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HIGHLIGHTS GRAPHICAL ABSTRACT

® An ultra-facile method was developed
for fabricating phosphorus doped egg-
like HPC.

® The reported method exhibits in-
comparable merits comparing with
the traditional method.

® Carbonization and self-activation pro-
cess finish in 3 min under air atmo-
sphere.

® Capacitance retention rate reaches
96.2% as current density increasing to

20Ag™
ARTICLE INFO ABSTRACT
Keywords: Herein, we report an ultra-facile fabrication method for a phosphorus doped egg-like hierarchic porous carbon
Microwave irradiation by microwave irradiation combining with self-activation strategy under air atmosphere. Comparing with the
Self-activati.on traditional pyrolytic carbonization method, the reported method exhibits incomparable merits, such as high
Supercapacitor energy efficiency, ultra-fast and inert atmosphere protection absent fabrication process. Similar morphology and

Hierarchic porous carbons

raphitization degree with the sample fabricated by the traditional pyrolytic carbonization method under inert
Phosphorus doping grap 3 p y pyroly

atmosphere protection for 2 h can be easily achieved by the reported microwave irradiation method just for
3 min under ambient atmosphere. The samples fabricated by the reported method display a unique phosphorus
doped egg-like hierarchic porous structure, high specific surface area (1642 m? g~!) and large pore volume
(2.04 cm® g~ 1). Specific capacitance of the samples fabricated by the reported method reaches up to 209 F g~ *,
and over 96.2% of initial capacitance remains as current density increasing from 0.5 to 20 A g~ !, indicating the
superior capacitance performance of the fabricated samples. The hierarchic porous structure, opened micro-
porosity, additional pseudocapacitance, high electrolyte-accessible surface area and good conductivity make
essential contribution to its superior capacitance performance.

1. Introduction advancement of electrical vehicles and renewable energy [1,2]. The
cost of the EES devices mainly dependents on price of electrode mate-

How to significantly reduce the cost of high-performance electro- rials [3], so it is extremely important to develop cost-efficient electrode
chemical energy storage (EES) devices is a key challenge for the materials without sacrificing high performance. Currently, various
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carbons are dominant electrode materials for EES devices, such as li-
thium-ion batteries (mainly for anode) and electrochemical super-
capacitors, due to large specific surface area, good electrical con-
ductivity, excellent physical and chemical stability, and environmental
friendliness [4-6]. Many novel carbon materials, such as graphene,
carbon nanotube, hollow carbon shell and ordered mesoporous carbon,
exhibit excellent energy storage capability, and are suggested to use as
electrode materials for high-performance EES devices [4], but the high
cost of these materials obstructs their practical application. Alter-
natively, low-cost porous carbons (PCs), especially for activated carbon
(AQ), attracts constant attention of researchers and engineers, and have
been extensively applied in commercial EES devices [5,7,8].

However, commercial high-quality porous carbons for energy sto-
rage application still have two main bottlenecks: a tedious and highly
energy intensive fabrication process, and low energy density, which
significantly limit their broad application [9]. The cost advantage of
PCs comparing with other carbon materials mainly bases on the cheap
and easily accessible raw materials [3]. Biomass and industrial wastes,
such as egg white, seaweed, rice husk, honeysuckle, oily sludge, etc.,
can be readily utilized for fabricating porous carbons [10-14]. How-
ever, a carbonization process at high temperatures (600-1000 °C) for
1-4 h under a protection of inert atmosphere is necessary for fabri-
cating porous carbons by using above raw materials, energy utilization
efficiency in that process is intolerable low, and the necessary inert
atmosphere protection makes fabrication condition rigorous. Further-
more, various activators, such as KOH, ZnCl, or phosphoric acid, are
used to get high porosity and large surface area utilizing the chemical
reaction between activators and carbon under high temperatures,
which causes low convert ratio of raw materials and tedious post-
treatment process [10,11]. Comparing with the traditional pyrolytic
carbonization, microwave heating converses energy by dipole rotation
and ionic conduction inside the substances which inducing tempera-
tures of up to 1000 °C within just few minute [15], so microwave ir-
radiation is regarded as a fascinating and promising tool for preparation
of porous carbon material [15-21]. However, due to the poor micro-
wave adsorption for most of carbonaceous material, in the first stage,
the carbonaceous precursor, such as coconut shells or pineapple peel, is
pyrolized under an inert atmosphere, and then the carbonized pro-
duction is impregnated with an activation agent, e.g., KOH or K,COs,
followed by a microwave-induced chemical activation under an inert
atmosphere [17-19]. Alternatively, porous carbons also can be facilely
obtained by a simple one-step microwave treatment of the activation
agent/microwave absorber impregnated precursor under or without the
protection of inert atmosphere. For instance, Eder C. Lima et al. ob-
tained an activated carbon with a specific surface area of up to
619 m? g~ ! by microwave irradiating a mixture of cocoa shell and
inorganic components (lime + ZnCl,+ FeCls) for about 10 min under
nitrogen [20]. Ali U. Shaikh et al. reported a heteroatom doped me-
soporous carbon with a specific surface area of 855 m? g~ ! synthesized
by microwave irradiating tannin cross-linked melamine for 30 min
using polyphosphoric acid as microwave absorber and activation agent
under ambient atmosphere [15,21]. As far as our knowledge, there are
rare studies on the one-step fabrication of porous carbons by microwave
irradiation combining with self-activation under air atmosphere.

