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Hierarchically porous N-doped carbon derived
from supramolecular assembled polypyrrole as
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Rationally designed precursors of N-doped carbon are crucial for high performance carbon materials of
supercapacitor electrodes. Herein, we report a scalable preparation of hierarchically structured N-doped
carbon of micro/meso porous nanofiber morphology by using a supramolecular assembled polypyrrole
as the precursor. The influences of the dose of supramolecular dopant on final products after
carbonization and sequential chemical activation were investigated. The interconnected nanofiber
backbone allows better electron transport and the optimized hierarchically porous structure of the
material exhibits a large specific surface area of 2113.2 m? g~1. The N content of the carbon is as high as
6.49 atom?%, which is favorable to improve the supercapacitive performance via additional reversible
redox reaction over pure carbon. The hierarchically porous N-doped carbon electrode delivered an

outstanding specific capacitance of 435.6 F g~* at 0.5 A g~%, significantly higher than that of the control
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Accepted 15th May 2018 sample derived from undoped polypyrrole samples. Moreover, the capacitance retention is as high as

96.1% after 5000 cycles. This precursor's structural control route is readily applicable to various
conducting polymers, and provides a methodology to design carbon materials with advanced structure
for developing high-performance supercapacitor electrode materials.
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Introduction

Supercapacitors have been regarded as one of the most prom-
ising sustainable energy storage technologies with potential to
alleviate the growing energy demand in the face of the contin-
uous depletion of fossil fuels and the release of excessive
greenhouse gasses. This is because they have intriguing char-
acteristics of high power density, extraordinary cycle life, and
high energy efficiency."* Generally, the amount of charge stored
by the electric double layer (EDL) does not meet the growing
performance demands. An alternative way to enhance the
specific capacitance is to utilize faradaic reactions by employing
pseudocapacitive materials,® such as conducting polymers,**
doped carbon materials,*” transition metal oxides (TMOs),*®
metal organic frameworks (MOFs),"*** etc. Among them, carbon
materials are outstanding because of their high surface area,"
abundant low dimensional morphologies, and superb physical/
chemical robustness (which prolongs the electrode lifespan to
tens of thousands of cycles).**'* However, traditional carbon
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materials, including activated carbon," carbon nanotubes,*
and graphene,' suffer from low specific capacitance due to
their low electronic conductivity, large pore tortuosity, lack of
pseudocapacitance, or severe aggregation.

Several strategies were developed to address this problem,
including forming composites with conducting polymers'*®
and TMOs,"?° or doping carbon with heteroatoms,*” but each
of them has their own limitations. For example, conducting
polymers are electrochemically unstable during the cycling
process,*® TMOs are either too expensive or hardly conductive,
and their side reactions would put a drag on cycling stability
too."?* Doping carbon with B, N, or S elements is usually
adopted by either a carefully controlled chemical vapour
deposition (CVD) process which is complicated,” or hydro-
thermal reaction using graphene oxide as the building blocks,®
however, their specific surface area was dramatically decreased
by random stacking of individual 2D sheets.>**> Although some
specially designed 3D porous graphene networks show good
pore connectivity,** their large-scale fabrication still remains
a challenge. Carbonizing with precursors of biomass (e.g,
chicken egg whites,* straw,* and catkin®’) or conducting poly-
mers is also a practical approach for carbon doping while
suitable for large-scale and low-cost fabrication. However, the
structures of biomass cannot be tuned once the type of the
biomass is chosen, and the products usually contain a large

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra02110d&domain=pdf&date_stamp=2018-05-21
http://orcid.org/0000-0002-8917-7843
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02110d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008033

Open Access Article. Published on 22 May 2018. Downloaded on 6/20/2026 7:00:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

portion of impurities.”® As for carbonizing with conducting
polymer precursors, Bao et al. reported a 3D hierarchically
porous graphitic carbon framework with a specific capacitance
of 225 Fg " at 0.5 A g ', and Tan et al. reported highly doped
carbon nanobelts with a specific capacitance of 458 F g™ " at
0.2 A g~ 1282 Although these studies demonstrate the potential
of polymer derived carbon, they focused more on conditions of
carbonization or chemical activation rather than structure
control. As is known, conducting polymers excel for flexibility of
structure control compared with biomass.*®** Thus, it is
necessary to investigate the carbonized materials by tuning the
morphology of the conducting polymer precursors to improve
their performance as supercapacitor electrode materials.

