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ABSTRACT: Carbon-based supercapacitors have high power density and
long cycle life; however, they are known to suffer from problems related to low
energy density and high inner resistance. Here, we report a novel hierarchically
porous functional carbon that is made up of interconnected exfoliated carbon
nanosheets with thickness of a few nanometers. Notably, these porous carbon
nanosheets are doped with abundant nitrogen (N) dopants in the basal plane
and phosphorus (P) functional groups at the edge of the graphene lattice. The
specific surface chemistry and pore structure of the synthesized sample,
combined with its large specific surface area, make it a high-performance active
material for supercapacitor electrode. The obtained supercapacitor made with
the optimized sample showed a high specific capacitance (265 F g™' at 0.5 A
g™") as well as long-term stability (94% capacitance retention after 5000
cycles). Particularly, the enhanced electrochemical characteristics were
maintained even at high electrode mass loading (time constant (z;) is 1.10

s for an electrode mass loading of 12.38 mg cm ™2

compared to 1.61 s for a mass loading of 4.17 mg cm™> for commercial

activated carbon), which is important for a high packing factor of the capacitor.
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1. INTRODUCTION

Carbon-based supercapacitors, ideal energy-storage devices for
fast storage and release of energy, have attracted great
attentions for energy management in the future electricity-
powered world." Although these energy-storage devices are
featured with characteristics of high power density and long
cycle life, their widespread applications are still limited by their
low energy-storage density and high series resistance. One of
the main challenges in the development of supercapacitors is to
optimize the energy density without deteriorating their high
power capability, as these two parameters determine the
ultimate performance of the supercapacitor. The development
of high-performance electrode-active materials is a key factor to
ensure both high energy and power densities.”” '

In a supercapacitor, energy is stored at the electrode—
electrolyte interface through the adsorption of ions from
solution at charged porous electrodes.'’ Its capacitance
performance strongly depends on the accessible surface area
and the wetting behavior of the electrode surface with the
electrolyte. Meanwhile, its power property is intimately related
to the internal resistance from ion transportation and electron
conductivity. Thus, the specific surface area and pore structures
of the porosity structure®'°™'® and the nature of the resulting
carbon materials, including their purification, graphitization
degree, concentration of dopants, and their doping structure in
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the carbon lattice, are the main concerns for the development
of high-performance electrode-active materials.>”"*~*° Tradi-
tional porous activated carbons (ACs), with a high specific
surface area of up to 3000 m* g™, has gravimetric capacitances
of only about 200 and 100 F ¢! in aqueous and organic
electrolytes, respectively, because of the difficulty faced by the
electrolyte ions to efficiently access the micropore surfaces.””**
Furthermore, the high internal resistance induced by their poor
electronic conductivity and long ion-transport pathway severely
affects the rate performances and power density of the
assembled capacitors. Recently, hierarchical porous carbon
materials constructed with novel carbon nanomaterials,
including graphene and carbon nanotubes, have been strongly
recommended for the fabrication of advanced supercapaci-
tors. > 2131571829737 pyrthermore, doping and/or surface
functionalization can further boost their intrinsic performances
by affording pseudocapacitance or improving their wetting
property with electrolyte.”**>%

Lately, we present a novel P/N-codoped hierarchical porous
carbon constructed with crumple-thin carbon layers, which are
doped with abundant nitrogen dopants in the basal plane and
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Scheme 1. Schematic Illustration of the Synthesis Procedure for PN-ECB“
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“(I) Synthesis of MPG precursor in water solution. (II) Formation of sandwiched carbon and carbon nitride layer composite at moderate
temperature (600 °C). (III) Formation of PN-ECB at high temperature (above 700 °C).