The relatively low energy density of porous carbons comparing with
other carbon electrode materials is mainly due to poor electrolyte ac-
cessibility caused by the micropores dominant pore structure [22].
Fortunately, the research conducted by Y. Gogotsi et al. revealed that
electrolyte accessibility of micropores can be efficiently improved by
constructing short opened micropores [23], which provides an efficient
strategy for enhancing the energy density of PCs. Thus, the hierarchical
porous carbon with short opened micropores connected to mesopores
and macropores is extensively exploited as high-performance electrode
material for EES application [24,25]. For example, a hierarchical
porous carbon microtube with a specific surface area of 1775.7 m? g~ !

derived from willow catkins exhibited a high capacitance of 292 F g !
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at a current density of 1 A g~ ' in 6 M KOH aqueous solution, and a high

energy density of 37.9 Wh kg~ ! at a power density of 700 W kg ™! in
1 M LiPFg¢ electrolyte [26]. Recently, Junke Ou et al. also reported a
hierarchical porous carbon with opened micropores derived from
honeysuckle, which reversible capacity reached up to 1215 mAh g~ ! at
a current density of 100 mA g~ ! when used as an anode of lithium-ion
batteries [12]. Furthermore, recent researches indicated that the het-
eroatoms doping, such as N, S and P doping, could be another efficient
strategy for improving the electrolyte accessibility of micropore and
small mesopore. The difference in electronegativity between the het-
eroatoms and host C atoms provides a more polarized surface, which
consequentially promoting the wettability of the carbon surface and
thus ensures a fast transfer rate of electrolytic ions in micropores and
small mesopores, and finally improves their electrolyte accessibility
[25,27,28]. The improved electrolyte accessibility enhances the utili-
zation ratio of micropores and small mesopores, thus improves the
energy storage/release capability of porous carbons. So a dramatic
improvement for energy density of porous carbons by combining het-
eroatoms doping with hierarchical porous structure is reasonable to
expect [15,25].

In this work, we report an ultra-facile fabrication method for a
phosphorus doped egg-like hierarchic porous carbon by microwave ir-
radiation combining with self-activation strategy under air atmosphere
using phytic acid as precursor. Comparing with the traditional pyrolytic
carbonization method, the reported method exhibits incomparable
merits, such as high energy utilization efficiency, absence of inert at-
mosphere protection and ultra-fast fabrication process. The samples
fabricated by the reported method with high specific surface area (up to
1642 m?* g~ ') and developed opened microporosity exhibit a superior
capacitance performance when used as an electrode material for sym-
metric supercapacitor cell, which specific capacitance reaches up to
209 F g~ ! at a current density of 0.5 A g1, and over 96.2% of initial

capacitance remains as the current density increasing to 20 A g~ *.

2. Experiment

2.1. Fabrication of the phosphorus doped egg-like hierarchic porous carbons
by a microwave irradiation combining with self-activation strategy

The phosphorus doped egg-like hierarchic porous carbon was fa-
cilely fabricated by a microwave irradiation combining with self-acti-
vation strategy using phytic acid as precursor under an air atmosphere.
The general fabrication process is summarized and illustrated in Fig. 1.
Briefly, 5 g of the phytic acid solution (50% w/w in H,0, Sigma) was
directly microwave irradiated in a household microwave oven (M1-
231A, Midea, China) under a radiation power of 800 W for 1-5 min,
followed by washing with deionized water and drying under a radiation
power of 500 W in microwave oven for 2 min. The final product refers
to as PHPC-W,, where x denotes the microwave irradiation time.

2.2. Fabrication of the phosphorus doped egg-like hierarchic porous carbon
by traditional pyrolytic carbonization

For demonstrating the advantages of the method presented above, a
phosphorus doped egg-like hierarchic porous carbon was also fabri-
cated by traditional pyrolytic carbonization. In brief, 5 g of the phytic
acid solution (50% w/w in H,0O, Sigma) was directly carbonized in a
tube furnace under 650 °C for 2 h with the protection of argon atmo-
sphere, followed by washing with deionized water and drying at 105 °C
for 12 h. The final product refers to as PHPC-H.

Furthermore, a commercial AC (yp-50F) with a specific surface area
of 1687 m? gf1 purchased from Kurary Co., Ltd.(Japan) was used to
compare the capacitance performance with the reported phosphorus
doped egg-like hierarchic porous carbon.
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2.3. Electrochemical measurements