Herein, we report a scalable and low temperature prepara-
tion of hierarchically porous N-doped carbon (HPNC) from
a structure-tunable precursor of the conductive polymer poly-
pyrrole (PPy) based on a dopant enabled supramolecular
assembly approach we reported previously.*> Our strategy
requires no sacrificial templates and PPy self-assembled into
nanostructures with gradual changes, which can be readily
achieved with the assistance of different doses of dopant copper
phthalocyanine-3,4’,4" 4" -tetrasulfonic acid tetrasodium salt
(CuPcTs). During 800 °C carbonization under nitrogen flow, the
CuPcTs with higher thermal stability and rigid conjugated
framework of PPy help to maintain the interconnected nano-
fiber structure and form the macro pore architecture of N-doped
carbons (NCs). The chemical activation of NCs at 700 °C with
potassium hydroxide (KOH) produces HPNCs and renders the
HPNCs micro/mesopores on its surface as extra pseudocapaci-
tance sites and simultaneously enlarging the specific surface
area to 2113.2 m> g~ ' with 1.69 cm® g~ pore volume. The
relative low activation temperature preserves much N content to
provide pseudocapacitance. Due to the synergetic effect of
structure optimization and redox active N content, the super-
capacitive performance of our HPNC makes a considerable
progress (up to 435.6 F g~ " at 0.5 A g~ ') in comparison with the
ordinary PPy derived carbon materials, for example, 179 F g~ " at
0.5 A g~ ! reported by Manyala et al., and 182 F g~ ' at low scan
rates reported by Shrestha and Mustain.***

Results and discussion
Preparation of HPNCs

Preparation process of the HPNCs is illustrated in Fig. 1. The
PPy precursors were facilely synthesized by mixing a pyrrole
solution in isopropanol, and an aqueous solution of an oxida-
tive initiator and CuPcTs. As the polymerization of pyrrole
progressed, the blue (the color of the CuPcTs) solution turned
into black (the color of PPy) hydrogel quickly, losing its fluidic
properties in approximately 2 min. After the PPy precursors
were rinsed and dried, there are only minor mass differences
among the undoped PPy and doped PPys synthesized with
0.008 mmol, 0.016 mmol, 0.032 mmol CuPcTs from 2 ml solu-
tion B (see Experimental section), indicating nearly the same
amount of PPy in each sample. This is because the amount of
pyrrole is always 1.2 mmol in 1 ml solution A for each sample,
and CuPcTs does not affect the amount of PPy. It can be
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observed from the scanning electron microscopic (SEM) image
(Fig. S1, ESIt) that the PPys assembles into different morphol-
ogies in the presence of different dose of CuPcTs. In the
beginning, the PPy consists of agglomerated granular particles,
and then the particles start to separate with slow width
shrinkage and length stretch (Fig. S1a and ct). With the growing
amount of CuPcTs, the PPy appears as interconnected nano-
fibers (Fig. S1d-f}). Besides, the nanofibers become thinner
(ranged approximately from 40 to 200 nm), longer, and denser.
It had been demonstrated that the rigid disc shape of the
CuPcTs is in favor of the alignment of PPy to from a 1D nano-
structure by electrostatic interaction between the sulfonic acid
functional groups and the pyrrolic N.** Specifically, the rela-
tively large size of the disc-shaped CuPcTs may sterically hinder
the formation of the side chains and cross-linked structure
between PPy main chains.

