasing 
by almost 50% for NC. Since the starting nitrogen concen-
tration is lower for HTMA-C, it can be assumed that this 
disparity is due to the dissimilar locations of nitrogen in 
each of the samples. The incorporation of nitrogen into the 
bulk network, rather than remaining in the form of sur-
face functional groups or a surface coating, is non-ideal 
for supercapacitors and results in decreased performance. 
Furthermore, RCT is lower for HTMA-C than for UC. This 
suggests that the hexamine coating facilitates better charge 
transfer at the electrode/electrolyte interface likely due to 

enhanced surface charge density, which then helps to sig-
nificantly improve performance of this material for super-
capacitors.

To test the effect of lower RCT, the samples were cycled at 
higher applied currents during galvanic cycling. With a low 
RCT, the samples will be able to react to the changing charge 
and discharge current faster, resulting in higher capaci-
tance. Fig. 7a shows how the gravimetric capacitance varies 
with the applied current for all three samples. At the lowest 
applied current of 0.5 mA, the gravimetric capacitance for 
HTMA-C is almost 10% higher than that for UC. At a high-
er applied current of 10 mA, HTMA-C has a capacitance 
that is over 35% higher than UC. These results suggest that 
careful coating of carbon with nitrogen-containing hex-
amine is very beneficial for enhancing the performance of 
supercapacitors, especially those subjected to high charge 
and discharge rates. 

Finally, all three samples were cycled at charging rates 
ranging from 0.5 to 10 mA to test the stability of each ma-
terial. The results are shown in Fig. 7b. Each sample ex-
periences a capacitance drop within the first 100 cycles, 

Table 5  ESR and charge transfer resistance (RCT) for UC, HTMA-C, 
and NC

Sample ESR (Ω) RCT (Ω)
UC 1.92 3.79

HTMA-C 2.18 3.06
NC 2.16 4.47
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which may be a result of a small amount of impurities such 
as oxygen in the electrode material or water in the electro-
lyte causing irreversible reactions. The slight drop in capac-
itance at 100 cycles is the result of the testing conditions, as 
each sample was subjected to electrochemical impedance 
spectroscopy measurements at this point. The NC sample 
loses the largest fraction of its initial capacitance during 
the first 100 cycles. This sample also appears to have the 
most variability in capacitance after 100 cycles. However, 
for both UC and HTMA-C, the capacitance is nearly un-
changed after the first 100 cycles, each sample decreasing 
by less than 0.5% after 500 cycles. This suggests that the 
hexamine coating is fairly stable and does not decompose 
significantly during initial cycling. Additionally, unlike 
large polymer coatings, the hexamine coating does not ap-
pear to swell or shrink during cycling, so the cyclic stability 
does not decrease due to mechanical breakdown [8,48].

DISCUSSION
Nitrogen-containing hexamine can be coated onto the sur-
face of highly porous carbon using a simple solution-based 
method in order to induce pseudocapacitive reactions in 
the supercapacitors utilizing organic electrolyte.  Upon heat 
treatment, the hexamine coating decomposes and nitrogen 
is incorporated into the bulk carbon network as substituted 
heteroatoms. The addition of nitrogen both on the surface 
and in the bulk leads to decreased electrical resistance in 
the carbon material. Electrochemical measurements show 
that the hexamine surface coating on porous carbon can 
increase capacitance, despite a significant decrease in the 
surface area available for charge storage. It has been shown 
that the form and location of nitrogen in the porous car-
bon is very important and leads to different material prop-
erties. When nitrogen is incorporated into bulk network 