The capacitance performance of the fabricated samples and com-
mercial AC was evaluated in 6 M KOH in a three-electrode configura-
tion and two-electrode symmetric cell. The work electrode were pre-
pared by coating the slurry containing active materials (80 mw%),
acetylene black (10 mw%) and polytetrafluoroethylene (PTFE, 10 mw
%) onto a nickel foam with a size of 1.2 cm X 1.2 cm, and pressing
under 10 MPa for 1 min. The electrode plates were then dried in a
vacuum at 110 °C for 24 h. The thickness of each electrode was ca.
0.1 mm, and the total mass for each electrode was ca. 4.2 mg. In a
conventional three-electrode configuration, a patinum foil with a size of
1.0 cm x 1.0 cm and an Ag/AgCl electrode were used as the counter
and reference electrode, respectively. For the two-electrode symmetric
supercapacitors, CR2032-type coin cells were assembled by sand-
wiching of the separator (PP/PE complex film) between two identical
electrodes. Cycling voltammetry (CV) curves within a potential range of
—1.0~0V for three-electrode configuration and 0-1.0V for the as-
sembled two-electrode symmetric cells were obtained using a CHI660E
electrochemical workstation. Electrochemical impedance spectro-
scopies (EIS) conducted in the frequency range of 100 kHz to 0.1 Hz
with ac amplitude of 5 mV and self-discharge characteristic of the as-
sembled two-electrode symmetric cells also were performed on a
CHI660E electrochemical workstation, while the galvanostatic char-
ging-discharging curves, leakage current and cycle-life stability of the
assembled two-electrode symmetric cells were tested using a computer
controlled supercapacitor testing system (NEWARE, Shenzhen China)
within a potential range of 0-1.0V.

2.4. Characterization

Surface morphology of the reported materials were measured using
a Hitachi S4800 field emission scanning electron microscope (FESEM,
Japan) and a JEOL JEM-2010 transmission electron microscopy (TEM,
Japan). X-ray photoelectron spectra (XPS) was collected on an Escalab
250Xi spectrometer (Thermo Scientific,c USA), using a mono-
chromatized Al Ka X-ray source. Raman spectra was measured on a
Horiba JY-HR800 Raman microscope (Japan) with an excitation wa-
velength of 532 nm. Nitrogen adsorption and desorption isotherms
were performed using a Micromeritics ASAP 2460 automatic analyzer
(USA). Samples were degassed at 200 °C for 12 h prior to the mea-
surement. The total specific surface area (Sggr) was calculated by the
BET method using the N, adsorption data. Meanwhile, the surface area,
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Fig. 1. Scheme for the fabrication of PHPC-W.
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pore volume and according pore size distributions for mesopore and
macropore were calculated by the Barrett—Joyner —Halenda (BJH)
method, while the Horvath-Kawazoe (H-K) model was employed to
evaluate the surface area, pore volume and according pore size dis-
tributions of micropore. Thermogravimetric and differential thermal
analysis (TG-DTA) was conducted on a Netzsch STA449C thermo-
gravimetric analyzer under an argon atmosphere with a heating tem-
perature range of 25-900 °C, and the heating rate was controlled at
20 °Cmin~".

3. Results and discussion

The scheme for the fabrication of phosphorus doped egg-like hier-
archic porous carbon by microwave irradiation combining with self-
activation strategy is suggested on Fig. 1. Microwave energy can be
readily transformed into heat inside the particles by dipole rotation and
ionic conduction [29]. Under the microwave irritation, the temperature
of reaction system rapidly increases due to the strong microwave ad-
sorption of strong polar phytic acid and H>O molecules. The water in
reaction system is gasified instantaneously, and forms little egg-like
bubbles in the high-viscosity phytic acid solution due to strong hy-
drogen-bond effect between phytic acid and H,O molecules. Phytic acid
molecules continuously decompose to myo-inositol and phosphoric acid
with the sharply increasing temperature [30,31]. Under the effect of
strong hydrogen-bond, myo-inositol molecules self-assemble on the
surface of bubbles, and then carbonize by intramolecular dehydration
to form “egg-shell” when the temperature of reaction system is high
enough. Meanwhile, phosphoric acid molecules self-polymerize to form
pyrophosphoric acid, and finally form polyphosphoric acid by in-
tramolecular dehydration with the sharply increasing temperature
[31,32]. Pyrophosphoric acid and its derivatives are good microwave
absorber with high thermostability [15,21], especially for polypho-
sphoric acid which boiling point achieves 856 °C. The ultra-high boiling
point of polyphosphoric acid ensures the temperature of reaction
system can be heated to higher than 800 °C. Meanwhile, pyropho-
sphoric acid and its derivatives restrain the contact of carbonized pro-
ductions of precursor with air, it allows the fabrication process can be
conducted under an air atmosphere. As the temperature is high enough,
the high temperature water steam sealed in “egg-shell” reacts with the
“egg-shell” by the following reaction equation to form short opened

micropores in the “egg-shell” [19,33].
C(s) + H,0(g) - CO(g) + Hx(g) €))

The TG-DTA test provides a direct proof for the pore and
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Fig. 2. TG-DTA curve of phytic acid.

morphology evolution speculated on Fig. 1. As show in Fig. 2, a con-
tinuous weight loss is observed as the temperature increasing from 25
to 900 °C for phytic acid solution (50% w/w in H,0). The initial weight
loss accompanying by apparently endothermic peak as the temperature
increasing to 100 °C corresponds to the evaporation of water. Inter-
estingly, this weight loss is no more than 10% of the total reactant mass
although the mass concentration of water is near 50%, indicating that
the most of water is retained in the reaction system even the tem-
perature is higher than boiling point of water, and continuously escapes
from the reaction system during the whole heating process. The strong
hydrogen-bond interaction between the phytic acid and H>O molecules
hinders the escape of water vapor from reaction system, which then
form egg-like bubbles in the high-viscosity phytic acid solution as the
temperature is higher than 100 °C. With the increasing temperature, a
continuously exothermic hydrolysis process referring to decomposition
reaction of phytic acid to myo-inositol and phosphoric acid can be
observed [34-36]. The huge exothermic peak centered at 490 °C is
ascribed to the carbonization process of myo-inositol by intramolecular
dehydration catalyzed by phosphoric acid and its derivatives. The ap-
parent endothermic peak at 350 °C refers to the intramolecular dehy-
dration of phosphoric acid [37], while the endothermic peak at 580 °C
may be associated with the endothermic reaction between C and H,0O
steam [33].

