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The Influence of Carbonization Temperature and KOH Activation Ratio
on the Microporosity of N-doped Activated Carbon Materials and
Their Supercapacitive Behaviors

Yeong-Rae Son*, Young-Jung Heo*, Eun-A Cho*, Soo-Jin Park*"

ABSTRACT: A facile method for the preparation of nitrogen-doped microporous carbon via the pyrolysis of
poly(vinylidene fluoride) (PVDF) using polypyrrole (PPy) as a selective nitrogen source was developed. A PVDF/PPy-
800 sample (carbonized at 800°C) with a 1:0.5 ratio of PVDF and PPy exhibited the highest micropore volume. The
activated microporous carbon materials obtained from PVDE/PPy-800 prepared at 800°C with KOH possessed a large
specific surface area and narrow pore-size distribution. They were characterized using N, adsorption at 77 K and
argon (Ar) adsorption at 87 K, which allowed for the characterization of the narrow microporosity of the prepared
materials due to the absence of interactions between Ar and the sample surface. In addition, the activated
microporous carbon material with a KOH/carbon ratio of 2:1 was found to exhibit the largest specific surface area
(1296 m* g™ in N, at 77 K) and microporosity, and a high specific capacitance (122.8 F g™).

Key Words: Supercapacitor, KOH activation, Microporous carbon, Ar adsorption, Microporosity

1. INTRODUCTION

Electrochemical double-layer capacitors, also known as
supercapacitors, are used in a number of industrial applica-
tions such as portable electronic devices and hybrid electric
vehicles. Supercapacitors can be used to replace conventional
batteries and capacitors due to their high specific power, long
life cycle, and high dynamic of charge propagation [1,2]. How-
ever, the energy density of supercapacitors is smaller than that
of secondary/rechargeable batteries. To date, research has
therefore focused on enhancing the energy density of super-
capacitors with the electrode being a key component in terms
of charge storage and delivery, thus playing a crucial role in
determining the energy and power densities of supercapacitors
[3-5]. Among the various electrode materials used for super-
capacitors, carbon materials are the most commonly used due
to their low cost, large surface area, good electric conductivity,
and excellent chemical stability. For example, porous carbon
materials have been widely used as electrode materials in
supercapacitors [6,7]; the high specific surface area and pore-

size distribution (PSD) of these materials are necessary to
achieve a high specific capacitance at the carbon electrode,
which is a key requirement for supercapacitors [8,9]. However,
the majority of activated carbon materials are not suitable for
such applications because of their broad PSD, and so con-
trolling their microstructure to obtain the desired narrow PSD
is important [10-13].

For the preparation of the microporous carbon structures,
poly(vinylidene fluoride) (PVDF) can be used as the polymer
precursor, with simple carbonization yielding the desired
structures [14-17]. By this means, Li et al. [18] investigated the
electrochemical performance of a nitrogen N-enriched carbon
sphere and found that high specific capacitance (159 Fg™")
was achieved at 0.5 A g™'. This demonstrates that the presence
of an N-containing group can improve the surface wettability
and reduce the resistance of the carbon sphere [19]. The post-
treatment of carbon materials with an N-enriched precursor
(e.g. NH,) is common but disadvantageous in terms of yield
and cost [20-22]. The incorporation of heteroatoms such as
nitrogen into these carbon structures has been shown to
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increase their electrochemical performance and suppresses the
destruction of the surface structures. For example, doping via
the carbonization of an N-enriched polymer is a relatively
straightforward method for achieving this [23-26]. The use of
polypyrrole (PPy) as a nitrogen source has been reported
where the nitrogen atoms in the pyrrole rings are readily con-
verted to graphitic N at elevated temperatures [27,18]. The
doping of carbon materials with nitrogen has been shown to
enhance the electrochemical performance of the materials
and has proved to be an effective approach toward increasing
capacitance [29].

In terms of the chemical activators for this process, KOH is
particularly effective and is the most widely used in the prepa-
ration of microporous materials. A key parameter for achiev-
ing a high electrochemical performance in an electrode is the
choice of an appropriate and narrow PSD. Therefore, activated
carbon materials prepared using KOH have a strong potential
for application in supercapacitor electrodes due to their high
specific surface area and narrow micro-PSD [31,32].

The pore properties of porous materials are usually described
in terms of the PSD, which is evaluated by the analysis of N, or
argon (Ar) adsorption rates. In the past few years, the adsorp-
tion of Ar at its boiling temperature (87 K) has been proposed
as an alternative adsorptive test to N, adsorption for pore size
and surface area analysis. Ar analysis is expected to give a more
accurate PSD than N, analysis because Ar is much less reactive
than N,. In addition, Ar has no dipole or quadrupole moment
and Ar adsorption shows a much more straightforward cor-
relation among pressure, micropore filling, and pore size [33].