phosphorus functional groups at the edges of graphene lattice.”
These thin graphite layers are regularly aligned and interlocked
together to form open porous structures between these
interconnected neighboring interlayer spaces. The unique
structure of the sample satisfies the critical requirements for
an ideal supercapacitor electrode. The large specific surface area
and the open porous framework formed by the well-defined
neighboring interlayer space of porous thin graphite walls as
well as high concentrations of dopants in the carbon lattice not
only provides a large electrode—electrolyte interface for
electrochemical reaction but also reduces the diffusive
resistance by affording short pathways for ion transport. The
obtained supercapacitor made with the optimized sample
showed a high specific capacitance (265 F g™ at 0.5 A g™') and
long-term stability (94% capacitance retention after S000
cycles). Particularly, the enhanced electrochemical character-
istics were maintained even at high electrode mass loading,
which is important for a high packing factor of the capacitor.
The synthesis process of exfoliated carbon nanosheets
(ECBs) is illustrated in Scheme 1, which includes the
fabrication of organic—inorganic precursor melamine/pyro-
phosphate-glucose ester (MPG) and its subsequent carbon-
ization at high temperature under N, atmosphere (see
Experimental Section for details of the synthesis). First,
phosphoric acid reacts with melamine and glucose through
neutralization and lipid reaction in water solution, respectively,
to form a white organic—inorganic crystal. The basic unit of
these organic—inorganic crystals is a melamine—phosphoric
acid—glucose segment. Here, phosphoric acid functioned as a
binder to assemble melamine and glucose at molecular scale
through ionic bond and P—O—C ester bond, respectively. This
is a key for the subsequent carbonization process, as it can
facilitate the formation of a uniform template—carbon precursor
interface. Second, the resulted sample is annealed at a moderate
temperature (600 °C) for 2 h. At this stage, MPG is subjected
to a phase-separation process: the melamine part is
polymerized to a two-dimensional carbon nitride polymer,

whereas the glucose part is carbonized on these carbon nitride
layers to form a sandwiched structure with alternative carbon
and carbon nitride layers. The acidic group plays an important
role in the carbonization of glucose and the formation of a
uniform interface between the carbon and carbon nitride phases
at this stage. First, it functions as an acid catalyst to promote
glucose-bond cleavage and cyclization of polyaromatic frag-
ments and bridges these fragments to form a carbonaceous
layer. Second, the acidic groups can reduce the carbonaceous—
carbon nitride interface energy through the electrostatic
interaction between the acidic and ammonia groups. Finally,
further increasing the annealing temperature up to 700 °C, the
g-C;N, phase is pyrolyzed and pore-rich ECBs are formed. The
carbon nitride phase and acid groups serve as a two-
dimensional template and molecular template to direct the
growth of two-dimensional carbon layers and create in-plane
pores in the carbon layers, respectively. The pyrolyzed products
of these templates afford abundant heteroatom sources for the
homogeneous doping during the high-temperature annealing
process. In contrast with the current soft-template and hard-
template methods, our method combines pore creation and
heteroatom doping in a single step, without any post-treatment
procedures.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Melamine (99%), phosphoric acid (H;PO,)
(>85%), glucose (>99%), and potassium hydroxide (KOH) (>85%)
were purchased from Sigma-Aldrich. All chemicals were used as
received, without any further purification.

2.2. Synthesis of P/N-Codoped Porous ECBs. Melamine (5.3 g)
and glucose (0.2 g) were dissolved in deionized water (200 mL) at 80
°C, and the solution was stirred for 1 h. Then, phosphoric acid (1.43
mL) was added to the above solution dropwise. A white solid
precipitated quickly from the transparent solution to form a sticky
mixture. The mixture was vacuum-dried using a rotary evaporator to
get white solid powder. The dried samples were carbonized at various
temperatures of 750, 850, and 950 °C for 2 h under N, atmosphere at
a heating rate of 5 °C min~". After cooling to room temperature, the
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Figure 1. Structural and compositional analysis of as-prepared ECB samples. (a) Low-resolution SEM image and (b) high-resolution SEM image of
PN-ECB-950; (c) low-resolution TEM and (d) HRTEM image of PN-ECB-950.

synthesized samples were collected for further characterization. For
comparison, N-doped carbon sheets were prepared with the same
procedure, without adding H;PO, to the carbon precursors. For
simplicity, samples synthesized at various temperatures were labeled as
PN-ECB-T, where “T” refers to the applied annealing temperature,
whereas the N-doped carbon sheet was labeled as N-ECB-T.

