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A template-free carbonization-activation route is developed to fabricate sub-nanopore-containing
porous carbon by using a novel polypyrrole (PPy) hydrogel as a precursor. This design of PPy hydrogel
precursor containing molecular-scale grids (diameter ~2.0 nm) allows for homogeneous N,0-codoping
into the porous carbon scaffold during the pyrolysis process. A subsequent activation step produces
activated porous carbons (APCs) with tailored pore structures, which renders the APCs abundant sub-
nanopores on their surface to increase the specific capacitance as extra capacitance sites. Coupled with
large specific surface area and abundant heteroatoms, the optimized APC4/1 displays excellent specific
capacitance of 379 F/g for liquid-state supercapacitor and 230F/g for solid-state supercapacitor. The
solid-state supercapacitor shows a high energy density of 22.99 Wh/kg at power density of 420 W/kg,
which is higher than most reported porous carbon materials and satisfy the urgent requirements of
elementary power source for electric vehicles. Moreover, this method can be easily modified to fabricate
sub-nanopore-containing porous carbons with preferred structures and compositions for many
applications.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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As the leading materials in practical applications, nanoporous
carbon has been commonly used in supercapacitors (SCs) [1]
owing to their large specific surface area, excellent electrical
conductivity and outstanding electrochemical stability [2-4].
However, nanoporous carbon-based SCs are still limited by
relatively low energy density [5]. Increasing the specific capaci-
tance of carbon materials mainly includes two routes: 1)
Enhancing their electrochemical double-layer (EDL) capacitance;
2) introducingextra pseudo-capacitance.

The EDL capacitance of carbon-based electrodes is strongly
correlated to the specific surface area (SSA) and pore structures
[6,7], while introducing surface groups [8-19] will contribute to
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extra pseudo-capacitance. Notably, it is not that the larger the SSA,
the higher the EDL capacitance, because the gravimetric capaci-
tance would be saturated at ultrahigh SSA for most porous carbons
as aresult of a space charge capacitance originating from the space
charge gradient layer on the electrode side [20]. Interestingly, it has
been revealed that ions desolvation in sub-nanopores (< 1 nm) can
lead to significantly enhanced EDL capacitance, and the efficiency
of pore filling is optimal for EDL formation when pore size is
smaller than 1nm [21-23]. Visibly, designing of finely tuned
nanoporous carbon with sub-nanopores [24] in a more cost-
effective and efficient way is highly needed.

Given that the pore size distribution is predominantly
determined by carbon precursors and activation process [25],
rationally designing carbon precursor with desired pore structure
(e.g., microspore) [26], would be a clever strategy to produce sub-
nanopore-containing porous carbon. Conductive polymer hydro-
gels with 3D networked structures recently developed by cross-
linking the conjugated polymer chains using molecules with
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Fig. 1. Schematic illustration of the preparation processof APC from PPy hydrogel: (a) PPy hydrogel; (b) PC aerogel standing on beards of a plant; (c) APC sample floating on

water.

multiple functional groups has attracted wide attention [27,28]. As
is well known, the cross-linker is a key factor for preparing
polymer hydrogel [4,29], because that introduction of different
cross-linkers can not only tune the morphology/structure [30,31],
but also screen doping heteroatom types of hydrogel. Furthermore,
the morphology and heteroatom of the hydrogel precursor can be
well inherited through carbonization. It can be speculated that the
more the micropores especially smaller than 2 nm are designed in
the hydrogel, the richer the sub-nanopores would be in
carbonization-activation product. Besides, in-situ heteroatom
doping can also bring superiorities [32-34] including uniform
doping, controllable doping amount and maintained electronic
structure of adjacent carbon.

In this work, we developed a template-free precarbonization-
activation method to fabricate sub-nanopore-containing N,O-
codoped porous carbon based on conjugated PPy hydrogel with
molecular-scale grids (diameter ~2.0nm) as the precursorand
KOH as the activator (Fig. 1). This strategy relies on the formation of
a supramolecularly crosslinked PPy hydrogelprecursor doped by an
oxygen bridge-containing cross-linker 5,10,15,20-tetra(4-(carbox-
ymethyloxy)phenyl)porphyrindine (TCMPP). Density functional
theory (DFT) calculations show that the binding energy between
TCMPP molecule and PPy chains is much higher than the lattice
energy between every pair of closely packed Py units, which
renders a more stable porous structure of hydrogel precursor
containing a larger amount of pores (about 2 nm). A subsequent
carbonization-activation step produces N,0-codoped porous
carbons (APCs) with a large amount of sub-nano/marco/meso/
micropores on their surface as extra pseudo-capacitance sites. As a
result, the optimal APC demonstrates an outstanding capacitive
performance including good rate capability, high specific capaci-
tance, and remarkable energy density in solid-state supercapacitor.
This work further proves that sub-nanopores are beneficial to
increasing the capacitance. It also provides a strategy for preparing
sub-nanopore-containing porous carbon by using polymer hydro-
gel of suitable molecule-scale grids as precursor for a wide range of
energy-related applications.