The egg-like morphology and high-porosity characterization of the
reported PHPC-H and PHPC-W samples were identified by SEM and
TEM techniques. As shown in Fig. 3 a and b, typical SEM images of
PHPC-W and PHPC-H provide a direct proof for egg-like structure in-
heriting from the shape of bubbles formed during microwave irra-
diating or traditional heating process. Meanwhile, some small hollow
carbon “eggs” aggregate to form larger “eggs” as exhibited in Figs. 1
and 3a. The typical TEM images of PHPC-W and PHPC-H, as shown in
Fig. 3c and d, reveal the high-porosity nature and hollow egg-like
structure. Meanwhile, a similar egg-like morphology is observed for
PHPC-W fabricated by microwave irradiation under air atmosphere and
PHPC-H fabricated by traditional pyrolytic carbonization under an inert
atmosphere protection, indicating a negligible effect of carbonization
method for morphology of the fabricated samples, but microwave
heating completes the carbonization process in 1-5 min under ambient
atmosphere, exhibiting impressive high efficiency and energy saving.
The N, adsorption/desorption isotherms (Fig. 3e) and pore size dis-
tributions curves (Fig. 3f) of PHPC-W and PHPC-H series samples reveal
the hierarchic porous nature of the fabricated samples. As shown in
Fig. 3e, the similar isotherms are observed for PHPC-W and PHPC-H
series samples although the carbonization method is very different. All
of them exhibit an I/IV-type adsorption/desorption isotherms with an
apparent hysteresis loop. A sharp rise of the N, isotherm at low relative
pressure of less than 0.01 indicates developed microporosity, while a
hysteresis loop (0.6 < p/pp < 0.95) suggests the existence of
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mesopores in the samples [9,26]. Meanwhile, the obvious rise of ad-
sorption amount at high relative pressure (p/pp > 0.97) denotes the
formation of macropores within the fabricated samples [38,39]. The
coexistence of micropores, mesopores and macropores in the fabricated
samples also is verified by pore size distributions curves. As shown in
Fig. 3f, samples fabricated by microwave irradiation and traditional
pyrolytic carbonization exhibit similar pore size distributions curves,
and all of the micropores, mesopores and macropores can be identified.
The micropores centered around at 0.64-0.66 and 0.78-0.80 nm are
mainly caused by self-activating reaction between the sealed water
steam in bubbles and carbon “egg-shell”, while the mesopores originate
from the hollow egg-like structure, and macropores are mainly con-
tributed by interstitial holes. Even so, the micropore and mesopore size
of samples fabricated by microwave irradiation still slightly larger than
that of PHPC-H. The details of the pore structures and specific surface
area of the fabricated samples is presented in Table 1. As shown in
Table 1, the specific surface area of the sample fabricated by microwave
irradiation just for 1 min (PHPC-W;) reaches 1194 m? g_1 with a pore
volume of 1.62 cm® g~ *, which sharply increases to 1642 m* g~ when
the microwave irradiating time increases to 3 min. It should be noted
that the total surface area of mesopore and macropore decreases from
978 to 687 m* g~ ! while the micropore surface area sharply increases
from 215 m? gf1 to 955 m? gfl, the ratio of S,,;/Sgrr dramatically
increases from 0.18 to 0.58 as the microwave irradiating time increases
from 1 to 3 min. As shown in Fig. 1, the micropores are mainly caused
by activating reaction between the sealed water steam in bubbles and
carbon “egg-shell”, the longer microwave irradiating time ensures the
enough high reaction temperature and sufficient reaction time for this
self-activating reaction. As the microwave irradiating time sequentially
increases to 5 min, an apparent decrease for both total and micropore
surface area is observed due to the drastic activating reaction under the
sustained microwave irradiation which destroys the carbon wall of
“egg-shell”. All of these results illuminate that microwave irradiation is
a highly efficient and facile carbonization method, optimal morphology
and textural parameters can be achieved in 3 min under air atmosphere
using our suggested method. On the other hand, although the hierarchic
porous carbons fabricated by microwave irradiation under air atmo-
sphere and traditional pyrolytic carbonization under an inert atmo-
sphere protection display similar morphology and pore size distribu-
tions, the PHPC-W sample fabricated under optimum condition exhibits
a higher specific surface area and larger pore volume than that of
PHPC-H. As shown in Table 1, the specific surface area and pore volume
of PHPC-H only reach 1314 m* g~ ! and 1.52 cm® g~ ?, respectively. A
close value of the t-plot external surface area (total surface area of
mesopores and macropores) is observed for PHPC-W; (687 m? g 1 and
PHPC-H (632 m? g~ 1), but PHPC-W; exhibits more developed micro-
porosity, which micropore surface area and pore volume are found to
be far higher than that of PHPC-H. The larger specific surface area and
pore volume of PHPC-W3; may be due to ultra-fast heating and carbo-
nization rate under microwave irradiation which induces more water is
sealed in bubbles, and further reacts with the carbon “egg-shell” to form
more developed microporosity. These results illuminate that microwave
irradiation is a highly energy-efficient method comparing with the
traditional pyrolytic carbonization method.

