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Abstract In the work, we successfully fabricate mesoporous
N- and O-enriched carbon (NOC) with adjustable porosity and
specific surface area (SSA) by using low-cost lignite as a
precursor coupled with general KOH or ZnCl, activation for
electrochemical capacitors (ECs). Physicochemical and elec-
trochemical characterizations reveal that chemical activating
agents influence significantly upon the specific morphology,
pore structure, and electrochemical performance of the resul-
tant products. Strikingly, KOH-activated NOC (NOC-K)
sheets are endowed with high SSA of ~1257 m* g, large
pore volume of 1.3 cm® g ', and optimized pore size of ~3 nm,
rendering its electrochemical capacitance superior to those of
NOC and ZnCl,-activated NOC (NOC-Z) in 6 M KOH.
Thanks to its rich mesoporosity coupled with large
electroactive SSA and heteroatom doping (N of ~4.8 at.%
and O of ~23.3 at.%) effect, the NOC-K electrode yields even
better electrochemical behaviors in 1 M H,SO, than those in
6 M KOH.

Electronic supplementary material The online version of this article
(doi:10.1007/s10008-015-3100-8) contains supplementary material,
which is available to authorized users.

>4 Linrui Hou
houlr629@163.com

>4 Kwun Nam Hui
bizhui@umac.mo

P4 Changzhou Yuan
ayuancz@]163.com

School of Materials Science & Engineering, Anhui University of
Technology, Ma’anshan 243002, Peoples Republic of China

Institute of Applied Physics and Materials Engineering, Faculty of
Science and Technology, University of Macau, Macau, Peoples
Republic of China

Keywords N-and O-enriched carbon sheet - Hierarchical
porosity - Faradaic contribution - Electrochemical capacitors

Abbreviations

NOC N- and O-enriched carbon

SSA Specific surface area

SED Specific energy density

ECs Electrochemical capacitors

NOC-Z  ZnCl,-activated NOC

NOC-K  KOH-activated NOC

CE Coulombic efficiency

EDLCs  Electrochemical double-layer capacitors
SC Specific capacitance

BET Brunauer-Emmett—Teller

RT Room temperature

FESEM  Field-emission scanning electron microscope
TEM Transmission electron microscope
HRTEM High-resolution transmission electron microscope
PSD Pore size distribution

BJH Barrett—Joyner—Halenda

XPS X-ray photoelectron spectroscopy

Ccv Cyclic voltammetry

CP Chronopotentiometry

EIS Electrochemical impedance spectroscopy
SCE Saturated calomel electrode

SL Shengli

SPD Specific power density

BE Binding energy

Introduction

In recent years, electrochemical double-layer capacitors
(EDLCs), as a promising high-power energy source, have
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attracted tremendous attentions for versatile applications
where high power density, high Coulombic efficiency (CE),
and long-term cycling life are urgently required. In general,
the energy storage mechanism of EDLCs primarily involves
charge storage at the electrode/electrolyte interfaces through
reversible ion adsorption/desorption, thus charging the so-
called double-layer capacitance [1—4]. In this term, the real
specific capacitance (SC) of one electrode should depend
greatly upon its efficient specific surface area (SSA), that is,
the double-layer capacitance would be directly proportional to
electroacitve surface freely accessible to the electrolyte ions
[1-4], rather than the SSA measured by the Brunauer—
Emmett—Teller (BET) method. It is therefore necessary yet
urgent to explore several efficient strategies to increase the
effective SSA of electrodes for maximizing their specific en-
ergy density (SED).

Among various available electrode candidates for EDLCs,
porous carbons have been investigated intensively so far,
benefiting from their well-developed porous structure, good
electronic conductivity, controllable surface property, excel-
lent physicochemical stability as well as cost efficiency and
accessibility [1-7]. Unfortunately, carbon materials are typi-
cally featured by the inert surface, rendering electrolyte ions
difficult to penetrate into the inner surface of carbon frame-
work for efficient charge storage. It is for this reason that some
functional groups and/or heteroatoms (such as N and O) are
highly expected to introduce into porous carbon scaffolding
with ultimate aim to enhance the electrode/electrolyte wetta-
bility via the formation of polar functional groups [6, 8—11].
Besides this, the introduced N and O species further provide
the acid/base properties to the carbon, contributing the extra
pseudo-capacitance, i.e., additional Faradaic effects, from the
striking redox process of the heteroatom functionalities [6,
11-13]. One also should note that the heteroatom N is a more
promising candidate, owing to its small atomic diameter, high
electronegativity, and additional free electrons [7, 12—14],
which make the N-doped carbon a better electronic conductor.
In addition, the suitable pore structure of carbon materials
plays another significant role in maximizing their electro-
chemical capacitance. Recent reports [15—17] suggest that ap-
propriate pore sizes (2—5 nm) of the porous electrode are crit-
ical to ease the mass transfer of electrolyte within these pores
for double-layer charging/discharging and fast redox reac-
tions. Therefore, the N- and O-enriched carbon (NOC) with
suitable mesoporosity would be an excellent electrode for ad-
vanced electrochemical capacitors (ECs), where the advan-
tages of indefinitely reversible double-layer capacitance and
rapid reversible pseudo-capacitance are smartly combined
together.