and is no longer restricted to the surface, the capacitance is 
lower than that when nitrogen remains in the form of sur-
face functional groups. From XPS, it is seen that the form 
of nitrogen in NC is different from HTMA-C, converting 
from surface functional groups in HTMA-C to heteroat-
oms incorporated into the bulk carbon network in NC. 
The amine and/or cyano functional groups in HTMA-C 
have lone pair electrons, which increase the surface charge 
density. While NC does contain negatively charged nitro-
gen groups in the form of pyrrolic and pyridinic nitrogen 
that can increase conductivity and add pseudocapacitance 
[27,52], these charges are distributed throughout the bulk 
rather than remaining only on the surface and therefore do 
not interact as directly with the electrolyte.  Fig. 8 illustrates 
the difference in the charge distributions between these 
two samples and helps to explain the higher capacitance for 
HTMA-C compared to NC (personal communication with 
Skinner B). For HTMA-C, the increased charge density 
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Figure 7  (a) Gravimetric capacitance at various applied currents for UC, HTMA-C, and NC. Carbon coated with hexamine consistantly shows the 
highest capacitance, especially at high applied currents. (b) Cyclic stability for UC, HTMA-C, and NC taken at various applied currents.
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Figure 8  Different charge distributions for each nitrogen-modified car-
bon lead to different capacitance values for each sample. (a) Nitrogen 
remains in the form of functional groups that increase the charge density 
at the surface for HTMA-C, leading to a small charge separation distance 
a and higher capacitance. (b) Upon heat treatment for NC, nitrogen is 
incorporated into the bulk carbon network and is no longer restricted to 
the surface, leading to additional charge separation distance rs and lower 
capacitance.
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from nitrogen modification is restricted at the surface of 
the porous carbon. The charge separation distance is very 
small, which leads to higher capacitance. For NC, nitrogen 
groups are incorporated into the bulk, spreading the addi-
tional charges over a greater distance. This leads to a larger 
charge separation distance and a lower capacitance as a re-
sult. Therefore, despite the higher nitrogen content in NC, 
the advantageous location of nitrogen in surface functional 
groups in the hexamine coating for HTMA-C, rather than 
being in the bulk network, leads to this sample’s superior 
capacitance. HTMA-C also has a low diffusivity resistance 
and charge transfer resistance, resulting in enhanced per-
formance at high charge and discharge rates. Additionally, 
the cyclic stability is comparable to UC. This research can 
be used as a starting point for further investigations, as it is 
believed that the simple solution method for modification 
presented here can be easily performed with a variety of 
electrode materials and dopants and with careful optimiza-
tion can lead to greatly enhanced supercapacitors.

EXPERIMENTAL SECTION

Synthesis
Highly porous carbon cryogels were prepared from precur-
sors resorcinol and furaldehyde using hexamethylenetetra-
mine (hexamine or HTMA) as the catalyst. The procedure 
for synthesizing highly porous carbon was similar to pre-
vious reports [53,54]. The furaldehyde to resorcinol molar 
ratio was set to 2.5 and the resorcinol to hexamine molar 
ratio is 75. The resorcinol and furaldehyde were mixed to-
gether first, followed by the addition of the solvent tert-bu-
tanol. Hexamine was added last as the reactive catalyst. 
The mixture was sealed and cured in an oven at 80°C for 7 
days to allow for gelation and aging to strengthen the new-
ly-formed three-dimensional gel network. The wet organic 
gel is dried under vacuum at −50°C in a Labconco Free-
Zone 1 L freeze dryer. After drying for several days, the 
organic gel was pyrolyzed at 900°C for 3 h under nitrogen 
flow with a ramp rate of 5°C min−1 to obtain the porous 
carbon cryogel. Finally, physical activation was performed 
in the presence of oxygen in order to etch away a controlled 
amount of loosely-bound material and open up the porous 
structure. Here, activation took place under dry air flow at 
420°C for 4 h with a ramp rate of 5°C min−1, followed by 
heating again 900°C for 3 h under nitrogen flow to remove 
new functional groups that might have formed during ac-
tivation. The activation dwell time was selected in order to 
obtain a mass loss of approximately 50% [55].

To surface modify carbon with hexamine, a simple 
solution method was used, which was adapted from our 

previous reports [41,42]. Specifically, a solution of 4 wt.% 
hexamine in tert-butanol was stirred and heated at 80°C 
for several days. Both lower (2 wt.%) and higher (6 wt.%) 
hexamine concentrations were investigated in preliminary 
experiments, but resulted in lower nitrogen concentrations 
in the porous carbon (2 wt.%) or significant pore blockage 
(6 wt.%). Next, large pieces of the activated carbon cryo-
gels were soaked in the hexamine solution at 80°C for three 
days. The hexamine modified samples were then freeze 
dried to remove any remaining solvent. This process re-
sulted in a hexamine coating on the surface of the carbon 
pores. This sample was labelled as HTMA-C. To create ni-
trogen-modified carbon, HTMA-C samples were heated 
at 500°C for 3 h under nitrogen flow to decompose the 
hexamine coating and incorporate nitrogen heteroatoms 
into the bulk network of the porous carbon. No hexamine 
remained on the surface of the carbon pores. This nitro-
gen-modified carbon sample was labelled as NC. Unmodi-
fied carbon was labelled as UC. 