In subsequent pyrolysis, CuPcTs starts its pyrolysis at around
490 °C, and decomposes further at around 630 °C according to
the thermogravimetric analysis (TGA) (Fig. S2, ESIT). Thus, the
weight of CuPcTs doped PPy decreases slower than the undoped
PPy at a lower temperature, and then surpasses the undoped
PPy at around 550 °C. Indeed, the high degradation tempera-
ture of CuPcTs effectively prevents pores and the 1D structure
from collapsing, which results about 50 wt% carbon yield.
Further chemical activation with KOH by a heat treatment
increases the porosity and surface area. A lower activation
temperature (700 °C) was selected to prevent substantial N
content lose during chemical activation. A typical overall HPNC
yield (vs. mass of PPy) of about 21 wt% can be achieved, higher
than common carbon yield (about 8 wt%) of commercial ACs
made from activation of biomass under similar condition.**?®

Physical and chemical characterization of the HPNCs

The HPNCs exactly inherit the backbone of their PPy precursor,
showing hierarchical architectures (Fig. 2 and 3). Compared
with the agglomerated particles (Fig. 2a-c), this type of inter-
connected nanofiber morphology (primary structure) is ample
of macropores (>50 nm), which not only avoids surface area
decreasing due to aggregation but also shows good pore
connectivity, facilitating the permeation of ions (Fig. 2d-f).
Close examination of the HPNC backbone by transmission
electron microscopy (TEM) (Fig. 3a, and S3a and b, ESI) reveals
a porous surface morphology (secondary structure) swarming
with micropores (0-2 nm) and mesopores (2-50 nm). High
magnification TEM image (Fig. 3b, and S3c and d, ESIt) displays
structurally defective microporous carbons with local aromatic
ordering, suggesting the existence of both amorphous and
graphitized carbon of the HPNCs. In addition, there are no
heterogeneous structure from peripheral edges to inner axis of
the nanofiber except for the pores. Therefore, it can be inferred
that the CuPcTs disperses uniformly in the pristine PPy
precursor instead of concentrating in confined areas and it
degrades completely after successive carbonization and
activation.

Given that the parameters of surface area and porosity play
an important role in determining the electrochemical
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(a) Schematic of the fabrication process of the HPNCs. (b) Illustration of the controlled synthesis of the CuPcTs doped PPy hydrogel and

the molecular structures of PPy and CuPcTs. The CuPcTs act to align the PPy chains into 1D nanostructure through a steric effect.

characteristics of a material by means of ion accommodation
and facilitating ions transportation, nitrogen adsorption/
desorption isotherm was applied to evaluate the NC and
HPNC samples. The nitrogen adsorption/desorption isotherms,
pore width distributions of the samples by density functional
theory (DFT) of HPNCs are shown in Fig. 4a and b, respectively.
The HPNCs exhibit similar nitrogen adsorption/desorption
isotherm patterns and similar pore width distributions. There
are two rapid nitrogen uptakes in the isotherm curves. The first

(when P/P, < 0.1) can be ascribe to micropores generated by
chemical activation, while the second (when P/P, > 0.9.) is due
to larger macropores originated from interconnected nanofiber
structure. Followed the first rapid uptake is a slower nitrogen
adsorption until the curves reach a plateau when the relative
pressure is around 0.5. This slow uptake is considered to be the
process of nitrogen filling mesopores that are probably inheri-
ted from intrinsic rough PPy surface or generated by activation.
The DFT pore size distributions derived from the nitrogen

Fig.2 SEM images of HPNCs, whose precursor are PPy without (a) CuPcTs, and PPy with (b) 0.002 mmol, (c) 0.004 mmol, (d) 0.008 mmol, (e)
0.016 mmol, (f) 0.032 mmol CuPcTs, respectively. Samples in (a), (d), (e), and (f) are HPNC-1, HPNC-2, HPNC-3, and HPNC-4, respectively.
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Fig. 3 TEM images of HPNCs (a) revealing the microporous surface,
and (b) with a typical lateral dimension of a few nanometers.