As regards to EDLCs, material cost, as a limiting factor for
their practical applications, restricts the utilization of compli-
cated synthesis and expensive precursors. With the scalably
cost-effective fabrication of high-performance NOC in mind,
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we thus believe that it is of great significance to explore the
cheap precursors or universal resources in nature, such as
human hairs [13], dead leaves [18], animal bones [19], fish
scale [20], banana fibers [21], rice husk [22], cashmere [23],
and sulfonated pitch [24], for simple synthesis of mesoporous
NOC. Furthermore, the NOC can be prepared by directly py-
rolyzing what are naturally rich in N and O elements, strongly
favoring for more homogeneous incorporation of the N and/or
O species into the bulk carbon, rather than just on their sur-
faces [25]. Abundant reserves and cost-effective availability
of coals, especially lignite [26, 27], further stimulate their
utilization to produce higher value-added products for broader
applications. It is well known that lignite, as a low-rank coal,
is mainly used as fuel for power plant but with some disad-
vantages including low calorific value and high mineral matter
and moisture contents. Therefore, it would be better to further
explore its non-fuel application. Appealingly, note that the
lignite commonly possesses a relatively high proportion of
N-containing organic species, such as humin and humic acids
[26, 27]. As a result, one appealing way is probably the ele-
gant utilization of the lignite as raw sources to synthesize
high-performance NOC for ECs.

With comprehensive considerations above, in the work, we
controllably synthesized mesoporous NOC products by using
the lignite as a starting precursor coupled with facile KOH or
ZnCl, activation. Great influences of activating agents upon
the specific morphology, pore structure, and corresponding
electrochemical performance of the resultant NOC samples
were systematically investigated. The KOH-activated NOC
(denoted as NOC-K) sheets with the largest SSA and appro-
priate pore size yielded even better electrochemical capaci-
tance than those for NOC and ZnCl,-activated NOC
(designed as NOC-Z) electrodes in 6 M KOH. Remarkably,
the NOC-K delivered much better electrochemical properties,
compared to those in 6 M KOH, thanks to the optimal
mesoporosity, large electroactive SSA, and desirable hetero-
atom doping effects. A NOC-K-based symmetric device ob-
tained a large SED of ~6.7 Wh kgfl in 1 M H,SO,4. The
excellent supercapacitive performance encourages its aspired
commercial exploitation for ECs.

Experimental

Synthesis and characterization of the NOC, NOC-Z,
and NOC-K products

The lignite from Shengli (SL) mine (China) was used as the
carbon precursor. The proximate and ultimate analyses
(Table S1, see Supporting Information) of the SL lignite were
first performed. After being washed, dried, pulverized, and
sieved, the as-obtained black granular sample of 150—
250 pm in size was then stored in an airtight container before
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use. After being carbonized in a tubular furnace at a tempera-
ture of 500 °C for 2 h with a heating rate of 5 °C min”' under
N, atmosphere, the “crude” (unactivated) NOC product was
then prepared. During the following KOH-activated process,
the as-obtained NOC was homogeneously mixed with activa-
tion agent of KOH in a KOH/NOC ratio of 3:1 (W/W).
Afterwards, the mixture was further activated under N, flow
at 800 °C for 2 h in a tubular furnace with a heating rate of
3°Cmin . After cooled to room temperature (RT), the resul-
tant material was first washed with the mixed HF—HCI solu-
tion, rinsed with copious distilled water until neutral, and then
dried in vacuum at 100 °C. The NOC-K sample was finally
prepared. For comparison, the ZnCl,-activated process was
also carried out. At RT, 0.5 g of the given NOC was impreg-
nated with aqueous ZnCl, solution (3 M) for 12 h. After being
separated by filtration, and dried at 80 °C overnight under
vacuum, the product was further activated in a quartz tube at
800 °C for 2 h with a heating rate of 3 °C min '. The powder
was further washed with mixed HF—HCI solution and copious
water in sequence and dried at 120 °C. The NOC-Z was
prepared.