Fig. 4 presents the Raman spectrum of the fabricated samples. As
shown in Fig. 4, all of the fabricated samples display two distinctive
peaks at around 1350 and 1595 ecm ™~ ?, corresponding D- and G-band of
carbon materials, respectively [40]. The G-band peak reflects the gra-
phitic structure of sp® hybridized carbon atom bonded to adjacent C or
P atoms, while the D-band peak corresponds to the disordered structure
caused by defects in carbon lattice [41,42]. Thus, the intensity ratio of
G-band and D-band (Ig/Ip) is commonly used to characterize the gra-
phitization degree of carbon material. As shown in Fig. 4, the Ig/Ip ratio
of the PHPC-W; only reaches 0.18 under microwave irradiation for
1 min, indicating an unsatisfactory graphitization degree due to in-
sufficient irradiating time. As the microwave irradiating time increases
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Table 1
Textural parameters of the fabricated samples.

Sample ID  Sgr/m? Sme, ma/! m?  Spi/m> Smi/Sper  Ve/em® Vpmi/em®
g g g g g™’
PHPC-W; 1194 978 215 0.18 1.62 0.09
PHPC-W; 1642 687 955 0.58 2.04 0.42
PHPC-Ws 1303 1089 214 0.16 1.33 0.08
PHPC-H 1314 632 682 0.52 1.52 0.31

Sper: total surface area, Spme, ma: total surface area of mesopore and macropore, Sp;:
micropore surface area, Vy: total pore volume, Vp,;: micropore pore volume.
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Fig. 4. Raman spectrum of the fabricated samples.

to 3 min, the Ig/Ip ratio sharply improves to 0.31, and then only a slight
increase is observed when microwave irradiating time further increases
to 5 min, illuminating that 3 min is an optimal microwave irradiating
time again. Meanwhile, the Ig/Ip ratio of the sample fabricated at
650 °C under argon atmosphere for 2 h reaches 0.32, which value is
very close to that of the PHPC-W5; and PHPC-Ws, revealing that the
similar graphitization degree with the sample fabricated by traditional
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pyrolytic carbonization under argon atmosphere for 2 h can be easily
achieved by microwave irradiation only for 3-5 min under air atmo-
sphere.

The element composition of the fabricated samples was analyzed by
XPS, and the results are listed in Table 2. As shown in Table 2, carbon
still is the dominant element for all samples. Beside the carbon, rea-
sonable amounts of oxygen and phosphorus elements are detected. The
oxygen element content of the samples PHPC-W;, PHPC-W3, and PHPC-
W5 reaches 13.60, 13.08 and 13.54 at. %, respectively, only a slight
variation is observed with the increasing microwave irradiating time.
Interestingly, the oxygen element content of PHPC-H fabricated under
inert atmosphere protection arrives 14.44 at. %, which is higher than
that of the PHPC-W series samples fabricated under air atmosphere,
illuminating the incomparable advantage of our suggested method than
that of traditional pyrolytic carbonization. The inert atmosphere absent
fabrication process may be due to two reasons: 1) the ultra-fast car-
bonization process under microwave irradiation marvelously shorts the
contact time of precursor with air; 2) the carbonization product is
coated by highly thermostable phosphoric acid and its derivatives,

Table 2
Summary of XPS peak analysis on the fabricated samples.

Samples PHPC-W; PHPC-W;3 PHPC-W5 PHPC-H

Cls Content 83.47 at. % 85.40 at. % 85.96 at. % 83.02 at. %
284.5eV 69.7% 63.2% 63.3% 67.30%
285.4eV 14.3% 21.3% 14.7% 20.20%
286.5eV 16.0% 9.4% 15.6% 7.30%
289.3eV 0.0% 6.1% 6.4% 5.20%

Ols Content 13.60 at. % 13.08 at. % 13.54 at. % 14.44 at. %
531.6 eV 24.7% 35.9% 23.3% 13.7%
532.7 eV 9.7% 30.0% 11.8% 45.3%
533.7 eV 65.6% 34.1% 64.9% 41.0%

P2p Content 2.93 at. % 1.52 at. % 1.50 at. % 2.54 at. %
132.6 eV 80.5% 65.5% 50.8% 58.0%
134.2 eV 19.5% 34.5% 49.2% 42.0%
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which avoids the direct contact of carbonization product with air. For
phosphorus element, which content decreases from 2.93 to 1.52 at. %
as the microwave irradiating time increases from 1 to 3 min, and only a
slight reduction is observed as the microwave irradiating time se-
quentially increases to 5 min. Meanwhile, the phosphorus element
content of the PHPC-H achieves 2.54 at. %, which value is slightly
lower than that of PHPC-W;, but far higher than that of PHPC-W3 and
PHPC-Ws, which may be due to the higher carbonization temperature
for PHPC-W3; and PHPC-W5. In our experiment, a household microwave
oven was used for fabricating PHPC-W series sample, so it was difficult
to control the carbonization temperature. However, the phosphoric acid
and its derivatives generated by decomposing of phytic acid and further
condensation polymerization under microwave irradiation exhibit high
thermostability, and can be heated by microwave irradiation to over
800 °C [37]. So, the carbonization temperature under microwave irra-
diation could reach over 800 °C in theory. The higher carbonization
temperature caused by lasting microwave irradiation induces more
serious pyrolysis of P-C and P=0 bond, and thus causes an apparent
decrease for phosphorus element content.