adsorption branches confirm the presence of micropores and
mesopores. There are several peaks when the pore width is less
than 2 nm, and the mesopores lies in range 2-6 nm (Fig. 4b).
That the micropores and mesopores adsorb much more
nitrogen than the macropores reveals their abundance in the
HPNCs (Table 1). Such hierarchical pore structure can help to
shorten the ion diffusion path and these ample micro/meso
pores can offer a substantial amount of redox sites. Generally,
the HPNC-3 absorbed the most nitrogen volume (up to 1.69 cm?
g™ "), followed by HPNC-2, HPNC-4 and HPNC-1 in a decreasing
order (Table 1). In view of structure tuning, the conversion from
particle to fiber morphology and the reduced diameter from
HPNC-1 to HPNC-3 causes the increase of surface area for
chemical activation to generate micro/meso pores. Indeed, the
BET surface area of NCs increases from 9.1 m* g~ (NC-1) to 46.5
m® ¢! (NC-2) to 315.9 m> g~ (NC-3), proving the influence of
morphology change on surface area directly and indicating both
micro and meso pores are created during activation.

1200
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Correspondently, the BET surface areas are 1686.7 m> g
(HPNC-1), 1864.1 m”> ¢~ ' (HPNC-2), and 2113.2 m”> g~ ' (HPNC-
3). When it comes to HPNC-4, the diameter of nanofiber stops to
decrease, but the density of the nanofibers increases, leading to
severe overlap between nanofibers (NC-4, 290.0 m* g ). So,
a drop (HPNC-4, 1789.8 m”* g~ ') of surface area was observed.

Powder X-ray diffraction (XRD) analysis and Raman spec-
troscopy were used to further investigate the graphitization
degree of the HPNCs. In Fig. 4c, all samples shares similar
features that two peaks centred at 22.8° and 43.5° representing
(002) and (100) diffraction. The (002) diffraction has a broad
width, and the (100) diffraction is relatively low in intensity.
These suggests amorphous carbon structure.”**” In Fig. 4d,
there are two prominent peaks at 1356 cm ' (D band) and
1589 cm ' (G band). The D band is related to disordered
carbon, while the G band is a feature of graphitic carbon. The
former can accommodate electrolyte ions and the latter
improves conductivity. The average Ip/lg intensity ratio of
HPNC-1, HPNC-2, HPNC-3, and HPNC-4 are calculated to be
0.96, 1.06, 1.08, and 1.08, respectively. These suggests a balance
between the abundant micro/meso pores caused by chemical
activation and low resistance because of graphitic carbon.*®**
The slightly higher ration of HPNC-2, HPNC-3, and HPNC-4 is
consistent with their higher surface area, confirming that the
nanofiber morphology is benefit for creating more micro/meso
pores.

To further understand the intrinsic chemical features, we
conducted X-ray photoelectron spectroscopy (XPS) on the NCs
and HPNCs. Since the samples were treated at the same
carbonization and activation condition, they show similar
surface elemental composition. The HPNCs consisted of
dominant C (84.41-86.25 atom%), sample O (7.27-9.54 atom%),
and N (5.29-6.49 atom%) spices (Table 2). Only negligible Cu
(0.53 atom%) and S (0.27-0.30 atom%) species were found in
HPNC-3 and HPNC-4, indicating that the dopant CuPcTs does
not caused a substantial influence on the near surface contents
of the HPNCs. One reason is that the dose of CuPcTs (no more
than 0.032 mmol) is relatively a small compared with pyrrole
(1.2 mmol). Cu and S species are also found in NC-3 and NC-4
(Table S1, ESIf), and they are slightly higher than in HPNC-3
and HPNC-4. Therefore, the pyrolysis of CuPcTs and the final
purification with 2 M HCI may further minimize the possible
remnants. In NCs, the O species ranges from 2.54 atom% to
3.61 atom%, suggesting the majority of O species of HPNCs is
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(a) Nitrogen adsorption/desorption isotherms, (b) DFT pore width distributions, (c) XRD curves, and (d) Raman spectra of the HPNCs,
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Table 1 Pore characteristics of the HPNCs from nitrogen adsorption/desorption isotherms

Samples SBET (mz gil) Viotal (Cm3 gfl) Viicro (Cm3 gfl] Vineso (Cm3 gil) Vimacro (Cm3 gil)
HPNC-1 1686.7 1.48 0.67 0.50 0.31