Herein, we report studies into the synthesis of an N-doped
porous carbon material through the pyrolysis of PPy as the
nitrogen source and using PVDF as the polymer precursor.
The resulting N-doped porous carbon was treated with KOH
to obtain the activated carbon materials with a microporous
structure and narrow PSD. The microporosity of the prepared
samples was estimated by the adsorption of both Ar and N,,.
Finally, we systematically investigated the electrochemical
performance of the resulting materials, especially focusing
on the influence of microporosity of N-doped activated
carbon materials.

2. EXPERIMENTAL

2.1 Materials and methods

PVDF and PPy (both from Aldrich) were used as the pre-
cursors for the preparation of the N-doped microporous car-
bon materials.

A mixture of PVDF and PPy (with a weight ratio of 1.0:0.5)
was placed in a tubular furnace with an alumina tube to carry
out the stabilization and carbonization steps. The mixture was
stabilized at 200°C for 2 h (hour), then carbonization was car-
ried out at either 700, 750, 800, 850, or 900°C for 1 h under N,
with a heating rate of 3°Cmin™" and an N, flow rate of

200 mL min™". The porous carbon materials prepared at these
specified temperatures were named PVDF/PPy-700, 750, 800,
850, and 900, with the number reflecting the carbonization
temperature.

Following carbonization, PVDF/PPy-800 and KOH were
mixed in weight ratios of 1:1, 1:2, and 1:4, and were activated
at 800°C using N, with a heating rate of 2°C min™" and kept for
1h. The resulting materials were washed with a 1.7 M HCl
solution and distilled water to remove residual KOH, and were
subsequently dried at 120°C for 12h. From here on, the
PVDEF/PPy-800 is referred to as microporous carbon (MC),
while the activated microporous carbon is referred to as A-
MCy, where y denotes the KOH/MC ratio.

2.2 Measurements

The elemental composition of the samples as a function of
surface treatment was investigated using X-ray photoelectron
spectroscopy (XPS) on an ESCALAB MK-II spectrometer (VG
Scientific Co., UK) equipped with a monochromatic Al Ka
radiation source. The porous texture of the prepared samples
was analyzed at 77K for N, adsorption and 87K for Ar
adsorption using a gas adsorption analyzer (BELSORP, BEL
JAPAN). The specific surface area was determined by applying
the Brunauer-Emmett-Teller (BET) equation at a relative
pressure P/P, of 0.995. In addition, the micropore volume and
PSD were calculated using the Dubinin-Radushkevich (DR)
equation. The electrochemical behavior of the working elec-
trode was analyzed using a three-electrode configuration in a
6 M KOH electrolyte with a Pt wire reference electrode and an
Ag/AgCl counter electrode. The working electrode was pre-
pared using 80 wt.% (weight%) of prepared activated MCs,
10 wt.% carbon black conductive agent, and 10 wt.% PVDF
binding material. Cyclic voltammetry and galvanostatic
charge-discharge cycling were employed in the evaluation of
the electrochemical behavior of each sample using an Ivium-
Stat instrument. The cyclic voltammetry measurements were
carried out at scan rates of 10-100 mV s™" in a potential range
of —0.7 to 0.1 V. Galvanostatic charge/discharge curves were
obtained at current densities from 0.5-2 Ag™' in a potential
range of —1 to 0 V. The specific capacitance of the products
was estimated according to

_ IxAt
AVxm

(1)

where C is the capacitance of the cell, I is the discharge current,
At is the discharge time, AV is the potential range, and m is the
mass of active material on the electrode.

3. RESULTS AND DISCUSSION

Table 1 lists the textural properties for the pore structures of
the PVDEF/PPy samples. In addition, the N, adsorption/
desorption isotherms and micro-PSD of the PVDF/PPy sam-
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Table 1. The textural properties of the microporous carbons pre-
pared at different temperatures.