2.3. Sample Characterizations. Scanning electron microscopy
(SEM) images were recorded on a JSM-7800F scanning electron
microscope; transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images were
collected on a JEM-2100 transmission electron microscope; and
nitrogen sorption isotherms were measured at 77 K using a
NOVA2000e analyzer. X-ray photoelectron spectroscopy (XPS)
image of the catalysts was acquired on an ESCALAB-250Xi XPS
instrument using an Al Ka X-ray source.

2.4. Electrochemical Measurements. The electrochemical
performances of the carbons were measured in a symmetrical two-
electrode cell. The electrodes were prepared by pressing a mixture of
85 wt % of the sample, 10 wt % of acetylene black, and 5§ wt % of
PTFE binder into pellets (9 mm in diameter) and then pressing the
pellets on the current collector nickel foam, followed by vacuum
drying at 120 °C for 6 h. Electrodes with mass loading varying from 1
to 13 mg cm™> were prepared. The capacitor was assembled into a
two-electrode system, in which the two electrodes have the same
composition and mass, separated by a polypropylene membrane using
6 mol L™ KOH aqueous solution as an electrolyte. The cyclic
voltammetry (CV) and galvanostatic charge—discharge tests were
conducted on CHI 760E workstation. The specific capacitance (Cyy)
in a two-electrode cell was obtained as

Civo = HAt/mAV (1)

where I is the constant current, At is the discharge time, AV is the
voltage change during the discharge process, and m, is the total mass of
the active material in both electrodes. The direct-current equivalent
internal resistance (R,,) of the cell can be obtained in continuous

charging/discharging by
Rin = ‘/dmp/ZI (2)

This is further used for the calculation of discharge energy densities of
the capacitor (Eavmge) and average power densities of the capacitor
(Paerage) as follows

E = 1/8 tho(Vmax - IRin)2 (3)

average

Pee = I(V — IR,,)/2m (4)

average

3. RESULTS AND DISCUSSION

The microstructure and morphology of the synthesized carbon
samples were characterized by electron microscopy. Figure la
presents the low-resolution SEM image of the typical sample,
PN-ECB-950, showing block-shape morphology with size of
several hundreds of micrometers. Raman and XRD spectros-
copy results indicate the presence of pure-carbon phase without
other impurities. The broading of (002) XRD peak and the
large In/Ig (1.1) value in Raman spectra suggest more defects
in the carbon lattice (Figures SI and S2). The high-resolution
SEM image indicates that these carbon particles are composed
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of exfoliated carbon layers, which in turn are interconnected
together to form an intertwined scaffold (Figure 1b). TEM
further reveals the structure of these ECBs. As shown in the
TEM image (Figure lc), the structural units of these carbon
samples are wrinkle-rich thin graphite layers. The HRTEM
image (Figure 1d) indicates that these entangled thin carbon
layers are about 1.5—3.5 nm in thickness, corresponding to 4—
10 layers of graphene sheets. The distance between layers of
these entangled wrinkles is about 0.34 nm, consistent with the
XRD results (Figure S1). For comparison, sample N-ECB-950,
which is synthesized without adding phosphoric acid in the
precursor, is also exfoliated, but shows an irregular morphology
(Figure S3). In contrast, sample PC-950 synthesized without
adding melamine in the precursor is not exfoliated and shows
bulk morphology (Figure S4). These results confirm the unique
role of phosphoric acid as a cross-linker and its effect in
retaining the structural integrity during the carbonization
process.