HPNC-2 1864.1 1.60 0.83 0.51 0.28

HPNC-3 2113.2 1.69 0.86 0.52 0.31

HPNC-4 1789.8 1.47 0.72 0.48 0.27

Table 2 Near surface elemental composition of the HPNCs from XPS

Elemental composition (atom%)

N (pyridinic : graphitic :

Samples C oxidized) (o) S Cu
HPNC-1  85.17  5.29 (1.02 : 4.06 : 0.21) 954 0 0
HPNC-2 86.07 5.42 (1.58 : 3.34 : 0.50) 8.51 0 0
HPNC-3 86.25 6.49 (1.95: 3.77 : 0.77) 7.00 0.26 0
HPNC-4 84.41 6.33 (1.53:3.99: 0.79) 8.42 0.31 0.53

introduced during KOH activation. In Fig. 5 and Fig. S4 (ESIt),
the fitted XPS peaks for N 1s are deconvoluted into multiple
bands, which are attributed to the pyridinic N (397.5 eV), the
graphitic N (399.7 eV), and N oxide (403.0 eV), respectively.****
The integration of peak areas provides the relative abundance of
each type of N species, which is also summarized in Table 2 for
HPNCs and Table S1 for NCs (ESIf). The main difference
between HPNCs and NCs in N species is that HPNCs has less N
in regardless of its form, confirming that the activation
decreases N species. In HPNCs, the pyridinic N (19.3-30.0
atom% for total N) originated from structure confinement,
namely, the irregular edges of the nanofiber structure and the
surface micro/meso pores. The graphitic N predominates (58.1-
76.7 atom% for total N) due to its highest thermal stability.

The N oxide (3.9-12.8 atom% for total N) can be ascribed to the
oxidizing environment of the activation process. These N
species is expected favorable for enhancing pseudocapacitance
in view of their redox sites, especially in the form of pyridinic N
and N oxide. By close comparison of the four samples, the
relative integration area of pyridinic N peaks maximized in
HPNC-3 and the integration area of N oxides peaks also starts to
saturate in HPNC-3, while the graphitic N peaks becomes
weaker. This is because the nanofiber structure, especially with
thinner diameter, would induce more carbon edges during
chemical activation to generate pyridinic N and N oxide.

Electrochemical performances of HPNC electrodes

To evaluate the electrochemical characteristics of the HPNCs,
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS) tests were
carried out in a conventional three-electrode system with the
electrodes immersed in 1 M H,SO, electrolyte. Fig. 6a and
b display typical CV and GCD curves. (See Fig. S5, ESIt for more
curves of each HPNC sample). The CV curves show rectangular-
like shapes at the scan rates varied from 20 to 200 mV s~ . This
is in consistence with the nearly symmetric triangular GCD
curves at current densities ranging from 0.5 to 10 A g~ * and the
nearly vertical shape of the obtained EIS curves at lower
frequencies (Fig. S7, ESIf). The above shapes and symmetry
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Fig. 5 N 1s detail spectra of (a) HPNC-1, (b) HPNC-2, (c) HPNC-3, and (d) HPNC-4 conducted by XPS analysis.

18718 | RSC Adv., 2018, 8, 1871418722

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02110d

Open Access Article. Published on 22 May 2018. Downloaded on 6/20/2026 7:00:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
600 450
(@)a00- (c) —npNe(e) ——HPNCA
= 46 ——HPNC-2 — ——HPNC-2
L) "o —HPNC3|  &4001 ——HPNC-3
LL 200+ w HPNC-4 w ——HPNC-4
B4 —20mVs’ = 200 ®
o P P 350 .
g o —50mVs o g
< —100mVs” S o4 s
= A S £ 300 E
3] 200mVs kTl o
@ -200 & 20 I
o 8- 04 o
[ © T 250 .
(8] O [§]
-400- -400
T . . . T ' . . . . 200 v . v : .
00 02 04 06 08 00 02 04 06 08 0 2 4 6 8 10
Potential (V) Potential (V) Current (A g")
0.8 0.8 2
b d —— HPNC-1 X
(b) (d) =) (£),00
——HPNC-3 o
< 06 < 0.6 =
= S — HPNC-4 Ewy = .
= T - S os
£ 2 & 6] 3 1
c 04 € 044 E o4
[ [} ] ]
- - o -
8 8 g 401 242 N
0.2 0.2 =
g 20 007 4981 5000 1
% Cycling Number
0.0+ T T . 0.0 T T T o 0 T T v T
0 500 1000 1500 0 500 1000 1500 0 1000 2000 3000 4000 5000
Time (sec) Time (sec) Cycle Number
Fig. 6 (a) CV curves of HPNC-3 at various scan rates. (b) GCD curves of HPNC-3 at various current density. (c) and (d) CV and GCD curves of