Sper’ Vtotalb Vineso Vmicrod Fmicrod
PVDE/PPy700| 346 0.2565 | 0.1498 | 0.1067 | 41.60
PVDEF/PPy750| 375 0.3045 | 0.1920 | 0.1125 | 36.95
PVDEF/PPy800| 551 0.3444 | 0.1552 | 0.1892 | 54.94
PVDEF/PPy 850| 568 0.3508 | 0.1690 | 0.1818 | 51.82
PVDEF/PPy900| 581 0.3658 | 0.1885 | 0.1773 | 49.03

The measurements were conducted with N, at 77 K.
* Specific surface area [m*g™']

® Total pore volume [cm® g™']

¢ Mesopore volume [cm’ g™']

4 Micropore volume [cm®g™]

¢ (Micropore volume/total pore volume) x 100(%)

ples are shown in Fig. 1a and b, respectively. As can be seen,
the pore structure depended on the heat treatment tempera-
ture since the specific surface area increased with increasing
temperature up to 900°C, although a decrease in micropore
volume was also observed at this temperature. PVDE/PPy-900
was found to have a large specific surface area of 581 m*g ™',
while PVDF/PPy-800 exhibited the higher micropore volume
of 0.1892cm’ g ™! than other PVDF/PPy samples due to the
collapse of the micropores at high carbonization temperatures
(i.e. 850 and 900°C). In addition, the specific surface area and
micropore volume were enhanced by a pore development
mechanism based on the complete release of hydrogen flu-
oride (HF) from the carbon chains of PVDF during treatment.
Furthermore, the results show that the carbonization tem-
perature can be used to control the porous structure, thus indi-
cating the easy transfer and good accessibility of the electrolyte
ions in supercapacitor electrodes. Thus, for the KOH activa-
tion step, PVDF/PPy-800 was prepared as the precursor by
carbonization at the optimum temperature, i.e. 800°C.

3.1 The morphologies of the A-MC materials
As previously mentioned, MCs tend to generate pores ran-
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domly to release fluoride ions in the form of HE Fig. 2 shows
SEM images of representative MC and A-MC materials. As
can be seen, the structure of MC resembles tree branches, and
following KOH activation, a similar type of structure but with
a slightly more complex morphology due to the harsh KOH
activation process can be observed in the SEM image of A-MC
2. The porosity of these samples was therefore based on an ion
reservoir offering short pathways for ions through the electrode.

3.2 The characterization of the A-MC materials

The elemental components of the A-MC materials are listed
in descending order of N content in Table 2. The nitrogen con-
tent determined by the XPS analysis was found to be 2.61,
2.12, 1.27, and 0.80 wt.% for MC, A-MC 1, A-MC 2, and AM-
C 4, respectively. This decrease in nitrogen content with
increasing KOH ratio was due to the etching effect of the KOH
activation. In contrast, following KOH activation, the oxygen
content increased significantly, with values more than dou-
bling for the A-MCs compared to the MC. The KOH acti-
vation process resulted in redox reactions through following
redox reactions:

2KOH = K,0 + H,0 (1)
C + H,0 > CO + H, 2
CO + H,0 » CO, + H, (3)
CO, + K,0 » K,CO, 4)
K,0 + H, > 2K + H,0 (5)
K,0 + C> 2K + CO 6)

Reactions (1)-(4) and (5) and (6) are activation mechanisms
at temperatures below and above 700°C, respectively. Accord-
ing to this reaction mechanism, carbon and nitrogen in the
activated carbon lattice are oxidized by KOH and oxygen func-
tional groups are introduced, thus the oxygen content is
increased [34,35].

Fig. 3 presents the N1s XPS spectra of MC and the A-MCs.

b 4
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Fig. 1. (a) Adsorption/desorption isotherms and (b) micropore size distribution of the microporous carbons prepared at different tem-

peratures. The measurements were conducted in N, at 77 K
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Fig. 2. SEM micrographs of (a) MC and (b) A-MC 2

Table 2. The elemental components of MC and the A-MCs (wt.%)

C (@) N F
MC 90.25 6.67 2.61 0.46
A-MC1 76.82 20.53 2.12 0.48
A-MC2 77.33 21.11 1.27 0.30
A-MC 4 84.67 14.02 0.80 0.52

To evaluate the nitrogen binding state in the samples, curve fit-
ting was carried out using XPSpeak 4.1 software. The fitting
parameters, background type, full width at half maximum
(FWHM), and %Lorentzian-Gaussian (%L-G), were set to
Shirley-type, 1.4 €V, and 50%, respectively. From the decon-
voluted N1s XPS spectra, it was found that MC and the A-
MCs consisted mainly of 3-5 N-containing functional groups,
namely pyridinic N (N-6, 398 eV), nitrile N (Nt, 399.1 eV),
pyrrolic N (N-5, 400.4 eV), quaternary N (N-Q, 401.3 eV), and
nitrogen oxide (NOx-N, 402.5-403 eV) peaks, where the pyr-
rolic N-5 and pyridinic N-6 were located at the edges of the
graphene structure.