Figs. 2A-C show typical SEM images of PPy hydrogel, PC4/1 and
APC4/1, respectively. The PPy hydrogel precursor shows a
continuous porous network structure with particles of 200-
300 nm in size (Fig. 2A). The PC basically remains unchanged
morphology, although the macropore structure shrinks slightly
after pyrolysis, and wrinkles appear on the surface (Fig. 2B). After
activation by KOH, nanospheres that make up APC4/1 are reduced
to 80~100 nm in size (Fig. 2C) and becomes rougher in outer
surface than PC. By comparing TEM images (Figs. 2D-F), it can be
found that the porosity of APC4/1(Fig. 2F) increases. Different from
PC (Fig. 2H), APC (Fig. 2I) is mainly composed of amorphous

carbon, as will also be demonstrated by following XRD results.
Obviously, finer particle size leads to larger surface area, more
structural defects, in other words, more damaged crystal structure,
and consequently increased content of amorphous carbon. Besides,
according to Figs. 2G-I, abundant nano-pores of about 2 nm are
homogenously embedded throughout the matrix of the hydrogel,
PC and APC. The pore size can be further verified by specific surface
area displayed in Fig. S2 (Supporting information) and Fig. 3D,
where nanopores of about 2nm dominate in the hydrogel
precursor (Fig. S2), about 1.5nm in PC and about 0.52 nm in
APC. Therefore, KOH activation plays an important role in inducing
nanoporosity and nanodefects in carbon materials. Density
functional theory (DFT) computations show that the binding
energy between TCMPP molecule and PPy chains (Fig. S3 in
Supporting information) is 98.9 kJ/mol, which is much larger than
the lattice energy (9.7 kJ/mol) between closely packed Py units
(Fig. S4 in Supporting information). Therefore, a stable porous
structure can be formed in the PPy hydrogel and large amounts of
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Fig. 2. SEM,TEM and HRTEM images of (A, D, G) PPy hydrogel, (B, E, H) PC4/1 and
(C, F, I) APC4/1. Surrounded by yellow circles in Fig. 2G-I are some nanopores,
abundant nano-pores of about 2 nm are homogenously embedded throughout the
matrix of PPy hydrogel, PC and APC4/1.
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Fig. 3. (A) XRD and (B) Raman spectra of PPy hydrogel (curve a), PC4/1 (curve b),
APC3/1 (curve c), APC4/1 (curve d) and APC5/1 (curve e). (C) Argon (87 K) adsorption
desorption isotherm and (D) pore size distribution of PC and APCX samples by
density functional theory (DFT) mode. TEM images of (E) APC3/1, (F) APC4/1 and (G)
APC5/1. HRTEM images of (H) APC3/1, (I) APC4/1 and (J) APC5/1.

nanopores of about 2 nm in size makes it a good precursor to
prepare sub-nanopores-containing porous carbon.

In the XRD patterns (Fig. 3A), PPy hydrogel demonstrates a
broad diffraction peak at 24.1° and three sharp peaks from
crosslinker. Compared with it, PC and APCX samples show three
distinct diffraction peaks at 20 =23.5°, 43.5° and 79.5°, corre-
sponding to the (002), (101) and (110) planes of a graphite phase,
respectively. It should be noted that compared with those in PC, the
diffraction peaks, especially the (002) peak in all APCX samples, are
broadened in width and reduced in intensity, which implies
increased content of amorphous carbon owing to the appearance
of more damaged crystal structure [35]. And the high intensity
enhancement in small-angle scattering can also be detected in all
APC samples. Such phenomenon is consistent with the existence of
a high content of micropores and mesopores (Table S1 in
Supporting information). The development of more defects can
also be demonstrated from following Raman analysis [36].