HPNCs at 20 mV s~*and 0.5 A g™, respectively. (e) Gravimetric capacitance at different charge/discharge current densities. (f) Cycling stability
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features indicates rapid EDL charging/discharging kinetics.
Additionally, there are two obvious peaks at approximately
0.35 V and 0.45 V in the CV curves (Fig. 6a and S5, ESI{), and
they are observable even when the scan rate increased to 100 mV
s~'. They evidently indicate the reversible redox reactions,
which also demonstrates a rapid kinetics during the charge/
discharge cycle.

In Fig. 6¢ and d, the enhanced current density and the pro-
longed time from HPNC-1 to HPNC-2 to HPNC-3 for a charge/
discharge cycle indicated growing specific capacitance. The
specific capacitance growth is calculated to be approximately
55.9% from HPNC-1 to HPNC-3, with 279.4 F g%, 308.1 F g,
and 435.6 F g ' at 0.5 A g ! in detail (Fig. 6d). However, an
unanticipated decrement came up to HPNC-4, whose specific
capacitance is 379.1 F g~ at 0.5 A g~" in spite of its lowest
equivalent series resistance (ESR). As is mentioned before, the
density of the nanofibers shows an increasing tendency from
HPNC-2 to HPNC-4. Giving this factor, it can be ascribed to the
extensive overlap between nanofibers (Fig. 2f, and S1f, ESI¥),
which consumes a lot of surface area (2113.2 m*> g~ ' for HPNC-3
and 1789.8 m> g~ for HPNC-4). Another possible unfavorable
factor is the residue of CuPcTs after carbonization and chemical
activation, which is not rivalled to the carbonized PPy in
providing capacitance.

For comparison, we also conducted electrochemical analysis
on the intermediate products, namely the unactivated samples
derived from PPy (see Fig. S6, ESIt for all CV and GCD curves of
each NC sample). At the scan rate of 20 mV s ', the four CV
curves also show rectangular-like shapes with two peaks
(Fig. 7a). However, the peaks are relatively less intense than they
are in the HPNCs and they shift left by about 0.05 V (0.3 V and

This journal is © The Royal Society of Chemistry 2018

0.4 V for NCs vs. 0.35 V and 0.45 V for HPNCs). These can be
ascribed to the much smaller surface area and different surface
chemical environment. The BET surface area of NC-1, NC-2, NC-
3,and NC-4are 9.1 m>g ', 46.5m> g~ ', 315.9m> g ', and 290.0
m? g, respectively. In NCs, scarce O species (no more than
3.61 atom%) are detected. These two factors suggest a small
quantity of active sites on the NCs surfaces, leading to weaker
redox peaks and peak shift towards lower potential. At the
current density of 0.5 A g™, the discharging time first increases,
maximizes at NC-3, and then decreases (Fig. 7b). This is nearly
exactly the same changing trend showed in HPNCs, but the
increment (120.2%) from NC-1 to HPNC-1 is much larger than
the other three pair of samples (no more than 32.9%, Fig. 7c).
The reason is that the specific surface area ratio Sypnc/Snc 1S
much larger in samples derived from undoped or low CuPcTs
doped PPy than highly CuPcTs doped ones. For example, Sgpnc/
Snc is up to 185.35 for HPNC-1 vs. NC-1, while only 6.17 for
HPNC-4 vs. NC-4. The Sypnc/Snc values suggest that the acti-
vation process can greatly enlarge the surface area, but
diminish the surface area differences between activated
samples. As a result, the specific capacitance increment
between HPNC-1 and HPNC-2 is not as prominent as the
increment between NC-1 and NC-2. Therefore, the smaller
surface area the unactivated carbon is, the larger capacitance
activation contributes. That is to say, the surface area is the
leading factor for small surface area carbon. Anyway, the large
specific capacitance increment of the four pair of samples
indicates that activation does enhance the performance of
HPNCs substantially.