The textural properties of these PN-ECB samples were
assessed on the basis of nitrogen adsorption/desorption
analysis, and the results are summarized in Table 1. Sample

Table 1. Texture Properties of As-Prepared ECB Samples

Sper Srsm Viotal Vipicro Vipeso
(mg") (g (g (m'y) (m'g?)

samples
PN-ECB-750 39 29 0.05 0.02 0.03
PN-ECB-850 561 247 0.95 0.23 0.72
PN-ECB-950 1440 677 1.62 0.67 0.95
N-ECB-950 497 312 1.27 0. 20 1.07

PN-ECB-950 shows type-IV adsorption curves (Figure 2a),
indicating the presence of micropores and mesopores. The
sample exhibits a specific surface area of 1440 m* g and a total
pore volume of 1.62 cm® ¢! (Figure 2b), much larger than
those of the hard-template-synthesized porous carbons. The
pore-size distribution calculated using the nonlocalized density
functional theory method shows an average pore size of 4.5 nm
(Figure 2c). For comparison, N-ECB-950 shows a Brunauer—
Emmett—Teller surface area of 550 m”> g™' and a widely
distributed pore structure from S to 25 nm. PN-ECB samples
synthesized at relative low temperatures were also analyzed, and
the results are shown in Figure S4 and Table 1. Sample PN-
ECB-750 synthesized at low temperature shows very low
specific surface area (39 m® g~') and pore volume (0.05 cm®
g™'). With the increase of temperature to 850 °C, the specific
surface area and total pore volume gradually increased to 561
m? g_1 and 092 cm® g_l, respectively. Notably, at this

temperature range, the effect of “micropores” on the specific
surface area and specific pore volume of PN-ECB is minor and
slowly increases with annealing temperature. We propose that
the intercalated g-C;N, layers are the main “pore-formers” at
this temperature range, whose pyrolyzation can create interlayer
meso/macropores between the leaving carbon layers. Interest-
ingly, a sharp increase in specific surface area was observed for
sample PN-ECB-950, which is mainly due to micropores, as
confirmed by their much higher gas uptake value at low relative
pressure area (P/P, < 0.1). At this stage, the acidic groups or
their evolved components in the carbon lattice serve as
secondary molecular pore-formers, and their decomposition
can create rich micropores in the in-plane carbon layers. The
following composition analysis also shows a sharp P element
drop when annealing temperature increased up to 950 °C.
The surface chemical composition and the binding state of
the samples synthesized at various temperatures were
investigated by XPS (Figure 3), and the results are summarized
in Table SI. Figure 3a shows the XPS survey of PN-ECB-950
and the presence of peaks centered at 132.3, 284.9, 399.2, and
532.2 eV, corresponding to Pypy Cig Nig and Oy,
respectively.””*® The compositions of all PN-ECB samples
were found to strongly depend on the carbonization temper-
ature, with a high synthesis temperature showing a low
heteroatom doping level. PN-ECB samples synthesized at low
temperature (<900 °C) show a very high heteroatom doping
level, and a sharp drop in doping concentration is observed as
the annealing temperature increased up to 950 °C. The
bonding configurations of heteroatoms in ECBs were further
studied on the basis of high-resolution XPS spectra. For
nitrogen, four types of N, including pyridinic-N (398.3 eV),
pyrrolic-N (399.5 V), quaternary-N (400.3 eV), and oxidic-N
(4023 eV),***" are formed during the annealing process
(Figure 3b). Pyridinic-N is the main type of nitrogen for
samples synthesized at low temperature, whereas quaternary-N
is dominant for samples synthesized at high temperature. The
fact that the quaternary-N, referring to nitrogen bonds to three
carbon atoms, is more stable than pyridinic N—C that bonds to
two carbon atoms at edge may be the main reason for this
phenomenon.** For phosphorus, its P,, can be deconvoluted
into two components, centered at 132.3 and 134.2 eV,
respectively (Figure 3c).”'~** The component with a band
centered at 132.3 eV is attributed to pentavalent tetra-
coordinated phosphate (PO,), whereas the main band centered
at 134.2 eV is attributed to P in a higher oxidation state,
referring to pyrophosphate groups (PO,),.”*"* Notably, no
C—P bonding signal (centered at 130 eV) appears even for
sample PN-ECB-950 synthesized at the highest temper-
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ature,**’ suggesting that P atoms are not doped into the 3.1. Investigation of ECBs as Electrode Materials for
graphite lattice but in the form of functional phosphorus groups Supercapacitor. The potential applications of the synthesized
at the edge site. The detailed structures of P and N are shown materials as supercapacitor materials were investigated. Figure
in Figure 3d. 4a shows the CV curves of the PN-ECB-950 electrode in 6.0 M
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Figure 5. (a) CV curves of commercial AC and PN-ECB-950 with various mass loading at scan rates of 100 mV s™". (b) Nyquist plot of symmetric
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(12.38 mg cm™2). (d) Comparison of supercapacitor performances based on PN-ECB-950 and other reported high-quality carbon materials for
supercapacitor in Ragone plots. Experiments were conducted in 6 M NaOH solution at 25 °C.