Ultimate analyses of the carbon precursor were conducted
on an elemental analyzer (Vario EL III, Elementar, Germany).
The powder X-ray diffraction (Max 18 XCE, Japan) pattern
from 20° to 80° was measured by using a Cu Ka source
(A = 0.154056 nm) at a scanning speed of 3° min '. The
morphologies and micro-structures of the resulting samples
were examined by field-emission scanning electron microsco-
py (FESEM, JEOL-6300F, 15 kV), transmission electron mi-
croscope (TEM), and high-resolution transmission electron
microscope (HRTEM) of JEOL JEM 2100 system at an ac-
celeration voltage of 200 kV. N, adsorption/desorption was
determined by BET measurement using an ASAP-2020 sur-
face area analyzer. The pore size distribution (PSD) was de-
rived from the adsorption branch of the Barrett—Joyner—
Halenda (BJH) method. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a PHiS000 X-ray
photoelectron spectrometer with an Al Ka excitation source
(1486.6 V). The spectra were fitted with the XPSPEAK41
software. Before XPS analysis, the samples were dried at
120 °C in a vacuum oven overnight to remove the absorbed
water. The Raman analysis of the sample was recorded by
laser Raman (T6400, Jobion yzon crop. France). Electronic
conductivity was performed by a four-point probe meter
(SDY-5, Guangzhou, China) at RT.

Electrochemical tests

The working electrode was prepared with the electroactive
NOC-K (NOC or NOC-Z), acetylene black, and
polytetrafluoroethylene in a weight ratio of 8:1.5:0.5. A small
amount of distilled water was then added to make more ho-
mogeneous mixture, which was pressed onto Ni foam (1 cm?)

at a pressure of 15 MPa for following electrochemical tests by
cyclic voltammetry (CV), chronopotentiometry (CP), and
electrochemical impedance spectroscopy (EIS) measurements
performed with an IVIUM electrochemical workstation (the
Netherlands). EIS tests were carried out in 6 M KOH with a
frequency loop from 10° to 0.01 Hz using a perturbation am-
plitude of 5 mV at —0.4 V (vs. a saturated calomel electrode
(SCE)). The mixture was also smeared onto the pretreated
graphite substrate (1 cm?) [28] instead of electrochemical
characterizations in 1 M H,SO,. All experiments were carried
out in three-clectrode cells with a platinum plate counter elec-
trode (1 cm?) and a SCE reference electrode at RT. The elec-
trolyte used here was 6 M KOH (or 1 M H,SO,) aqueous
solution. The typical loading of the NOC-K (NOC-Z or
NOC) is 5 mg cm > for electrochemical tests in acidic/basic
electrolytes. Cycling performance was carried out with a
CT2001D tester (Wuhan, China). Furthermore, a symmetric
device was fabricated by using two NOC-K electrodes face to
face in 1 M H,SO,4 (or 6 M KOH) solution. The SCs of the
electrode or symmetric devices with 6 M KOH or 1 M H,SO,4
can be calculated by using the following equation:

1t

SC= 3y (1)

where I, #, and AV denote discharge current (A g '),
discharging time (s), and discharge potential interval (V), re-
spectively. And the SED and specific power density (SPD) of
the NCC-K-based symmetric ECs can be calculated using the
following equation:

1
SED = SPDr = SC(AV)? (2)

where SC is the capacitance of the symmetric ECs, which is
calculated based on the whole mass of the two electrodes in
symmetric devices.

