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Nitrogen doped hierarchical activated carbons
derived from polyacrylonitrile fibers for CO,
adsorption and supercapacitor electrodes
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Nitrogen doped hierarchical activated carbons with high surface areas and different pore structures are
prepared form polyacrylonitrile fibers through KOH activation by two steps. It is found that the specific
surface area and porosity of the activated carbons depend strongly on the activation temperatures. The
specific surface area increases from 607 m? g ! to 3797 m? g~! when the activation temperature
increases from 600 °C to 800 °C, and then decreases to 3379 m? g~ at 900 °C. It shows that the
hierarchical activated carbon prepared at a moderate activation temperature of 700 °C exhibits the
largest CO, capture amount, ie., 5.25 and 3.63 mmol gt at 273 and 298 K, respectively, under the
pressure of 1 bar. The excellent CO, capture properties are due to the high specific surface area of
2146 m? g™t and high nitrogen content (5.2 wt%) of the obtained sample. On the other hand, when used
as supercapacitor electrodes, the sample with the activation temperature at 800 °C shows the largest
specific capacitance of 302 F g~ at a current density of 1 A g% in 6 M KOH aqueous electrolyte, with an

-1

excellent rate capability of 231 F g~ at 10 A g Furthermore, a nearly linear relationship between

nitrogen content in the nitrogen doped activated carbons and specific CO, uptake as well as the specific
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Accepted 12th July 2018 capacitance were first established, indicating nitrogen doping was playing key roles in improving CO,
adsorption and supercapacitor performance. The experimental results indicate that the thus obtained

DOI: 10.1035/c8ra04367a nitrogen doped hierarchical activated carbons are very promising for reducing CO, green house gas by
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Introduction

During the past decades, carbon materials have been wildly
studied due to their excellent properties including the large
surface area, tunable pore structure, chemically inert nature
and high conductivity."® These outstanding features make
them ideal candidates for applications in energy storage,*®
catalysis,*” and adsorption.*® Zhuo et al. fabricated hierarchical
porous carbon aerogel from cellulose which exhibited a high
specific capacitance of 328 F g~ ' (0.5 A ¢” ', 1.0 M H,S0,) and
a good CO, adsorption capacity of 3.42 mmol g~ * (at 1 atm and
298 K).*® Hu et al. produce N-doped carbons with hierarchical
porous structure from cellulose and it had an exceptional CO,
adsorption capacity of 4.99 mmol g ' and a high specific
capacitance of 225 F g~ (0.5 A g ')."* In addition, activated
carbons can also be prepared by H,O and CO, activation.">*?
For adsorption applications, commercial activated carbons
are cost-effective, but they normally have a small adsorption
capacity of less than 3.0 mmol g~ for CO, at 273 K and 1 bar.**
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adsorption as well as storing energy as utilized in supercapacitors.

The incorporation of nitrogen atoms into the carbon framework
is a very effective way to improved adsorption/absorption for
CO,.” Wei et al. synthesize ordered mesoporous carbon with
high surface area and high N content via solvent evaporation
induced self-assembly process, and it shows excellent perfor-
mance as absorbents for CO, capture (2.8-3.2 mmol g%, 298 K,
1.0 bar).'* Wang et al. prepared a series of nitrogen doping
templated carbon by post-doping ammonia treatment."”
Although these porous carbons have higher CO, uptakes than
commercial activated carbons, the carbon resources are
expensive, and synthesis processes are complicated. Therefore,
it is quite important to produce high-performance activated
carbon in a simple and cost-effective way.

Based on the charge-storage mechanism, supercapacitors
can be divided into electrical double-layer capacitor (EDLC) and
pseudocapacitor. EDLCs require electrode materials with high
specific surface area and suitable pore size.'® Liu et al. prepared
carbon aerogels from nanoparticles of resorcinol-formaldehyde
polymers, and obtained a material with the specific surface area
and high supercapacitance values.'” Wang et al. created inter-
connected partially graphitic carbon nanosheets which has
a high specific surface area about 2000 m* g, it maintains
a remarkable capacitance of 106 F g~ " at a current density of
10 A g > Pseudocapacitors depend on reversible redox
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reactions occurring on the surface of the electrodes. The
incorporation of heteroatoms such as nitrogen'® into carbon
materials can considerably improve the specific capacitance,
because the nitrogen-containing functional groups can induce
pseudocapacitive effects and improve the wettability of carbon
materials to electrolyte solution.*"**

To improve the supercapacitor performance and CO,
adsorption capacity, porous carbon with high surface area and
high nitrogen content would be highly desirable. Furthermore,
inexpensive carbon materials with the high-performances from
easily accessible and renewable sources are also required to
meet the demand of broad range of applications. Poly-
acrylonitrile (PAN), which is widely used as precursors for
carbon fiber, typically undergoes a graphitization process at
relatively low temperature.® It has a good conductivity and high
specific surface area after activation. Moreover, ultra high
nitrogen content may contribute to the high performance of
CO, adsorption and supercapacitor.”