KOH solution with a two-electrode system at scan rates from
S0 mV s™' to 2 V s7'. The CV curves maintain almost a
rectangular-like shape at scan rate up to 1 V s™', indicating its
good supercapacitor properties and rapid charging/discharging
nature. The electrochemical performances of the sample were
further studied by galvanostatic charge/discharge measure-
ments in a 6 M KOH aqueous electrolyte. As shown in Figure
4b, sample PN-ECB-950 exhibits nearly triangular-shaped
charge/discharge curves, without obvious IR drop at various
current densities from 0.5 to 50.0 A g™', further demonstrating
its excellent capacitive behavior and high rate capability.
Notably, the charge/discharge curves slightly deviate from the
traditional linear sloping potential profiles, suggesting the
occurrence of Faradaic process on the surface of PN-ECB-950.”
The specific capacitance of PN-ECB-950 at various scan rates
was calculated and is shown in Figure 4c. The specific
capacitance of our material reached almost 265 F g™' at a
charge rate of 0.5 A g”' and maintained a capacitance of above
189 F ¢! at a charge rate of 50 A g™'. For comparison, the N-
ECB-950 sample shows a relatively lower specific capacitance.
We propose that this disparity is mainly due to differences in
their wetting properties. The acidic functional groups at the
carbon edge of sample PN-ECB-950 can facilitate its wetting in
water solutions. PN-ECB samples synthesized at lower
temperatures were also investigated (Figure S6). The specific
capacitances of samples PN-ECB-850 and PN-ECB-750,
obtained from galvanostatic charge/discharge curves at a
current density of 2.0 A g 7', are much lower compared to
those of PN-ECB-950. The low specific surface area and pore

17322

volume are the main reasons for their reduced specific
capacitance. Furthermore, the PN-ECB-950-based supercapa-
citor exhibited high stability during the charge/discharge cycles.
After 10 000 galvanostatic charge/discharge cycles at a current
density of S A g/, it can retain 93.5% of its initial specific
capacity (Figure 4d).