Results and discussion
Physicochemical characterization

In order to well develop appropriate pore network in
carboneous materials, physical and/or chemical activation is
generally required [29, 30]. Compared to physical activation,
chemical strategy, where KOH, ZnCl,, and K,COj3 are com-
monly used, has lots of distinct advantages including lower
activation temperature, higher yield, shorter activation time,
and so on [30]. In the synthetic methodology developed here,
two procedures, involving in the pre-carbonization and subse-
quent chemical activation, were carried out for controllable
synthesis of hierarchical porous NOC products. The dried
lignite was first pre-carbonized at 500 °C to produce NOC
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samples. Then, the resultant NOC was mixed homogeneously
with KOH or ZnCl, and further activated at 800 °C to effec-
tively develop the rich mesoporosity of the final products.
Obviously, the typical XRD pattern (Fig. S1, see
Supporting Information) of the as-fabricated NOC-K exhibits
two characteristic peaks located at around 26 = 26.2° corre-
sponding to the (002) and 44.3° related to the (101) planes,
and the representative FESEM image of the resulting NOC-K
is demonstrated in Fig. 1a. Obviously, the NOC-K sample
presents irregular sheet-like morphology, while its analogue
NOC-Z is morphologically monolithic with ordinary particu-
late structure (Fig. S2, see Supporting Information). TEM
measurements were further performed to elucidate the micro-
structure of the resulting NOC-K more clearly. As observed in
Fig. 1b—e, sheet-like structure of the NOC-K is clearly pre-
sented, and the brighter contrast in these TEM images reveals
the extremely porous nature of the NOC-K itself. HRTEM
image (Fig. 1f), detected from a sampling area indicated by
the red rectangle region in Fig. 1d, further verifies that the
unique NOC-K sheets are really a structurally porous archi-
tecture in the nano-scale and/or sub-nanometer range. This
prominent porous feature would contribute to much more
electroactive sites and provide more convenient mass trans-
port meantime for efficient charge storage. As discussed
above, different activating agents result in distinct morphol-
ogies, which should be rationally ascribed to different

Fig. 1 FESEM (a), TEM (b—e), and HRTEM (f) images of the sample.
The images in ¢—f are the magnified ones of the red rectangle regions in
panels b, ¢, and d, respectively
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activation mechanisms of KOH and ZnCl,. As for the KOH
activation, etching the carbon framework between various po-
tassium compounds with carbon and the formation of H,O
and CO, in the activation system positively contribute to the
generation of well-developed pore network in the resultant
product [31, 32]. Furthermore, the metallic K formed during
the activation can efficiently intercalate into the carbon lattices
of the carbon matrix, leading to the expansion of the carbon
lattices [31, 33]. After removal of the intercalated metallic K
and/or K-based compounds by following washing, the ex-
panded carbon lattices cannot return to their previous struc-
ture, and thus, the NOC-K sheets with rich porosity that are
necessary for large SSA are created meanwhile. With regard to
the ZnCl, activation process, it is generally known that ZnCl,
just acts as a dehydration agent [34, 35]. Molina-Sabio and
Rodriguez-Reinoso [34] once pointed out that the impregna-
tion with ZnCl, first resulted in degradation of the cellulosic
material, and on carbonization, produced dehydration that led
to charring and aromatization of the carbon skeleton, and cre-
ation of the pore structure [34, 35]. Thus, irregular NOC-Z
particles are obtained.

N, sorption isotherm measurements were comparatively
probed at a temperature of 77 K to investigate the develop-
ment of porosity and BET SSA with the chemical activation.
As plotted in Fig. 2a, the isotherm of the NOC sample should
be classified as type IV with a distinct H3-type hysteresis loop
at a relative high pressure range, according to the ITUPAC
classification, indicating typical mesoporous characteristics
of the NOC, which can be further confirmed by its PSD data
obtained by the BJH method (Fig. 2b). Similar to those for
NOC, just mesoporous characteristics can be observed for the
NOC-Z product, as depicted in Fig. 2c, d. As a contrast, the N,
desorption/adsorption isotherm of the NOC-K is close to a
combination form of type I and type IV, as demonstrated in
Fig. 2e, suggesting the co-existence of micropores and
mesopores, which is evidently supported by its PSD
(Fig. 2f). As examined from texture parameters of the three
(Table S2, see Supporting Information), the NOC just pos-
sesses low BET SSA of ~19 m* g', small pore volume of
~0.034 cm® g ' as well as large pore size of ~20.9 nm. After
ZnCl, activation process, one should note that the NOC-Z
demonstrates higher SSA of 829 m* g™' and larger pore vol-
ume (1.3 cm® g_l) along with a smaller pore size of ~7.6 nm.
Encouragingly, the SSA and pore volume of the NOC-K dra-
matically increase up to ~1257 m* g ' and ~1.3 cm® g ', re-
spectively, and the average pore size is greatly down to
~3 nm, which is evidently located in the optimal pore
size range of 2-5 nm, as reported before [15-17, 36].
Considering the comparative data above, it is easy to
conclude that KOH is more effective to produce carbons
with large SSA and appropriate mesopore size for effi-
cient charge storage. Thus, we expect that the NOC-K
with the largest SSA and optimized pore size would be
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the most promising electroactive material among the
three for advanced ECs.

To further study the graphitization degree and electronic
conductivity of the NOC-K sample, Raman spectrum and cor-
responding fitted data is shown in Fig. 3. Obviously, the spec-
trum shows two characteristic peaks located at ~1590 and
~1317 ecm™". The former centered at ~1590 cm ™' (i.e., G

D-band

G-band

Intensity (a.u.)