These nitrogen components were considered to have
affected the pseudo-capacitance of the materials. Furthermore,
each N-Q atom was bonded to three C atoms in the central
position of the graphene structure and together were respon-
sible for generating a positive charge, thus they had an effect
on electron transfer. When the MC was activated by KOH, the
percentage of the N-5 state was decreased and the Nt state
arose. Meanwhile, the fraction of N-Q state that affects
pseudo-capacitance varies with the KOH ratio. The N-Q state
of A-MC 1 was analyzed to be almost non-existent. On the
other hand, the N-Q state of A-MC 2 and A-MC 4 increased

Table 3. The atomic percentages of the various chemical states
of nitrogen in MC and the A-MCs (%).

N-6 Nt N-5 N-Q | NOx-O
MC 42.7 - 41.9 8.8 6.6
A-MC1 47.4 34.7 17.8 - -
A-MC2 22.4 35.1 17.6 14.0 11.0
A-MC4 14.0 45.5 21.6 6.1 12.8

with decreasing N-6 state. However, it was confirmed that the
N-Q state of A-MC 4 was fractionally less than that of A-MC
2, which led to the reduction in pseudo-capacitance. The
atomic percentages of nitrogen for the various chemical states
of the samples studied can be found in Table 3.

3.3 The textural properties of the A-MC materials

For investigation of the textural properties of the A-MC
materials, each was prepared using the PVDF/PPy-800 pre-
cursor as it possessed the largest microporous volumes of all of
the A-MCs reported herein. The isotherms of N, adsorption at
77 K for MC and the A-MCs are shown in Fig. 4a, and detailed
texture analyses with the N, adsorption isotherms are given in
Table 4. In addition, Fig. 4b shows the micro-PSDs at 77 K.
According to TUPAC classification, the isotherms of these
samples can be classified as type 1 isotherms; i.e. adsorption is
limited to a single monolayer of adsorbate at the adsorbent
surface. Following KOH activation, the specific surface areas
of the A-MCs increased significantly due to the formation of
micropores. A-MC 2 was found to have the largest specific
surface area (1296 m*g™") and the largest total pore volume
(0.6264 cm® g™!) of all of the samples studied. The BET values
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Fig. 3. High-resolution XPS N1s spectra of (a) MC, (b) A-MC 1, (c) A-MC 2, and (d) A-MC 4
Table 4. The textural properties of MC and the A-MCs measured and pore-volume increased with an increase in the MC/KOH
with N, at 77K mixture ratio, although both factors decreased in the case of
Sger Vital Viicro” D,ean’” A-MC 4 due to the collapse of the micropores due to over-acti-
MC 551 0.3444 0.1892 0.64 vation.
A-MC 1 1269 0.6186 0.4638 0.69 The electrochemical performance of supercapacitors is
AMC 2 1296 0.6264 0.4892 0.64 knowr'1 aitotl))e depencflethnt 0{1 thefrr}llicr}?p((i)rosidty. of tbe electrode
AMCa 573 0.53995 oAl 0.69 materials because of the size of t e hy rate ions in an aque-
ous electrolyte. A moderate pore size of <2 nm is required to

" Specific surface area [m*g '] maximize the ease of mobility and insertion of electrolyte ions
® Total pore volume [cm® g™'] . . .
¢ Mi | em’* '] into the electrode micropores. In our studies, we observed that
1Cropore volume |cm
4 Mean Ir)nicro pore diametir [hm] the mean micropore diameter decreased with KOH activation,
with the A-MCs having a narrow PSD of approximately 0.6-
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Fig. 4. (a) Adsorption/desorption isotherms and (b) micropore size distribution of the A-MCs measured with N, at 77 K
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Fig. 5. (a) Adsorption/desorption isotherms and (b) micropore size distribution of the A-MCs measured with Ar at 87 K

Table 5. The textural properties of MC and the A-MCs measured

with Arat 87 K
Sper’ Vlotalb Vmicmd Dmeand
MC 383 0.2323 0.1471 0.51
A-MC1 1358 0.6378 0.5159 0.46
A-MC2 1389 0.7507 0.5551 0.39
A-MC 4 1335 0.5887 0.5429 0.46

* Specific surface area [m*g™']

® Total pore volume [cm® g™']

¢ Micropore volume [cm®g™']

4 Mean micropore diameter [nm]

0.7 nm. As a typical example of the samples studied, A-MC 2
exhibited a large pore volume of 0.6264 cm’g™', with the
micropores mainly contributing to the total pore volume.
These characteristics appear to have resulted from the devel-
opment of the original pore system during KOH activation,
and they are critical for determining the specific capacitance of
a supercapacitor.