The electrode with high active mass loading is important for
a high packing factor of the capacitor.”” Nevertheless, a high
mass loading of active materials on the current collector will
unavoidably increase the thickness of the electrode and thus
influence the migration rate of the ions from the electrolyte
inside the electrode materials. To investigate the mass loading
effect of active materials on the performance of the capacitor,
we fabricated a series of prototype supercapacitors with
different electrode mass loading of active materials. For PN-
ECB-950, with mass loading increased from 1.57 to 6.42 mg
cm™?, the CV curves (obtained at a scanning rate of 100 mV
s”') can retain nearly symmetrical rectangular shapes (Figure
Sa) and the electrode can retain 95% of its initial capacitance
(obtained at a discharge rate of 2 A g”') (Figure S7). These
results suggest that high rate performance can be maintained
with a high mass loading for sample PN-ECB-950. For
comparison, the CV curve of commercial AC made the
electrode to deviate from rectangular shape at a moderate
electrode mass loading (4.15 mg cm™2), and the specific
capacitance was much lower compared to that of PN-ECB-950,
with similar electrode mass loading. Further, electrochemical
impedance spectroscopy experiment was conducted to
investigate the kinetics of these electrodes. Figure Sb presents
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the Nyquist plot of capacitors fabricated with commercial AC
and PN-ECB-950 of different electrode mass loading. Clearly,
all of these plots feature vertical curves at low frequencies,
indicating their ideal capacitive behavior."® PN-ECB-950-based
capacitor samples show a relative lower series resistance (about
0.7 Q cm?) compared to that of the AC-based one (1 Q cm?),
suggesting their improved electronic conductivity. Notably,
large differences were observed at medium frequencies, where
the plots transfer from a vertical curve to a 45 Warburg region
and a semicircle region, corresponding to the electrolyte-
diffusion resistance and charge-transfer resistance in the
electrode. For PN-ECB-950-based capacitors with various
electrode mass loading, the 45 Warburg region is negligible,
suggesting their efficient ion transport even in thick electro-
des.>® Nevertheless, the diameter of the semicircle increases
linearly with the electrode mass loading, which suggests that the
charge-transfer resistance is the main reason for the decrease in
the capacitance of the capacitor with high electrode mass
loading. The AC-based capacitor exhibits a much larger 45
Warburg region and a similar semicircle region compared to
those of the PN-ECB-950-based capacitor of similar electrode
mass loading, suggesting that its capacitance performance is
mainly limited by the electrolyte ion-transport rate rather than
the charge-transfer resistance in the electrode. Impedance phase
angle data of these capacitors are shown in Figure Sc. The
relaxation time constant (z,), defined as the inverse of
frequency (f,) at a phase angle of 45° (the point where the
resistive and capacitive impedances are equal),”” reached 0.16 s
for the PN-ECB-950-based capacitor with a mass loading of
1.57 mg cm > The time constant increases slowly with the
electrode mass loading and reaches 1.10 s for an ultrahigh mass
loading electrode (12.38 mg cm™), which is still lower than
that of AC-based capacitor with only about one-third of its
electrode mass loading (4.15 mg cm™). These results further
indicate the excellent jon-transport rate of PN-ECB-950-based
capacitor even for electrode with high mass loading. The
Ragone plot of PN-ECB-950-based capacitor (electrode mass
loading, 2.14 mg cm™?) is shown in Figure Sd. It presents much
higher average power density and energy density than the AC-
based one, especially at short current drain times. The result is
also among the best of all recently reported aqueous-based
high-rate supercapacitors, including supercapacitors based on
micro/mesohierarchical porous graphitic carbon (HGPC),"”
three-dimensional reduced graphene oxide hydrogel,'***!
mesopore-dominant interconnected strutted graphene,'” and
other reported three-dimensional porous carbons.*

The high capacitive behavior of sample PN-ECB-950 can be
ascribed to its unique surface chemistry and microstructure. On
the one hand, the vertically aligned porous graphene layers
provide both large accessible surface area for the adsorption and
desorption of electrolyte ion and fast pathways for the mobility
of the electrolyte ions during the charge/discharge process,
which enables both high specific capacitance and high rate
capability. On the other hand, the abundant nitrogen
heteroatoms and phosphorus functional groups in the host
material can provide additional pseudocapacitance, further
improving the capacitance properties.”””> Additionally, the
surface phosphorus functional groups can improve the surface
wettability of the electrode in aqueous electrolyte solution,
which is probably another reason for the improved capacitance
of PN-ECB-950.

4. CONCLUSIONS

In conclusion, we successfully synthesized a novel porous
carbon that is made up of aligned exfoliated pore-rich carbon
nanosheets of thickness of a few nanometers. Experimental
results indicate that the optimized sample, PN-ECB-950,
enriched with nitrogen dopants in the basal plane and
phosphorus functional groups at the edge of graphene lattice,
shows high specific capacitance and excellent rate performance
as supercapacitor materials. The open porous framework
formed by the well-defined neighboring interlayer space of
thin graphite walls not only provides large electrode—
electrolyte interfaces for electrochemical reaction but also
reduces the diffusive resistance by affording fast pathways for
ion transport. Particularly, the enhanced -electrochemical
characteristics were maintained even when the electrode mass
loading increased, which we attributed to the vertically aligned
pore structure of the synthesized porous carbon sheets.
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