Moreover, the capacitance retention of HPNCs are all above
72% even the current density reached 10 A g™, and the specific
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Fig. 7 (a) and (b) CV and GCD curves of NCs at 20 mV s~ and 0.5 A g2, respectively. (c) Specific capacitance and surface area comparison
between unactivated (NCs) and activated carbon derived (HPNCs) from PPy.

capacitance of HPNC-3 retains 343.8 Fg ' at 10 Ag ™ ". It is the
best rate performance (78.9% capacitance retention) except
HPNC-1 (84.3% capacitance retention) (Fig. 6e). A cyclic test of
5000 cycles at 10 A g~ ' shows only a negligible drop (3.9%),
indicating great cycling stability (Fig. 6f).

Discussion

Based on the characterization and the electrochemical perfor-
mance, the excellent supercapacitive performance can be
ascribed to several aspects as the following: (1) when the
morphology gradually turns from granular particles (HPNC-1)
to interconnected nanofibers (HPNC-2) without obvious size
difference, the elimination of aggregation increases the surface
area. (2) As the diameter of nanofiber decreases by more than
a half (from 140-200 nm of HPNC-2 to 40-60 nm of HPNC-3),
the relative surface area of each single fiber increases with
respect to its volume. Therefore, the utilization of HPNC is
substantially improved, especially the utilization of N content.
Nevertheless, the non-graphitic N increment (1.23 atom% in
HPNC-1, 2.08 atom% in HPNC-2, 2.72 atom% in HPNC-3, and
2.32 atom% in HPNC-4 as summarized in Table 1), resulting
from the growing portion of exposed micro/meso pore edges,
would supply more redox active sites. These factors lead to the
substantial specific capacitance growth from HPNC-2 to HPNC-
3 and such performance of specific capacitance up to 435.6 F
g ' at 0.5 A g~ is superior or comparable for carbon material
derived from biomass to polymer precursors as shown in Table
S2 (ESIt). (3) Among various morphologies, the 1D nanofiber
structure is also intrinsically advantageous to electron trans-
port. Although the nanofibers become thinner from HPNC-2 to
HPNC-4, they become much longer and well intertwined. Such
densely intertwined network successfully improves the elec-
tronic conductivity. The ESRs extracted from high frequency (10
kHz) data confirms this point (Fig. S7 inset, ESIT), which also
ensures efficient charge transfer and high chemical stability.
Synergized with the hierarchically porous structure for fast
electrode/electrolyte interface kinetics, the HPNC can provides
high rate capability and impressively high cycling stability.
Hence, the HPNC can be regarded as a promising candidate
material for high performance supercapacitors, due to its high
specific capacitance and outstanding stability.
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Conclusions

In summary, we have successfully developed a scalable
approach to prepare hierarchically porous N-doped carbon
derived from CuPcTs assembled PPy using carbonization and
sequential chemical activation. Particularly, the obtained hier-
archically porous interconnected nanofiber architecture brings
more efficient electron transfer, better pore connectivity and
higher surface area along with increased non-graphitic N
content by further rational optimization of PPy morphology
prior to the heat treatments. These properties render the
HPNCs specific capacitance as high as 435.6 F g~ ' at 0.5 A g™ "
without sacrificing the extraordinary cyclic stability. This work
presents a new route in tuning the morphology of carbon
material, which is benefit for electrochemical performance
enhancement and illuminating for other tunable precursors.
Besides, the scalability of the fabrication process and the
substitutability with cheaper supramolecular dopant with
multiple sulfonic acid functional groups, in view of the under-
lying assembling mechanism, would make this approach
potential for commercialization.