The incorporation of phosphorus heteroatoms into carbon lattice of
the fabricated samples is confirmed by high-resolution XPS spectra of
P2p orbit. As shown Fig. 5, two featured peaks at 132.6 eV and
134.2 eV attributing to P-C and P=0 bonds respectively are observed
for both PHPC-H and PHPC-W series samples [15,41]. The presence of
P-C bonds verifies the successful doping of phosphorus heteroatoms
into carbon lattice. Meanwhile, the relative content of P-C bonds for
PHPC-W; and PHPC-W; reaches 80.5 and 65.5%, respectively, which
values are higher than that of PHPC-H (58.0%), indicating the carbon
atoms in graphite lattice can be more easily replaced by phosphorus
heteroatoms under microwave irradiation than traditional pyrolytic
carbonization (as shown in Table 2). Even so, the relative content of P-C
bonds constantly decreases while the relative content of P=0 bonds
continually improves with the increasing microwave irradiating time.
That results may be due to the higher bond energy of P=0 bonds than
that of P-C bonds, which makes the P-C bonds easier to decompose than
P=0 bonds under high temperature caused by microwave irradiation.
For Ols orbit, three peaks centered at 531.6, 532.7, and 533.7 eV can
be recognized for all samples. The peak at 531.6 ev corresponds to
oxygen double bonded to carbon (C=O0) in quinone type groups or
phosphorus (P=0) in the phosphate group, while the peak at 532.7 eV
refers to singly bonded oxygen (-O-) in C-O and C-O-P groups [43,44],
the peak at 533.7 eV is attributed to O=C-O in carboxyl type groups
[45]. It can be seen from Table 2, the PHPC-W series samples exhibit
higher relative content of oxygen double bonded to carbon or phos-
phorus than that of PHPC-H (13.66%). It was reported that the pseudo-
capacitance of carbon materials mainly originates from quinone —hy-
droquinone transitions [46,47], thus the higher relative content of
quinone-type groups indicates a superior supercapacitance performance
of PHPC-W than PHPC-H. In case of Cls orbit, the high-resolution
spectra of Cls orbit for all samples exhibits four individual component
peaks around 284.5, 285.4, 286.5 and 289.3 eV, which are attributed to
graphitic structure (C-C sp?), carbon-carbon single bonds of defects (C-C
sp) or carbon-phosphorus single bonds (C-P) on the carbon matrix,
carbon-oxygen-phosphorus single bonds (C-O-P) and carbon-oxygen
double bonds (O-C=O0), respectively [43,48]. Ols and Cls spectra
confirm the presence of P=O and P-C bonds, which are in good
agreement with the results of P2p spectrum.

Two-electrode coin-type symmetric supercapacitor cells using
PHPC-H and PHPC-W series samples as electrodes were assembled to
evaluate the capacitive performance of the reported samples (denoted
as SC-PHPC-H and SC-PHPC-W,, respectively). For comparing capaci-
tive performance with commercial supercapacitor, a commercial acti-
vated carbon (AC) with a specific surface area of 1687 m? g’1 also was
used to assemble coin-type symmetric supercapacitor cell (denoted as
SC-AQ). Fig. 6a presents cyclic voltammetry curves (CVs) of all test cells
at a scan rate of 5mV s~ !. As shown in Fig. 6a, cyclic voltammetry (CV)
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curves of all test cells exhibit good symmetrically rectangular shape,
illuminating ideal electrochemical capacitance properties. The similar
CV curves are observed for all test cells, but the covered area of CV
curves for SC-PHPC-W;, SC-PHPC-W3; and SC-PHPC-Wj5 is far larger
than that of SC-AC and SC-PHPC-H, indicating the larger charge storage
capability for the samples fabricated by microwave irradiation. In ad-
dition, the coved area of CV curves for SC-PHPC-W, series cells pro-
portionally rises with increasing scan rate, and the rectangular shape is
well retained even under a large scan rate of 200 mv s™! (as presented
in Fig. S1 in the Supporting Information), suggesting a good ions
transport ability and rate capability of the corresponding electrode
material. The perfect triangular charge/discharge curves and nearly
100% coulombic efficiency under a current density of 0.5 A g~ ! illu-
minate the ideal electrochemical capacitance properties of all test cells
again (as shown in Fig 6b and Fig. S2). Low equivalent series resistance
(ESR) for test cells is proved by their low IR drop (voltage drop). As
shown in Fig. S3, only ca. 2.1 mV IR drop is observed for the typical cell
SC-PHPC-W; under a current density of 0.5 A g™, and which value
slowly rises to 34 mV as current density increases to 20 A g~ *.