Fig. 5a and b show the Ar adsorption isotherms and micro-
pore size distribution at 87 K and Table 5 reports the textural
properties. It has been previously reported that higher relative
pressures are required to fill the pores by Ar adsorption com-
pared to N, due to the specific quadrupole interactions of
nitrogen with the carbon surface functional groups. The tex-
tural properties of the materials were found to increase in the
Ar adsorption isotherm at 87 K compared to the N, adsorp-
tion isotherm at 77 K. In addition, the BET values and total
pore volumes of the A-MCs increased from 551 to 383 m* g™
whereas those of the MC decreased from 0.3444 to 0.2323
cm’ g ' Tt is therefore clear that Ar adsorption is more sensitive
than N, adsorption toward smaller pores, such as the micro-
pores on our A-MC materials, due to the respective molecular
dimensions and weaker effective adsorption potentials.

3.4 The electrochemical performance of the A-MC mate-
rials
The electrochemical performances of MC and the A-MCs

were evaluated using a 6 M KOH electrolyte solution and a
three-electrode system. Fig. 6a shows the cyclic voltammetry
(CV) curves of the samples studied at a scan rate of 20 mV s™".
All of the CV curves displayed a quasi-rectangular shape, indi-
cating the coexistence of good accessibility of the electrolyte
ions into the active surface area and the great electrochemical
behavior of both the MC and the A-MCs; the largest CV curve
was observed for A-MC 2. Fig. 6b shows the galvanostatic
charge/discharge curves of samples at a current density of
1 Ag™ in 6 M KOH solution (also see Table 6), in which the
curves all exhibited a triangular shape. In addition, it can be
seen that the specific capacitances of the A-MC 1 and A-MC 2
electrodes increased from 47.7F g™ (for MC) to 85.1 and
122.8 F g', respectively, but decreased to 80.9 F g™! for A-MC
4. This result demonstrates that the electrolyte ions quickly dif-
fused and were transported into the samples’ pores. Overall,
A-MC 2 possessing the largest micropore volume (0.4892 cm’
g™') and a narrow PSD (the average micropore size diameters
was 0.69 nm) showed the highest specific capacitance. Fur-
thermore, it was found that the synergistic effect of low flu-
orine content and nitrogen functional groups (mainly N-Q) in
A-MC 2 affected the diffusion of electrolyte ions. Conse-
quently, the increased specific capacitance of A-MC 2 is
attributed to these factors. In Fig. 6¢, the CV curves of A-MC 2
with a range of scan rates can be seen. The CV curve at the
highest scan rate appeared as a distorted rectangular shape
when compared to the lower scan rates for which the CV
curves retained their rectangular shape, indicating that the
chemical reactivity between the electrode and the electrolyte
interface decreased. Therefore, the CV curves of A-MC 2
appear to have been influenced by pore structure, which
demonstrates the facile ion mobility through the chemical
reactivity between the nitrogen groups in A-MC 2 and the
electrolyte ions. As shown in Fig. 6d, the charge/discharge
curves of A-MC 2 over a range of current densities were also
measured. It was found that the specific capacitance decreased
when the current density was increased from 0.5 to 2A g™/,
which demonstrates that A-MC 2 is more stable at lower cur-
rent densities. Therefore, it can be concluded that A-MC 2
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Fig. 6. (a) Cyclic voltammetry curves and (b) galvanostatic charge/discharge behavior of MC and the A-MCs determined at 20 mV s™'
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scan rates and current densities

Table 6. The specific capacitance of MC and the A-MCs deter-
mined at a current density of 1A g™

MC A-MC1 | A-MC2

A-MC4

Specific

capacitance (F g) 47.7 85.1

122.8 80.9

exhibited a good electrochemical performance due to a high
specific surface area and microporous volume resulting from
the optimized KOH treatment ratio. The effects of KOH acti-
vation were reflected in the pore structure and specific surface
area, thus resulting in the improved specific capacitance of the
electrode materials.

4. CONCLUSIONS

N-doped A-MC materials were successfully prepared in a
two-step process: (1) the carbonization of PVDF/PPy and (2)
the KOH activation of the resulting N-doped carbon. It was
found out that the samples exhibited higher specific surface
areas and micropore volumes along with a uniform PSD fol-
lowing KOH activation. The gas adsorption and electrochem-
ical properties of the MC and A-MCs were influenced by both
nitrogen content and micropore structure. A-MC 2 (with a
KOH/carbon ratio of 2:1) was found to exhibit excellent spe-

cific surface area, micropore volume, and specific capacitance.
Our results demonstrate that Ar adsorption was favored over
N, adsorption in the case of microporosity as Ar is smaller and
less reactive than N,. In addition, we found that the micro-
porosity also affects the electrochemical performance of the
supercapacitor.
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