In this work, a series of hierarchically activated carbons with
large surface area and ultra high nitrogen content were devel-
oped from polyacrylonitrile by two steps. These nitrogen doped
activated carbons show a surface area ranging from 607 m* g™ *
to 3797 m” g~ ' with large pore volume of 0.3-2.1 cm® g~ ', which
allow for high CO, adsorption, ie., 5.25 and 3.63 mmol g~ " at
273 and 298 K, respectively. Moreover, the porous carbons show
an outstanding high specific capacitance up to 302 F g™ " at
a current density of 1 A g~" in 6 M KOH aqueous electrolyte. It
turns out that the excellent performance is due to the syner-
gistic properties of high specific surface area and high nitrogen
content of the porous carbon materials.

Experimental
1. Sample preparation

The starting materials were PAN-based fibers with an average
diameter around 10 pm. Hierarchical activated carbons were
obtained from PAN-based fibers by stabilization and activation.
The coarse PAN-based fibers were stabilized in air by raising the
temperature from 20 to 270 °C at 3 °C min~ " and holding them
at 270 °C for 2 hour, which prevented fibers from sticking to
each other during the further treatment at a higher
temperature.

The stabilized fiber sample was then activated by KOH with
KOH/PAN weight ratio of 2 at a temperature from 600 °C to
900 °C. Take the activation with KOH/PAN at 600 °C for
example. Typically, 3 g of stabilized fiber was impregnated with
a fixed amount of aqueous solution containing 6 g KOH, fol-
lowed by an evaporation at 120 °C in an oven. The activation
process was carried out by heat treatment at 600 °C for 1 h in
a tubular furnace under N, atmosphere with a heating rate of
3 °C min~". Afterwards, the samples were washed with 1 M HCI
and distilled water until the pH value of the filtrate was
approximately 7. The final porous carbons were obtained after
drying at 80 °C for 24 h (Fig. 1), and named for PC-600. Simi-
larly, the other resultant porous carbons through chemical
activation were obtained and denoted as PC-X, where X is the
activation temperature.
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Fig. 1 The formation process of porous carbons by two steps.

2. Characterization

Microstructure characterization of the porous carbons was
carried out by nitrogen adsorption-desorption isotherms
measured at 77 K on an ASAP 2010 Micromeritics instrument
(Micrometrics Company, USA). The specific surface area was
measured on F-Sorb 2400 analyzer. Before each test, all samples
were degassed at 175 °C for 3 h. The pore size distribution of the
porous carbons was calculated by the density functional theory
(DFT) method. The total pore volumes (V1) Were estimated in
terms of the adsorption amount obtained at a relative pressure
P/P, of 0.99. The micropore surface (V) area and micropore
volume (Spic) (pore size < 2 nm) were obtained via a t-plot
analysis. Powder X-ray diffraction (XRD) patterns were analyzed
on a Rigaku D/MAX-2500/PC from 26 value of 10° to 60°. Energy
Dispersive Spectrometer and Scanning electron microscopy
(SEM) images were obtained on Hitachi S-4800. Raman spec-
troscopy system (in Via-Reflex, Renishaw, Co., UK), was used for
analyzing graphitization degree of the carbon materials.

3 Electrochemical measurements

All the electrochemical measurements were carried out on an
electrochemical workstation (Model RST5200, Siruisi instru-
mental technology Co., Ltd) in a standard three-electrode cell
system at room temperature.** Platinum wire and Ag/AgCl
electrode were used as the counter and reference electrode,
respectively. An aqueous solution of 6 M KOH was used as the
electrolyte. The working electrode was prepared by mixing
active materials with acetylene black and polytetrafluoro-
ethylene in a mass ratio of 8:1:1, and then pressing onto
nickel foam under a pressure of 10 MPa. Each working electrode
contained about 4 mg of active materials with a geometric
surface area of about circular 1 cm.? The cyclic voltammetry and
galvanostatic charge/discharge measurements were carried out
in a potential window between —1.1 and —0.1 V. The electro-
chemical impedance measurements were performed in

This journal is © The Royal Society of Chemistry 2018
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a frequency range from 10> and 0.1 Hz with an AC amplitude of
10 mV.