1200 1800 2400

Wavenumber (cm™)

Fig. 3 Raman spectrum and corresponding fitted data of the as-
fabricated NOC-K sample

Pore size (nm)

(graphitic)-band) is commonly attributed to the vibration of
sp>-bonded carbon atoms in two-dimensional hexagonal lat-
tice [37], and the latter, i.e., D (defects and disorder)-band, is
associated to the defects and disorders of structures in carbon
materials. The stronger D-band should be partially ascribed to
somewhat disorder caused by the incorporation of heteroatom
N and O in the NOC-K framework. The ratio of “D-band” to
“G-band”, also known as the “R value,” reveals the amount of
structurally ordered graphite crystallites and reflects its graph-
itization degree. The R value of the NOC-K is calculated as
~1.1, less than that (~1.23) of the human hair-derived carbon
at the same temperature [13], suggesting high structural align-
ment of the NOC-K, which should be responsible well for its
desirable electronic conductivity of ~21 S cm™ .

The surface chemistry of the carbon plays a significant role
in enhancing its electrochemical capacitance, as established
previously [6—11, 13]. Typical TEM elemental mapping and
composition analysis (Fig. S3, see Supporting Information) of
the NOC-K sheets confirms the presence and homogeneous
distribution of the C, N, and O within the sample. The nature
of the three species was nextly investigated by XPS
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measurement. Corresponding XPS spectra and fitted plots are
demonstrated entirely in Fig. 4a—d. The survey spectrum
(Fig. 4a) shows the presence of C, O, and N in the NOC-K,
and the contributions of each species obtained by fitting the C
Is, N 1s, and O 1s core level spectra are collected and com-
piled exhaustively in Table 1, as well as peak positions and
relative concentrations. The atomic contents of C, O, and N
elements are quantitatively calculated as ~72.0, ~23.2, and
~4.8 at.%, respectively. Typical C 1s spectrum (Fig. 4b) can
be deconvoluted into the following five bands: C in rings (sp*
C=C) without N at a binding energy (BE) of 284.6 eV (C-I,
~64.7 at.%); sp° C—C at 285.2 eV (C-II, ~9.6 at.%); C—C
singly bound to O in phenol and ether (i.e., C*~OH, or C*—
0—*C) and C*~N groups at 286.1 eV (C-III, ~8.4 at.%); C sp”
linked to N (i.e., C¥*=N) and O (i.e., C¥*=0O or O-C*-0)
groups around at 287.3 eV (C-IV, ~5.6 at.%); and C in car-
bonate groups and/or adsorbed CO and CO, at 289.2 eV (C-V,
~11.7 at.%) [37-39]. In the region of N 1s core level spectrum
(Fig. 4c), the chemical states of the N atom with BEs of 398.7
and 399.5 eV can be identified as the pyridinic N (N-I,
~13.7 at.%) and N-pyrrolic/N-pyridonic (N-II, ~86.3 at.%),
respectively, by using a Gaussian fitting method [40, 41].
Two characteristic peaks at 531.3 and 533.3 eV in the O 1s
spectrum (Fig. 4d) can be related to the O in the quinine-type
group (O*=C) (O-I, ~91.1 at.%), and non-carbonyl (ether-
type) oxygen atoms (O-II, ~8.9 at.%) in esters and anhydrides
bound to the NOC-K surface [12]. As established well [11],
the pseudo-capacitive interactions just can take place on neg-
atively charged N-I and N-II and the “O*=C” group (O-I)
(Fig. S4, see Supporting Information) [11, 42]. With the sys-
tematic XPS investigation above, it is easy to conclude that the

Table 1 XPS peak

positions and relative Peak position (eV) at.%
content of C, O, and N ]
species in the as- C species (72 at.%)
obtained NOC-K C-1 284.6 64.7
sample. Estlmatlgn ofthe CAl 2850 96
heteroatom species
fraction is based on the ¢ 286.1 8.4
area of their respective C-1Iv 2873 5.6
peaks Cc-v 289.2 11.7
O species (23.2 at.%)
O-1 5313 8.9
O-II 5333 91.1
N species (4.8 at.%)
N-I 398.7 13.7
N-II 399.5 86.3

NOC-K possesses high-content N-pyrrolic/N-pyridonic (N-II,
~4.1 at.%) and quinine-type group (O* = C) (O-I, ~21.1 at.%)
with remarkable pseudo-capacitive contributions, which sig-
nificantly favors to improve the final electrochemical capaci-
tance of the NOC-K. Besides this, O- and N-based functional
groups render good wettability of the NOC-K, which can be
visually confirmed by the small contact angle (~28°) (Fig. S5,
see Supporting Information). It would promote deep wetting
by aqueous electrolyte into the NOC-K sheets and make even
larger inner surface ion accessible for efficient energy storage.