The PPy hydrogel exhibits a series of characteristic Raman
bands cantered at about 931, 976, 1053, 1244, 1371, 1411 and
1588 cm™~ ! [37], which indicates the polymerization of Py in the
presence of TCMPP. For both PC4/1 and APCX samples, two
characteristic Raman bands at 1358 and 1598 cm™ ! are observed,
corresponding to the D (sp> C) and G (sp? C) bands, respectively.
The D band can be ascribed to disordered graphite or crystal
defects of carbon materials while the G band represents
sppgraphitic lattice vibration behaviour [38]. Generally, the D/G
band intensity ratio is a measure of disordered graphite extent, and

higher intensity ratio of D/G, suggests a more amorphous structure
[39]. The ratios of Ip to Ig (Ip/lg) of all APCX samples (0.85 for
APC4/1, 0.74 for APC3/1, 0.90 for APC5/1) are larger than that of
PC4/1 (0.71), implying that more ordered graphitic structure of PC
is transformed into disorder carbon after activation process. In
other words, activation at 700 °C brings higher amount of defect
and also activates more graphitized area in PC. Higher KOH dosage
results in more defects, which would bring more active sites or
active surface area, thus conducive to the enhancement of
capacitance [39]. In brief, Raman and XRD results indicate that
activation can effectively adjust the carbon structure and the low
graphitic structure of APC samples, caused by the abundant defects
and pores in the sample.

Given in Figs. 3C and D are the Ar adsorption-desorption
isotherms of PC and APCX samples, and their corresponding pore
size distributions. The isotherms of all APCX samples show a type-I
microporous structure [40]. While PC shows typical IV hysteresis
(Fig. S2C), indicating a hierarchical porous structure, which
confirms that KOH activation does not destroy its primary porous
structure. However, the extremely slow increase trend of PC
isotherm at low P/Py suggests it has few micropores, which again
demonstratesthe regulating effect of KOH on the pore size
distribution [41]. It can also be seen from the DFT pore size
distribution curves (Fig. 3D) that compared with PC (Fig. S2) which
show nanopores of about 1.5 nm, all APC samples show a lot of sub-
nanopores of about 0.52 nm, which is consistent with size of
optimized ion-accessible nanopores reported before [42-44].
With the progress of carbonization and activation, the pore size
(2 nm) of the PPy hydrogel gradually decreases to ~1.5 nm (PC) and
to sub-nanolevel (~0.52 nm). Therefore, the selection and activa-
tion of suitable nano-scale precursors synergistically casts the
formation of sub-nanoporous carbon. According to IUPAC, the
smallest pores-micropores (0.2-2nm) [45] can be divided into
super- (> 0.7 nm) and ultra-micropores (< 0.7 nm) [46]. Such ultra-
micropores are more efficient for EDL formation [46]. As
summarized in Table S1, the increase in KOH dosage results in
an ascending trend in specific surface area and pore volume. It can
be seen that micropores including sub-nanopores accounts for a
high proportion in total porosity between 76.13% and 77.61%. This
is due to the etching effect of KOH activator, which can proceeds as:
6KOH + C+«+ 2K+ 3H, +2K,CO;3 [47,48]. All APCX samples share
similar continuous porous morphology with interconnected pore
architecture, as shown in Figs. 3E-G. Close examination of the
carbon backbone (Figs. 3H-]) shows that the surface roughness of
all APCX samples increases as the activation level increases.

XPS spectra (Fig. 4A) show the presence of C, N and O elements
in PC and all APCX samples. It has been reported that both N and O
can act as electrochemically active sites to provide pseudo-
capacitance through reversible Faraday reaction [49-51]. The
elemental compositions of all APCX samples are given in Table S2
(Supporting information). On the whole, the heteroatom content,
especially O element, increases with increased dosage of KOH.
Although APC5/1 has highest content of heteroatoms, its N content
is reduced, which is not conducive to the improvement of
conductivity, so appropriate activation degree is desired to realize
uniform doping of heteroatoms. APC4/1 exhibits a more suitable N
and O contents of 3.0 wt% and 12.74 wt%, respectively. The
deconvolution of O 1s peaks reveals the distribution of oxygen
functionalities, as listed in Table S3 (Supporting information)
which shows that most O in APC samples is chemically bonded to
porous carbon, only a very small portion of O is physically
absorbed. The N 1s spectra (Figs. 4C, G- 1) suggest that all samples
include pyridinic N (N-6, 397.5 eV), graphitic N (N-C, 400.6 eV) and
N oxide (N-O, 402.9 eV). All these can bring various electronic
environments for adjacent-atoms and further create different
active sites. The deconvolution of N 1s peaks reveals the
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Fig. 4. XPS survey spectra for (A) PC and APC samples. Fitted high-resolution XPS spectra of (B, D-F) O 1s and (C, G-I) N 1s for PC and APC samples. (J) STEM-EDS elemental

mapping images of APC4/1.

distribution of N functionalities, as shown in Table S4 (Supporting
information). Abundant defects and pores are generated in APC4/1
as exhibited above, which leads to high amount of exposed N-O
and edge N-6, further enhancing its electron-transform ability. In
addition, both them can also improve the wettability of the carbon
skeleton, so that the specific surface area accessible to electrolyte
ions can be significantly increased, thereby accelerating the
migration of ion. The elemental mapping of C, N and O was
conducted on the basis of the STEM image of APC4/1 (Fig. 4]). The
result demonstrates that all elements are uniformly distributed
across the sample surface.