The specific capacitances were calculated basing on the
galvanostatic charge/discharge curves according to the
following equation:*"*

C=1xAt/(AV x m)

where C (F g7') is the specific capacitance of the active mate-
rials, I (A) is the discharge current, AV (V) is the potential
window of discharge, At (s) is the discharge time, and m (g) is
the mass of the active material.

4. CO, adsorption measurements

CO, adsorption measurements were performed on a specially
designed Sieverts-type apparatus at 298 K and 273 K.*?® Prior to
adsorption measurements, all samples were heated at 200 °C for
at least 3 h under vacuum.
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Fig. 2 (a) Nitrogen adsorption—desorption isotherms of the carbon

materials at 77 K, and (b) pore size distribution curves calculated by
DFT.
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Results and discussion
1. Morphology and structure

In order to investigate the development of porosity by KOH
activation, the nitrogen adsorption-desorption isotherms of
porous carbons were performed, the results are summarized in
Fig. 2 and Table 1. In Fig. 2a. The adsorption and desorption
isotherms of PC-600 °C, PC-700 °C and PC-800 °C were similar
to Type 1. PC-900 °C show mixed features of both Type I and
Type IV. The steep increase of adsorption amount at the low
pressure region indicates the existence of micropores. PC-900
show obvious H4 hysteresis loop occurred at the relative pres-
sure from 0.4 to 0.9, which is a mesoporous capillary conden-
sation phenomenon, and shows the typical features of Type IV
isotherm, proving the activation temperatures being an
important parameter for controlling the development of
porosity. The adsorption isotherms imply that high CO,
adsorption performances might be achieved on the samples,
since it has been reported that the CO, uptake under ambient
conditions correlates directly with the presence of ultra-
micropores.””~** The PC-600 displayed a micropore diameter of
1.22 nm without other obvious mesopores peak as the PC-700
sample did.

PC-800 and PC-900 exhibit abundant mesopores structures
and the mesoporous structures were fully developed as the
temperature increased as shown in Fig. 3. The SEM images
revealed that the resulting porous carbons show different
morphologies from the PC-600 to PC-900 (Fig. 3a-d). PC-600
possesses a lamellar structure with many large pores, the
fluffy foam structure and porosity was observed for PC-700, PC-
800 and PC-900. The pore arrangement is disordered and the
hierarchical pores are enlarged as the activation temperature
increased from 700 °C to 900 °C as demonstrated in the PSD and
SEM images. Such hierarchical structure is desirable for CO,
capture and energy storage, since the mesopores and macro-
pores facilitate the fast diffusion of either gas CO, or the elec-
trolyte, while the small pores provided much higher specific
surface areas, are therefore favourable for high CO, uptake and
supercapacitors performance.

The porosity increases obviously at higher activation
temperature, as reflected by the Sggr and V, results in Table 1
and Fig. 2. It is also noted that the highest Sggy of 3797 m* g~ *
are achieved on the sample PC-800. The successful doping of
nitrogen into the carbon materials is confirmed by EDS anal-
ysis. As the activation temperature increased from 600 °C to
900 °C, the nitrogen content was decreased from 15.3 wt% to

Table 1 Porous characteristics, nitrogen content and Raman value (Ip/lg) of different carbons

CO, uptake at 1

bar (mmol g™*) Nitrogen
Sample Sper (M* g™ 1) Vi(em® g™ Valera (cm® g7 1) 273 K and 298 K content(wt%) I/l
PC-600 607 0.31 0.21 3.35 2.55 15.3 1.22
PC-700 2146 1.00 0.39 5.25 3.63 5.2 1.07
PC-800 3797 1.42 0.31 4.22 2.56 3.1 1.00
PC-900 3314 2.1 0.16 4.01 2.59 2.0 0.97

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of PC-600(a), PC-700(b), PC-800(c) and PC-
900(d).

2.0 wt%. The crystalline carbon materials were determined by
XRD and Raman characterizations, which are shown in Fig. 4a
and b, respectively. As the activation temperature increased, the
(002) peak intensity of the porous carbons has a markedly
reduced and is broadened dramatically. It should ascribe to the
etching reaction between KOH and carbon framework that
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Fig. 4 Raman spectra (a) and XRD spectra (b) of the carbon materials.
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consumes the carbon framework and creates much more pores.
A large increase in the low-angle scatter from PC-600 to PC-900
is also noted, which is consistent with the presence of a high
density of pore.** In addition, the (002) peak moved to the left as
the activation degree increased, which may contribute to the
metallic potassium penetrates between graphitic layers, and the
removal of intercalated potassium result in the expansion of the
pore network.*> The d (002) was determined to be 3.41, 3.7, 3.82
and 3.95 nm for PC-600, PC-700, PC-800 and PC-900, respec-
tively. Raman spectra of carbon materials shown in Fig. 4b and
Table 1 reveal a decrease of Ip/Ig, which suggests a decrease of
disorder structure and an increase of graphitic structure, which
is in good agreement with the XRD profiles.