Electrochemical performance

Thanks to large SSA, moderate pore volume/size, and rich
heteroatoms, the as-prepared NOC-K would be highly

Fig. 4 Fitted high-resolution
c1
XPS spectra of the hierarchical a ° b
NOC-K. a Survey spectrum, b C 5 0% -
1s,eN1s,and d O 1s s 3
=z o =
2] e 2
b N1s 5
= E
1000 800 600 400 200 296 292 288 284
Binding energy (eV) Binding energy (eV)
C
e 5
s s
= =
(7] [72]
o o
] o
k= h=
412 408 404 400 396 537 534 531 528 525

Binding energy (eV)
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anticipated to perform as excellent electrode for ECs. The
electrochemical performance of the NOC-K was firstly mea-
sured in three-electrode configuration with 6 M KOH as elec-
trolyte. As presented in Fig. 5, CV curves of the NOC-K and
NOC-Z, compared to the NOC electrode, exhibit a typical
electric double-layer capacitive behavior with near rectangular
shape with respect to the zero current line between —1.0 and
0.0 V (vs. SCE) at scanning rates of 5 (Fig. 5a) and 50 mV s
(Fig. 5b). Of note, the NOC-K demonstrates the largest elec-
trochemical currents and integrated areas under the current-
potential curve at the same rates, as seen in Fig. 5, indicating
the highest charge storage capacity of the NOC-K even at a
high rate of 50 mV s'. Furthermore, more rapid current re-
sponse of the NOC-K on voltage reversal at each end poten-
tial, that is, a less sensible increase in iR drop (i.e., the slope of
V/I on voltage reversal at each end potential) with the scanning
direction of CV changing, is obviously observed. This finding
strongly reveals the rapid charge propagation nature of the
NOC-K in KOH electrolyte, which also can be verified by
noticeable “box-like” shape (Fig. 6a) even with the scan rate
up to 100 mV s~ '. The outstanding electrochemical behaviors
of the NOC-K in 6 M KOH should be reasonably ascribed to
its desirable electronic conductivity (~0.67 ohm) and small
charge transfer resistance (~0.53 ohm), when compared to
those for NOC and NOC-Z, as evaluated from the EIS data
(Fig. S6, see Supporting Information), besides its large SSA
and appealing pore structure (Table S2, see Supporting
Information).

Galvanostatic CP tests over a large current range from 0.5
to 10 A g~' were further conducted to evaluate potential ap-
plication of the NOC-K as an appealing electrode for ECs.
Figure 6b shows the typical CP plots within the potential
window from —1.0 to 0.0 V (vs. SCE) at various current rates
as indicated. The linear characteristics of the charge/discharge
curves prove the representative double-layer capacitive nature
of'the NOC-K in 6 M KOH again. The gravimetric SCs of the
NOC-K can be calculated from these CP plots (Fig. 6b), and
typical SCs as a function of discharge current density are
collected in Fig. 6¢c. Clearly, the mass SCs of the NOC-K are
estimated as ~216, ~179, ~165, ~150, and ~136 F gfl at
current densities of 0.5, 1.0, 2.0, 5.0, and 10 A gfl,

respectively, higher than those of coal liquefaction residue
(~125 F g ") and other coals (~170 F g™") [43]. By contrast,
the NOC-Z delivers smaller SCs of ~162 and ~90 F g' at
current rates of 1.0 and 10 A g, respectively. It is also worthy
of noting that the NOC just yields a SC of ~26 F g at
05Ag "' andeven4 F g ' atahighrate of 5 A g”'. In view
of charge storage mechanism and corresponding SCs of the
three in KOH, we speculate the effective SSA order of the
three as follows: NOC-K > NOC-Z > NOC. The largest
electroactive SSA and suitable pore size of the NOC-K can
be well responsible for its promising electrochemical capaci-
tance observed in 6 M KOH.