Experimental section
Synthesis of the doped PPy

Typically, 84 pl (1.2 mmol) pyrrole (99%, Aldrich) was dissolved
in 1 ml isopropanol (denoted as solution A). Dopant solution
was prepared by mixing 0.0327 g (0.032 mmol) CuPcTs in 2 ml
DI water. 0.274 g (1.2 mmol) mass of persulfate (Aldrich) was
added to the dopant solution (denoted as solution B). After
cooling solution A and B to 4 °C, they were mixed quickly. The
product was purified by immersion in ethanol (12 h) and DI
water (24 h) sequentially to remove excessive reagents and by-
products. Then it was dried in vacuum at 60 °C.

Preparation of the HPNCs

The as-synthesized CuPcTs doped PPy was first calcined at
800 °C for 2 h under nitrogen. The product after carbonization
was added to KOH aqueous solution (carbonized PPy and KOH
mass ratio, 1 : 3) for 12 h immersion, after which it was dried.
The followed process was a heat treatment at 700 °C for 1 h

This journal is © The Royal Society of Chemistry 2018
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under nitrogen. After activation, the yield was cleaned using
2 M HCl and washed for several times with DI water until pH =
7. Finally, the sample was dried again in vacuum at 60 °C. In
this work, 0 mmol, 0.008 mmol, 0.016 mmol, and 0.032 mmol
CuPcTs were used in the initial synthesis step, while other
conditions keep unchanged. The unactivated samples derived
from PPy were designated NC-1, NC-2, NC-3, and NC-4,
respectively. The corresponding final obtained HPNCs were
designated HPNC-1, HPNC-2, HPNC-3, and HPNC-4,
respectively.

Material characterization

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were carried out using an JSM-7000F
and a JEM-200CX, respectively. Thermogravimetric analysis
(TGA) was performed in a temperature range of 20-750 °C
under nitrogen atmosphere with a heating rate of 10 °C min™"
using a Pyris 1 DSC thermal analyzer. Powder X-ray diffraction
(XRD) analysis was performed in a X'TRA with Cu Ko radiation
from 3 to 65° at a step size of 0.02° to examine the crystalline
morphology. Raman spectra of the HPNCs were analysed using
a JY HR800. X-ray photoelectron spectroscopy (XPS) was con-
ducted on PHI 5000 Versa Probe. Nitrogen adsorption-
desorption isotherms were obtained using an ASAP 2020 at
77 K.

Electrochemical measurement

The electrochemical measurements were performed in a three-
electrode system using 1 M H,SO, aqueous as electrolyte on
a CHI660C electrochemical instrument. The working electrodes
were prepared using 1 cm x 2 cm carbon cloth sheets as current
collector. The carbon cloth sheets were immersed in 8§ M HNO;,
for 24 h before putting into use. The as-prepared HPNC and
isopropanol were ultrasonicated for 0.5 h to form homoge-
neously dispersed solution at a concentration of 5 mg ml~". The
solution was drop-casted onto a carbon cloth sheet covering an
area of 1 cm?, and then it was dried at 80 °C for 2 h. Each carbon
cloth sheet was weighed before and after coverage of the HPNC
to calculate the weight of the HPNC. Cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) measurements were
carried out in a potential window from 0 to 0.8 V. The electro-
chemical impedance spectroscopy (EIS) was carried out in
frequency ranged from 0.01 Hz to 10 KHz with a voltage
amplitude of 5 mV. The cyclic stability was tested at a current
density of 10 A g~" for 5000 charging/discharging cycles. The
specific capacitance of the HPNC on working electrode can be
calculated from the discharge process according to the
equation:

I, x At
Cn = 1
ING 1)

where Cy, represents the specific capacitance (F g7 '), I, is the
current density (A g~'), and At is the time that the voltage
difference (AV) takes in discharge process.

This journal is © The Royal Society of Chemistry 2018
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