2. Gas adsorption

The CO, uptakes of the porous carbons were measured up to 1
bar at 273 and 298 K. As the activation temperature increased
from 600 °C to 800 °C, the specific surface areas of the porous
carbons increased from 607 to 3797 m> g ~'. The CO, uptake
increases with the activation temperature first, reaching the
maximum for the PC-700 sample, i.e., 5.25 and 3.63 mmol g’1 at
273 and 298 K, respectively, then decreases for the PC-800
sample at higher activation temperature of 800 °C. It is clear
that the CO, adsorption amount at ambient pressure is not
linearly related with the specific surface area on these
polyacrylonitrile-derived activated carbons, indicating some
other factors are possibly involved in the CO, adsorption
process on these nitrogen doped activated carbon materials
(Fig. 5).

It has been pointed out that narrow micropores play an
important role in CO, adsorption,***** the CO, uptake under 1
bar at 298 K and 273 K versus narrow micropore volume with
micropore size below 1 nm is plotted in Fig. 6a and b, which
indicated that narrow micropores is closely related with the
adsorption of CO,. In addition, Fig. 7 and Table 1 shows the
nitrogen doping effect on CO, adsorption. The specific CO,
uptake per square meter, i.e., Uy, defined as mmol m ™2 of the
surface area of the nitrogen doped carbon materials, is given
here, and calculated as following: U, (mmol m ?) = U, , (mmol
g Y)/Sger (m? g7 Y, it can be inferred from Fig. 7 that for the
nitrogen content in the nitrogen doped carbons has a critical
influence on the specific CO, uptake. Therefore, in order to
improve CO, adsorption capacity, porous carbon materials with
high nitrogen content and a high surface area would be highly
desirable. In addition, Fig. 8 indicates that the CO, adsorption
can be easily regenerated by vacuum from the PC-700 sample,
and CO, adsorption amount remain almost unchanged after
running for three adsorption-desorption cycles, indicating the
obtained nitrogen doped activated carbon materials have
a strong potential in the capture of CO, in term of reducing
green house gasses.

3. Electrochemical studies

Typical cyclic voltammograms for the prepared porous carbons
in 6 M KOH aqueous electrolyte are shown in Fig. 9. The CV
curves for these porous carbons at a scan rate of 10 mV s " are

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 CO, adsorption isotherms of the carbon materials at 298 (a)
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presented in Fig. 9a, which shows a gradual change from
a fusiformis shape to a quasi-rectangular shape. The CV curves
of PC-800 and PC-900 are almost rectangular, indicative of
excellent candidates as electrode materials. Moreover, PC-800
shows the largest encircled area, suggesting that the hierar-
chical porous carbons have a better supercapacitive behavior.
PC-700 exhibits a broad peak in addition to the rectangular
shape, which is due to pseudocapacitive reactions from
nitrogen on the interior surface of the porous carbon material.

Galvanostatic charge-discharges performed at
a constant current density of 1 A g~ (Fig. 9b), and PC-800 shows
the largest specific capacitance of 302 F g~ ', which is in good
agreement with the CV profiles. Meanwhile, PC-700 exhibits
non-linear charging behavior which represent a pseudocapaci-
tive reactions, it also has an specific capacitance of 225 F g~*
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although its SSA is only about half of PC-800, which is possibly
due to the high nitrogen content in the sample.

Fig. 9c presents the CV curves for PC-800 at various scan
rates changing from 10 to 50 mV s~ . As the scan rate increased,
the CV curves became gradually depressed but still maintained
a rectangular shape. This means that the PC-800 electrode
would be suitable for quick charge-discharge operations. The
charge-discharge curve (Fig. 9d) of the PC-800 electrode based
devices is close to a linear line within the potential window,
showing a typical electrochemical double layer supercapacitive
behavior.

To estimate the conductivity and ion transport/diffusion
ability, we used the EIS technique. Nyquist plots for the four
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samples at frequencies between 10> and 0.1 Hz was shown in
Fig. 9e. The impedance plots show one semicircle in the high-
frequency region, a sloped straight line in the low frequency
region, and a Warburg slope of 45° in the middle frequency
region between the semicircle and the straight line. The internal
resistances of all three samples are sequentially 0.25, 0.26, 0.29
and 0.30 Q for PC-600, PC-700, PC-800 and PC-900, which
indicate that PC-900 has the most effective ion transport of the
electrolyte in the process of charge-discharge. The expanded
semicircle diameter presents the magnitude of Rcr,*® PC-900
shows the smallest semicircle diameter among the samples.