The specific discharge capacitance (F g~ ') of single electrode for
supercapacitor can be calculated by following equation:

4(I X At)
AV X m

B (2)
where C is the gravimetric specific capacitance of single electrode, I
refers the applied discharge current (A), At and AV represent the dis-
charging time (s) and potential range after the IR drop (V), respectively,
and m (g) is the total mass of electrodes. At a current density of
0.5 A g1, single electrode specific capacitance of the PHPC-W series
samples are calculated to be 192, 209 and 201 F g_1 for PHPC-W,,
PHPC-W3 and PHPC-Ws, respectively. Unsurprisingly, the sample fab-
ricated by microwave irradiation for 3 min (PHPC-W3) with largest
specific surface area exhibit a largest specific capacitance. Meanwhile,
the single electrode specific capacitance of the PHPC-H and commercial
AC only reaches 132 and 151 F g1, respectively. It should be noted
that the sample PHPC-W3 exhibits a similar specific surface area with
the commercial AC, but the specific capacitance of the PHPC-W3 is 1.4
times higher than that of commercial AC. The superior charge storage
capability of PHPC-W series samples than that of commercial AC is
mainly due to its unique structure and high electrolyte-accessible sur-
face area. PHPC-W shows a hierarchic porous structure with short
opened micropores (as shown in Figs. 1 and 3), while the closed mi-
cropore is dominated pore structure for commercial AC. It has been
proved that the closed micropores with a pore size of less than 1 nm had
a poor charge storage capability, but a mark charge storage capability
can be harvested by short opened micropores due to the improved
electrolyte accessibility [23,25]. The electrolyte accessibility of micro-
pores is further enhanced by phosphorus heteroatoms doping. In-
corporating phosphorus heteroatoms into carbon lattice greatly affects
the physical and chemical properties of the carbon matrix. The differ-
ence in electronegativity of phosphorus and carbon atoms destroys the
electro-neutrality of carbon lattice, and provides a more polarized
surface, which enhances the surface wettability of carbon matrix and
ensures a fast transfer rate of electrolytic ions in microporous and small
mesoporous, improves the utilization ratio of specific surface and thus
results in large specific capacitance [28,41,49]. A marked improvement
for charge storage capability of PHPC-W series samples fabricated by
microwave irradiation than that of PHPC-H fabricated by traditional
pyrolytic carbonization also can be observed, as shown Table 1, the
sample PHPC-Ws exhibits a nearly similar specific surface area
(1303 m? g_l) with the PHPC-H (1314 m? g_l), but the specific ca-
pacitance of PHPC-Ws is about 1.5 times higher than that of PHPC-H.
The larger charge storage capability for PHPC-W series samples is
mainly contributed by the pseudo-capacitance. To confirm the con-
tribution of pseudo-capacitance, the cyclic voltammetry (CV) of the
fabricated samples were also tested in a three-electrode system at a scan
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rate of 5mV s~ ! in 6 M KOH. In common sense, the quasi-rectangular
CV shape is a typical characteristic of electrical double-layer capaci-
tance (EDLC) and the reversible redox peak always indicates the pre-
sence of pseudo-capacitance associated with fast and reversible oxida-
tion/reduction (redox) or faradaic charge transfer reactions [50]. As
shown in Fig. S4, the quasi-rectangular CV shape of the PHPC-H in-
dicates the EDLC nature of the sample fabricated by traditional pyr-
olytic carbonization. But for PHPC-W series samples, a couple of ap-
parent hump peaks overlapped on a quasi-rectangular CV shape are
observed clearly for all samples, illuminating the contribution of
pseudo-capacitance for the high charge storage capability of the

140

138 136 134 132
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130 128
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530

288 286 284
Binding Energy (ev)

Fig. 5. High-resolution XPS spectra of P2p, Ols and C1s orbits for the fabricated samples.

266

samples fabricated by microwave irradiation. It was reported that the
hump peaks on CV curve of carbon materials corresponds to the pseudo-
capacitance inducing by quinone —hydroquinone transitions [46,47].
As shown in Fig. 5 and Table 2, although PHPC-H exhibits a slightly
higher oxygen element content than that of the PHPC-W series samples,
the relative content of the quinone-type groups on surface for PHPC-H
is far lower than that of the PHPC-W series samples. To further confirm
the origin of pseudo-capacitance, the sample of PHPC-W5 was calcined
at 650 °C for 2 h under argon atmosphere (named PHPC-Ws-H). As
shown in Fig. S5 and Table S1, after calcining at 650 °C, no apparent
variation for O content is observed, but the relative content of quinone-
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Fig. 6. The CV curves of the fabricated cells at a scan rate of 5 mV s~ (a); galvanostatic charge-discharge curves of the fabricated cells under a current density of 0.5 A g~ ! (b); rate
capability of the fabricated electrodes (c); the cycling performance of the fabricated electrodes at the current density of 2 A g~ (d); and galvanostatic charge/discharge curves of PHPC-
Wj electrode at 1st, 1000, 2000%, 3000*,4000% and 5000 cycles (illustration in Fig. 6d).

type groups on surface reduces from 23.3% to 15.3%, the corre-
sponding capacitance sharply decrease from 201 F g~* to 154 F g~ 1,
which value is close to that of sample PHPC-H with a relative content of
quinone-type groups about 13.7%. This result indicates that the pseudo-
capacitance on samples fabricated by microwave irradiation originates
from high relative content of quinone-type groups on surface.