Characterization
Nitrogen sorption isotherms were measured using a Quan-
tachrome NOVA 4200e. Samples were degassed under vac-
uum at elevated temperature for at least 6 h prior to the mea-
surement. The multipoint Brunauer-Emmett-Teller (BET) 
method was used to determine the total surface area. For 
the mesopore surface area, pore volume, and pore diam-
eter, the Barrett-Joyner-Halenda (BJH) method was used. 
Micropore surface area and pore volume were determined 
using the t-method, and the micropore diameter was 
determined using the Dubinin-Astakhov (DA) method. 
Atomic compositions of the samples were taken using a FEI 
Sirion SEM operating at 5 kV equipped with energy-dis-
persive X-ray spectroscopy (EDAX). Samples were sputter 
coated with Au/Pd prior to measurements. XPS spectra 
were taken on a PHI 5000 VersaProbe setup using Al Kα 
radiation. Data analysis was carried out using PHI Multi-
Pak software (Physical Electronics, Chanhassen, MN). 

Electrochemical analysis
Electrodes for electrochemical measurements were pre-
pared from UC, HTMA-C, or NC by first grinding the large 
pieces into a fine powder. Approximately 3 wt.% of PTFE 
was added to the powder as a binder. The mixture was me-
chanically rolled into sheets with a thickness of 0.07−0.08 
mm and electrodes were punched out with a diameter of 
10 mm. A Celgard® porous film separating the electrodes 
to prevent short circuiting and carbon coated aluminum 
contacts were used as current collectors. The two-electrode 
assembly was pressed under vacuum overnight to ensure 
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good contact between the electrodes and the current col-
lectors and to remove moisture from the porous electrodes. 
The electrolyte used was 1 M tetraethylammonium tetra-
fluoroborate (TEATFB) in 1:1 propylene carbonate:di-
methylcarbonate. The electrode assembly was placed in a 
flat cell and electrolyte was added in an argon-filled glove-
box. The samples were placed under vacuum to increase 
the penetration of the electrolyte into the pores. To avoid 
nitrogen-induced pseudocapacitive reactions in both elec-
trodes, all samples were prepared with UC as the counter 
and reference electrode [18]. 

CVs and galvanic cycles (GCs) were taken using a Sol-
atron 1287A with a voltage range between 0 and 2 V. The 
CVs were measured at scan rates of 100, 50, and 10 mV 
s−1 and the GCs at 100, 50, 10, 5, 1, and 0.5 mA. EIS was 
performed using the Solartron 1287A in conjunction with 
a Solartron 1260FRA/impedance analyzer. Measurements 
took place after performing CV and galvanic cycling at all 
the different rates listed above. The samples were pretreat-
ed for 10 min at 2 V, and an AC voltage amplitude of 10 mV 
and frequency range of 0.1 MHz-1 mHz were used for this 
scan. Cyclic stability tests were performed after completing 
the CVs, GCs, and EIS measurements. Samples were sub-
jected to repeated charge and discharge during galvanic cy-
cling at various rates between 1 and 10 mA up to 500 cycles.

The specific capacitance in F g−1 was calculated from the 
discharge slope during galvanic cycling according to the 
following equation:

 4I tC
Vm





, (1)

where I is the discharge current in A, Δt is the discharge 
time in s, ΔV is the discharge voltage in V, and m is the 
total mass of the active materials in both electrodes given 
in g [56]. Capacitance based on total surface area in F m−2 
was calculated by dividing the specific capacitance by the 
total surface area of the working electrode material found 
using nitrogen sorption analysis. Volumetric capacitance 
in F cm−3 was calculated by multiplying the specific capac-
itance by the total density of both electrodes.
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中文摘要    溶胶-凝胶法制备的高孔隙度多孔碳材料可通过简单溶液法用氮进行改性从而增加电容. 氮的引入可采用表面氮改性通过

引入六亚甲基四胺涂层再热解分解, 或在碳网结构中引入氮两种方式. 本文对两种材料的性能和电化学行为进行测量并与未改性的多

孔碳进行比较. 在碳网结构中的氮表现出增强的导电性, 而表面进行氮改性的多孔碳对于增强电容更有效. 氮改性还可以通过减少扩

散电阻和电荷转移电阻, 进而增强超级电容器在高倍率的充放电性能.
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