N,0-codoped APCs with developed porosity and skeleton are
expected to be ideal electrodes for supercapacitors. Accordingly,
the CV curves of all samples at a scan rate of 10 mV/s and potential
range of -0.2~0.8 V are shown in Fig. S5A (Supporting informa-
tion). All CV curves exhibit near rectangular shapes, indicating an
ideal double-layer capacitive behaviour for all APC samples. Note
that they also show wide reversible humps, which indicate a large
pseudo-capacitive contribution to the overall performance related
to the N,O-functionalities. These wide humps evidence that proton

exchange occurs when the samples are polarized during the
reversible redox reaction [52] for that N, O incorporated into the
carbon matrix can enhance the wettability between the electrolyte
and electrode materials [53]. In addition, the pyridinic N in the
carbon skeleton periphery provides electron donor properties [54].
The integral area of APC4/1 electrode is significantly larger than
those of APC3/1 and APC5/1, which indicates that the capacity of
APC4/1 is the largest. Even at 1000 mV/s, APC4/1 gives a CV curve
same in shape as that at low scan rates in 0.5 mol/L H,SO,4 (Fig. S5B
in Supporting information). It can be seen thatat the current
density of 0.5 A/g, the specific capacitance of APC3/1, APC4/1,
APC5/1 electrodes is 255F/g, 379.12 F/g and 272.87 F/g, respec-
tively, as calculated from GCD profiles (Fig. S5C in Supporting
information). Although the specific surface area of APC4/1 is
smaller than that of APC5/1, it contains a higher content of N-6 and
N-O, which is conducive to the improvement of electrical
conductivity, and thus to the increase in specific capacitance.
Besides, although the porous volume of APC5/1 is very high, an
adequate pore size ration is more important for obtaining high
capacitance [24]. Also it has been established that the gravimetric
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capacitance of activated carbons is limited even for the most
porous samples exhibiting a very high SSA [55,56]. Herein, the
capacitance of APC5/1 electrodes decreases slightly though its SSA
is 1642 m?/g, this capacitance saturation can be attributed to the
space charge capacitance [20]. The specific capacitance of APC4/1
electrode is also higher than those of some reported porous carbon
electrodes, as shown in Table S5 (Supporting information). APC4/1
carbon shows a capacitance retention of 50% at 10 A/g, which is
comparable to mesoporous grapheme [57], 3D strutted grapheme
[58] and thin-film grapheme [59] electrodes. No obvious IR-drop
observed, indicating an ideal reversibility of APC 4/1 electrodes
(Fig. S5D in Supporting information).

In order to explore the possibility of APC as a potential
supercapacitor material, symmetric liquid-state supercapacitor
cells were fabricated by using two APC electrodes sandwiched with
H,S04-soaked separator. As shown in Fig. S5E (Supporting
information), compared with three-electrode system, the working
voltage of the liquid-state supercapacitor is enlarged to 1.0 V. At
10mV/s, all devices exhibit near rectangular shapes with slight
distortion, which is characteristic of electrochemical capacitor.
Some weak humps are observed, especially for APC4/1-based LSC
device, owing to the contribution of pseudo-capacitive. Among all
these devices, ANPC4/1-based device has the largest CV curve area,
which is consistent with the GCD results shown in Fig. S5F
(Supporting information) and Fig. 5G. The CV curves of APC4/1
based device remain an unchanged shape even at a high scan rate
of 300 mV/s (Fig. S5H in Supporting information), which can be
attributed to its high conductivity. Obviously, the typical GCD
curves with a triangular shape show an obvious distortion and
small plateaus, which is also indicative of pseudo-capacitive
behaviour due to the Faraday reaction of heteroatoms [60], along
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Fig. 5. (A) CV curves of APC4/1//APC4/1 all solid-state supercapacitor (SSC)
recorded within different working potential windows. Scan rate: 50 mV/s. (B) GCD
cycles for SSC in the voltage windows of 0-1.0V, 0-1.2V and 0-1.4V at current
density of 4 A/g. (C) CV curves of the solid-state device at scan rates of 5-100

mV/s. (D) GCD curves of the SSC recorded at different current densities. (E) Cycle life
of the SSC at 5mA/cm?. (F) Ragone plots comparing the APC-SSC to recently
reported PC-based SSC devices. Inset: Nyquist plots of APC4/1//APC4/1 before and
after stability test.

with electric double layer behaviour. In Fig. S51 (Supporting
information), the GCD curves at current densities from 1 A/g to 10
A/g retain an unchanged shape at all applied current densities,
suggesting that the device exhibits good capacitive characteristics.
Besides, the maximum specific capacitance of 379 F/g for APC4/1
device is obtained at current density of 1 A/g and 70% of the initial
value is retained at a current density up to 10 A/g. This is also
related to its high conductivity as shown in Fig. S5] (Supporting
information) that APC4/1-based LSC exhibits the smallest interfa-
cial charge transfer resistance (R.;) obtained from the diameter of
the semicircles.