Fig. 9e¢ shows that with the increase of the activation
temperature, the internal resistance and the charge transfer
resistance decrease in the sequence of PC-600 > PC-700 > PC-800
> PC-900, which can be ascribed to the increased conductivity
because of an increased graphitization degree as confirmed by
the Raman spectra in Fig. 4b.

Fig. 9f shows the specific capacitance as a function of current
density for all the samples. It is clear that the specific capaci-
tances of all the samples decrease with an increase in the
current densities from 1 to 10 A g~ '; among all the samples the
specific capacitances of PC-800 has the highest value, i.e., 231 F
g ' at 10 A g~ !, which is a very attractive value with a high rate
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capacity for supercapacitors. It has to be mentioned that
although the specific capacitances of PC-700 are higher than
those of PC-900 at low current densities, PC-900 exhibits a better
capacitive performance at high current densities. The specific
capacitance of PC-900 can remain at 216 F g~" at a current
density of 10 A g™, while the value of PC-700 is 185 F g~ *. At the
current density of 10 A g™, the capacitance retention ratios are
84% 76% 70% and 13% for PC-900, PC-800, PC-700 and PC-600,
respectively, with a decreasing tendency when increasing the
activation temperature, which is due to increased graphitization
degree as well as the decrease in the internal resistance and the
charge transfer resistance as mentioned above.

The cycling stability is also a crucial parameter for the
supercapacitor electrode materials, especially if pseudocapaci-
tance exists. To investigate the cycling stability, the galvano-
static charge/discharge cycling of carbon materials was
performed at a current density of 5 A g~ ' as shown in Fig. 9g.
After 1000 cycles, the capacitance retention ratios are 103%
100% 97% and 86% for PC-900, PC-800, PC-700 and PC-600,
respectively. The improved cycling stability of porous carbon
may be due to the increased graphitization degree as the acti-
vation temperature increased. In addition, the nitrogen content
decreases with an increase in carbonization temperature as
shown in Table 1, and surface functional groups strongly
bonding with the carbon and keeping stable during these
cycling. The relationship between specific surface area and
specific capacitance are shown in Fig. 9h and 10a. The results
indicate that both values reached a maximum point when the
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Fig. 10 The relationship between the capacitance at 1 A g~* and SSA
and the relationship between the specific capacitance at 1 A g~* and
nitrogen content.
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activation temperature rose to 800 °C, and the high specific
surface area is closely related with the supercapacitive perfor-
mances. PC-700 has a very high specific capacitance of 225 F
g, although its SSA is about a half of PC-800. In addition, it
exhibits a kind of broad peaks in the rectangular shape as
shown in Fig. 9a, which indicates pseudocapacitive reactions
from nitrogen on the interior surface of the porous carbon. The
specific capacitance at 1 A g~ ', Co, defined as F m > of carbon
surface area, calculated by the ratio Co (Fm )= Co (Fg ")/Sger
(m?> g™"), varies between 0.07 and 0.23 F m~> for a 6 M KOH
electrolyte as shown in Fig. 10b. Centeno et al. also find that
specific capacitance at low current densities, Co, in F m 2 of
carbon surface area varies between 0.06 and 0.22 F m™? for
a 5 M KOH electrolyte.*” It is clear that nitrogen content has
a critical influence on the specific capacitance on the nitrogen
doped carbons, and it is suggested that both the high nitrogen
content and high surface area would significantly contribute to
the improvement of the supercapacitive performances on these
carbon materials.

Conclusions

In summary, nitrogen doped hierarchically activated carbons
with a large surface area are prepared through KOH activation
of polyacrylonitrile-based pre-oxidized fiber. PC-700 displays
amoderate SSA of 2146 m”> g~ " and an exceptionally CO , uptake
ability of 5.25 and 3.63 mmol g ~* at 273 K and 298 K, respec-
tively. The experiment results confirmed that the presence of
high surface area was playing a key role in achieving high CO,
adsorption capability, which could be further enhanced by
nitrogen doping. PC-800 could be one of the best candidates for
supercapacitors with a high specific capacitance of 302 F g ' at
1 A g ', and good cycling stability of 100% capacitance reten-
tion over 1000 cycles. Benefiting from the high nitrogen
content, high surface areas and high graphitization degree, it is
likely that the nitrogen doped porous carbons are very prom-
ising for CO, gas adsorption and the supercapacitor materials
for energy storage.
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