The fabricated PHPC-W series samples exhibit an extraordinary rate
capability. As shown in Fig. 6¢, the specific capacitance of PHPC-W
series samples slowly reduces from 192, 209 and 201 F g~ * to 177, 201
and 191 F g~ ! when current density increases from 0.5 to 20 A g~ ! for
PHPC-W,, PHPC-W3; and PHPC-Ws, respectively. The corresponding
capacitance retention achieves 92.2, 96.2 and 95.0%, respectively,
while that of PHPC-H and commercial AC only reaches 91.8% and
87.1%. The rate capability of PHPC-W series samples is superior to
PHPC-H, commercial AC and other porous carbon materials reported in
recent literatures [25,39,51-54]. The extraordinary rate capability of
PHPC-W series samples maybe contributed by the hierarchic porous
structure and enhanced surface wettability by phosphorus heteroatoms
doping. Meanwhile, an excellent satisfying cycle stability for PHPC-W
series samples is revealed by Fig. 6d. As shown in Fig. 6d, the capaci-
tance retention rate reaches 95.3, 97.9 and 97.2% for PHPC-W,, PHPC-
W3 and PHPC-W5 respectively after 5000 times charge/discharge cy-
cles, which values for PHPC-H and commercial AC are 94.96 and
92.4%, respectively. The high structure stability and unique mor-
phology make a contribution for the excellent cycle performance of
PHPC-W. As shown in Fig. 7, the CV curves before and after 5000 cycles
for typical sample PHPC-W; are almost fully overlapped except a faint
decay in plateau current for the latter, evidencing the excellent struc-
ture stability of PHPC-W series samples.

To further understand the electrochemical properties of the as-
sembled supercapacitor cells, the EIS of the SC-PHPC-H and SC-PHPC-
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Fig. 7. CV curves of SC-PHPC-Wj cell recorded before and after 5000 cycles.

W series cells were measured to compare the electrical resistances and
ion transport behaviors. As shown in Fig. 8, almost vertical curves of
Nyquist plots in low frequency for all test cells represent their nearly
ideal capacitance behaviors, owing to developed porous structure and
high electrolyte-accessible surface area [13]. The intercept at the real
axis at high frequency region represents the equivalent series resistance
[26], reflecting electrical conductivity of test electrodes. A good elec-
trical conductivity for all samples is illuminated by low equivalent
series resistance. As shown in Fig. 8, the equivalent series resistance for
SC-PHPC-W;, SC-PHPC-W3, SC-PHPC-Ws and SC-PHPC-H, is about
0.598, 0.584, 0.477 and 0.453 Q, respectively. The equivalent series
resistance decreases with the increasing microwave irradiating time
due to the continually improving graphitization degree for PHPC-W
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Fig. 8. Nyquist plots of the fabricated samples.

series samples (as shown in Fig. 4). For practical application, it is im-
portant to evaluate the leakage current and self-discharge character-
istics of supercapacitor cells. As shown in Fig. S6, the leakage current of
typical cell SC-PHPC-W3 quickly stabilized at 0.043 mA, indicating a
small leakage current and high stability for SC-PHPC-W series cells.
After being charged at 1.0 V for 30 min, the open-circuit voltage of the
SC-PHPC-W3 and SC-PHPC-H cells exhibits a rapid decrease in the first
hour and gradually stabilized at 0.69 and 0.55 V after 24 h, respec-
tively, revealing their low self-discharge characteristic.

4. Conclusions

A phosphorus doped egg-like hierarchic porous carbon with su-
perior supercapacitance performance was successfully fabricated by an
ultra-facile and energy-efficient microwave irradiation combining with
self-activation strategy. The similar morphology and graphitization
degree with the sample fabricated by the traditional pyrolytic carbo-
nization method under inert atmosphere protection for 2 h (PHPC-H)
can easily achieves just for 3 min by the reported method. The samples
fabricated by the reported method exhibit a unique phosphorus doped
egg-like hierarchic porous structure with opened micropores, which
specific surface area and pore volume achieves up to 1642 m* g~ ' and
2.04 cm® g™, respectively. The fabricated PHPC-W series samples ex-
hibit a large charge storage capability and extraordinary rate capability,
which specific capacitance reaches up to 209 F g~ at a current density
of 0.5 A g7, and more than 96.2% of initial capacitance is retained as
the current density increasing to 20 A g~ *. Meanwhile, the capacitance
retention rate of the PHPC-W series samples reaches up to 97.9% after
5000 times charge/discharge cycles. The hierarchic porous structure
with developed opened microporosity, high electrolyte-accessible sur-
face area and high conductivity contribute to the superior capacitance
performance of the fabricated PHPC-W series samples. Comparing with
the traditional pyrolytic carbonization method, the suggested micro-
wave irradiation combining with self-activation strategy exhibits in-
comparable merits, such as high energy utilization efficiency, absence
of inert atmosphere protection and ultra-fast fabrication process.
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