CV curves of APC4/1//APC4/1 solid state supercapacitor
measured in different potential windows are shown in Fig. 5A.
Representative GCD cycle at 4 A/g tested for each voltage window
is shown in Fig. 5B. Obviously, compared with LSC, this SSC shows
much broader voltage window. The discharge curves are not
ideally straight lines, implying a Faradic reaction process caused by
N,O-codoping. A large voltage drop appears at 1.4V, which leads to
the poorest rate performance at 1.4 V. Therefore, the capacitive
behaviours of the solid device are studied by CV in the range of 0-
1.2 V with the scan rate ranging from 5 mV/s to 100 mV/s (Fig. 5C).
The CV plots are symmetrical and deviate from a rectangular shape
owing to the surface electro-sorption of H" and the consecutive
reversible surface redox reactions of heteroatoms [61]. The
absence of redox peaks implies the device is charged and
discharged at a pseudo-constant rate during the scanning process.
In the GCD curves of the solid-state device as shown in Fig. 5D, the
IR drop increases with increasing testing current as a result of the
large internal resistance of the device. About 60% retention of the
initial specific capacitance is obtained after 1000 cycles of GCD test,
highlighting the stability of SSC (Fig. 5E). Before stability test, the
solid state device display a typical relatively steep line in the low
frequency region of the Nyquist plots, which is caused by electric
double layer effect (inset in Fig. 5E). The diffusion of H" from
solution into the internal pore channels was also demonstrated
from a conspicuous Warburg curve with a 45° slope in the
intermediate frequency region [62]. The small semicircle in the
high frequency region implying fast charge transfer processes.
After 1000 cycles of GCD test, the electric resistance increases from
25 () to 55 (), which explains why stability is reduced. The cycle
number has been increased to 10,000 cycles, however, the
performance drop a lot. There are a lot of O elements on the
surface, which contribute a lot of pseudo-capacitance, may
influence its stability. The areal power and energy densities of
the solid state supercapacitors at various current densities are
shown in Fig. 5F. The energy densities of the device is in the range
of 420-3000 W/kg at the power density of 22.99— 12.09 Wh/kg,
which is much higher than that for most of heteroatom-doped
carbon-based supercapacitors previously reported [63-72].

The charge/discharge time of two or three assembled devices
connected in series is twice or triples that of a single device;
meanwhile the voltage range retains the same (Fig. 6A). Besides, a
double or threefold increase in voltage range is obtained when
devices are connected in parallel (Fig. 6B). Thus, our SSCs
connected in either series or parallel meet the growing demand
of smart integrated electronics. Besides, for further practical
demonstration, two serially-connected SSCs can continuously
power a red LED bulb (2.2 V) for around 20 min (Fig. 6C). Three
serially-connected SCs can continuously power four or five LED
bulbs (1.8-2.2 V) for around 5 min which constitute the logo of
“TYUT” (Fig. 6D).

In conclusion, we have developed a cost-effective and scalable
approach to fabricate sub-nanopore-containing porous carbon
(APC), simply by carbonization-activation of PPy hydrogel obtained
from polymerization of pyrrole in the presence of oxygen bridge-
containing cross-linker. The resultant APC shows high surface area,
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powered by two SSCs connected in series. (D) Digital images of three connected
SSCs for powering the logo of “TYUT".

abundant sub-nano/mirco/meso/macroporosity, network inter-
connected structure and rich N, O-codoping. These favourable
multiple synergistic characteristics endow APC with excellent
specific capacitance of 379 F/g for liquid-state supercapacitor and
230F/g for solid-state supercapacitor. Moreover, the solid-state
supercapacitor shows a high energy density of 22.99 Wh/kg at a
power density of 420 W/kg. This work presents a new route in
rendering APC abundant sub-nanopores on its surface to increase
the specific capacitance as extra pseudo-capacitance sites. We
anticipate that this route will also be useful for developing other
electrode material with desired structures and heteroatoms for a
lot of applications.
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