One thing still cannot be ignored that the pseudo-capacitive
effects arise from the heteroatoms of N and O in acidic elec-
trolyte, as presented in Fig. 7. CV evaluation of the NOC-K
was nextly carried out to further study the striking contribution
of high-content pyrrolic/pyridonic N and quinine-type O
groups to the overall electrochemical behaviors of the NOC-
K in 1 M H,SO,. Figure 7a demonstrates the representative
CV curves from 0.0 to 1.0 V (vs. SCE) of the NOC-K in 1 M
H,S0,. Impressively, the electrochemical current subsequent-
ly increases while the CV shape almost keeps the same with
the scan rates increasing, as demonstrated in the multi-scan
rate voltammograms (Fig. 7a), suggesting good electrochem-
ical capacitance of the unique NOC-K over the entire scan
range from 5 to 100 mV s '. One should especially note that
the E-I responses also feature extra appearance of prominent
broad and overlapped humps ranged from ~0.3 to ~0.7 V (vs.
SCE) with various sweep rates, which should originate from
the combination of EDLC and Faradaic pseudo-capacitance
related to the heteroatom functionalities of the NOC-K in 1 M
H,SO,, rather than just the single EDLC (Figs. 5 and 6a).
Therefore, the NOC-K yields even larger electrochemical cur-
rents, compared to those in KOH electrolyte (Figs. 5 and 6a),
revealing the enhanced capacitance of the NOC-K in 1 M
H,SO,. As evident in Fig. 7b, both of the electrochemically
cathodic and anodic peak currents vary linearly with higher
sweep rates, such as 50, 80, and 100 mV s demonstrating
the excellent rate behavior of the NOC-K, although the
Faradaic reactions are involved in the electrochemical process
in H,SO,. Figure 7c further depicts the peak currents of the

Fig. 5 CV curves (a, 5mVs '; 4t p I
b, 50 mV s 1) of the NOC, NOC- | 7~ e
Z, and NOC-K electrodes in 6 M 20}
KOH —_ i
< L
£
T 20t
[ —_— ——NoC
40 ~ —nNoOCZ
P L ~—=NOC-K
L L L L L L o 1 L 1 i 1 L
1.0 -08 -06 -04 -02 0.0 1.0 -08 -06 -04 -0.2 0.0
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Fig. 6 CV curves at various sweep rates (a), CP plots (b), and calculated SC as a function of current density (c) of the as-prepared NOC-K electrode in

6 M KOH solution

NOC-K as a function of the square root of scan rate (v'"%). The
linear relationship of / vs. v'"* observed here shows a unique
diffusion control process of the NOC-K electrode at lower
scanning rates, such as 5, 10, and 20 mV s ! [44-406].
Figure 7d demonstrates the typical charging/discharging plots
of the NOC-K within the potential window from 0.0 to 1.0 V
(vs. SCE) with a large current span from 0.2 to 10 A g~'. Non-
linear charge/discharge curves are apparently presented,
which should result from electrochemical adsorption/
desorption and redox reactions at the electrode/electrolyte in-
terface in 1 M H,SO4. And much larger SCs 0f 449, 291, 244,
208, 166, and 146 F g{l can be calculated, based on the CP
data in Fig. 7d, at current densities of 0.2, 0.5, 1.0, 2.0, 5.0,
and 10 A g, respectively, in 1 M H,SO, (Fig. 7¢), much
higher than those in 6 M KOH (Fig. 6¢). Considering the
dimensional order of OH < K' = H3;0" (3.62—
4.2 A)<S04* (5.33 A)[47, 48], the double-layer capacitance
contribution of electro-adsorption to the overall capacitance in
6 M KOH should be more pronounced than that in 1 M

H,SO,. However, the overall SC observed in 6 M KOH is
even smaller than those in 1 M H,SO,. This leads us to believe
the existence of extra contribution from the resultant pseudo-
capacitance once more. More strikingly, the surface area-
normalized capacitance of the NOC-K, considering its SSA,
is reckoned as ~35.7 uF cm ~ at a current density of 0.2 A g
in 1 M H,SOy4, much higher than the theoretical EDLC capac-
itance of the carbonaceous materials (1025 uF cm™?) [4, 44],
verifying its high electrochemical surface utilization in aque-
ous acidic electrolytes. This should be reasonably attributed to
a more sensitive effect of the basic oxygenated and
nitrogenated surface functional groups of the NOC-K with
enhanced wettability and proper porous feature in 1 M
H,SO,, which gives rise to extra pseudo-capacitive effects
from sufficient Faradaic redox reactions in acidic medium.
Thus, we take it as proof-of-principle for the importance of
structurally incorporated N and O species in the enhancement
of the capacitive performance in 1 M H,SO4. Retention of the
SC during continuous charge/discharge cycles at high rate
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Fig. 7 CV curves at various sweep rates (a), the relationship between
anodic and cathodic peak current and the sweep rate (b, 0.5 V), the
current vs. v’ (¢, 0.5 V), CP plots (d), calculated SC as a function of
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current density (e), and cycling performance (f, 2 A g ') of the as-
prepared NOC-K electrode in 1 M H,SO4
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operating condition is essential for practical viability of ECs.
Figure 7f displays the long-term cycling performance of the
NOC-K investigated by using CP measurement at large cur-
rent rate of 2.0 A g~' within a potential window of 0.0-1.0 V.
Obviously, ~97 % of the initial SC is still maintained over
5000 continuous cycles, displaying excellent electrochemical
stability of the NOC-K in 1 M H,SO,. The appealing electro-
chemical performance observed here could be reasonably at-
tributed to the following characteristics. Firstly, large SSA of
the NOC-K affords rich electrode/electrolyte sur-/interfaces
for efficient charge accommodation. Secondly, the presence
of O and N heteroatoms in NOC-K framework not only en-
hances its surface wettability to ensure a sufficient utilization
of the exposed surface for effective charge storage but also
produces stable pseudo-capacitance through Faradaic charge
transfer reactions. Thirdly, the optimized PSD decreases the
inner-pore ion-transport resistance and the diffusion distance
in the NOC-K sheets. And finally, good electronic conductiv-
ity leads to a lower electron transport resistance on the NOC-K
electrode, due to the typical nitrogen functionality, particularly
the richness in bulk N for the NOC-K product [12, 49-51].

Further electrochemical investigation was carried out in
6 M KOH or 1 M H,SO, by using symmetric devices with
two identical electrodes constituted from the NOC-K within
an electrochemical voltage window of 1.0 V. As evident in
Fig. 8a, b, the NOC-K-based symmetric cells present quasi-
rectangular CV shape at wide scanning rate spanning from 5
to 100 mV s, which suggests the excellent electrochemical
capacitance of the symmetric ECs both in aqueous H,SO, and
KOH electrolytes. Also note that the higher electrochemical
current and larger integrated area under the /-E curve are ob-
served for the symmetric device with 1 M H,SO, (Fig. 8b),
compared to those in KOH (Fig. 8a), revealing superior charge
storage ability of the EC in 1 M H,SO,, owing to intriguing
pseudo-capacitive attribution in such system. Based on typical
CP plots (Fig. 8c, d) at various current densities ranged from
0.5t0 5 A g ', the SCs of the NOC-K-based symmetric EC
can be calculated and summarized in Fig. 8e. Obviously, the
symmetric device delivers a high SC of ~49 F g™ ! at
025 A g ', and even ~19 F g ! at a large current loading of
5A g'in 1 M H,SO,4, much higher than those (24 and
10F g 'at0.25and 5 A g, respectively) in 6 M KOH at

Fig. 8 CV curves at various 30F— smvs’ a a0b— smvs’ b
sweep rates (a, 6 M KOH; b, | M 30 —10mVs"' —10mVs"'
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the same rates. Ragone plots for the symmetric devices with
1 M H,SO,4 and 6 M KOH are further depicted in Fig. 8f. The
symmetric device delivers a high SED of ~6.7 Wh kg ' at a
SPD of 125 W kg{l in 1 M H,SQOy, higher than those in 6 M
KOH electrolyte. All in all, the electrochemical data men-
tioned above strongly confirms even better electrochemical
capacitance of the NOC-K-based symmetric device in acidic
electrolyte.

Conclusions

Inspired by the prospect of using the naturally abundant yet
cost-efficient lignite in producing more high value-added
mesoporous NOC towards advanced ECs, we carried out a
thorough investigation on the influence of chemical activating
agents upon morphology, pore structure, and electrochemical
capacitance of the final products. Physicochemical and elec-
trochemical characterizations illustrated that the NOC-K
sheets were endowed with high SSA, large pore volume,
and optimal pore size and delivered much better electrochem-
ical performance than those for NOC and NOC-Z in 6 M
KOH. Furthermore, benefiting from the appealing
mesoporosity, large effective SSA, and Faradaic contribution
from heteroatom doping effect, the NOC-K electrode obtained
alarge SC of 449 F g ' at0.2 A g " and excellent SC retention
of ~97 % over 5000 continuous cycles in 1 M H,SO,4. The
NOC-K-based symmetric EC is fabricated with higher SED of
~6.7 Whkg ' in 1 M H,SO,. More significantly, our success
in the evolution of NOC-based materials not only opened up
the great possibility of preparing sustainable and cost-efficient
materials for next-generation ECs but also constructed an eco-
nomical platform for efficiently preparing high-performance
NOC available for a large spectrum of applications.
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