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a b s t r a c t

Hierarchical carbon architectures offer superb advantages for energy storage, but their general synthesis
requires tedious template methods and subsequent activation processes employing highly corrosive
potassium hydroxide as the activation agent. Herein, we report a green and scalable production of the
nanosheet-assembled hierarchical carbon architecture using potassium citrate as a green activation
agent as well as an in-situ template and petroleum asphalt as the precursor. The replacing potassium
hydroxide with potassium citrate can not only reduce the adverse impact on environment during the
industrially scalable production but also eliminate the necessity of extra templates in traditional stra-
tegies. Meanwhile, the employment of petroleum asphalt as the carbon precursor can increase the yield
of carbon, thus reducing the cost for constructing such structures. The as-prepared carbon architecture
shows large specific surface area and hierarchical porosity. Besides, the porous carbon nanosheet facil-
itates efficient electrons/ions transfer which permits high-power handling. Because of these structure
merits, the porous carbon nanosheet-assembled hierarchical architecture affords outstanding perfor-
mance in terms of large specific capacitance, extraordinary rate capability, and long cyclic stability. The
strategy demonstrated here may open up new possibilities for creating novel carbon nanostructures for
energy-related application in cost-effective manners.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The rational design and construction of hierarchical carbon ar-
chitectures have aroused widespread attention recently because of
their pivotal roles in substantially boosting the performance of
energy storage and conversion devices [1e10]. Specifically, the hi-
erarchical porosity can simultaneously act as ion-buffer reservoirs,
serve as rapid ion transfer channels, and provide abundant loca-
tions for ion accommodation, which contributes to robust capaci-
tive energy harvesting for supercapacitors [11e14]. To essentially
explore the potential of these structures for this purpose, tremen-
dous efforts have been made in past decades with remarkable
achievements [15e17]. Fan et al. reported the combination of soft
template and KOH-mediated activation to construct nitrogen-
@upc.edu.cn (M. Wu).
doped hierarchical porous carbon nanospheres as electrode mate-
rials for supercapacitors [18]. Using SiO2 nanoparticles as tem-
plates, Hu and his colleague reported the designed formation of
hierarchical carbon architecture through combining KOH activation
[19].

The current progress indicates that most of these architectures
are constructed through laborious procedures that include multi-
step pore regulation. Generally, macropores are created through
hard/soft template methods, while the meso-/micro-porosity is
manipulated by chemical activation usually using potassium hy-
droxide as the activation agent. Despite the high controllability of
these strategies, the processes are too costly for industrially scal-
able production. Moreover, the inevitable use of highly corrosive
potassium hydroxide imposes great environmental impact on the
production process. As a result, facile synthesis procedures
employing environment-friendly agents are urgently required. M.
Sevilla et al. reported that the direct pyrolysis of potassium citrate
in inert atmosphere at elevated temperatures could contribute to
carbon nanosheet-assembled hierarchical architecture [20].
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Because of the simplicity and straightforwardness, this method has
been extensively exploited to increase the controllability for
enhanced performance [21,22]. Considering the wide demand and
scalable deployment of energy storage devices in the near future,
the high-yield production of the key components for super-
capacitors, namely carbon electrode materials, is desperately
needed [23,24]. Nevertheless, the directly using potassium citrate
as the precursor generally showcases a very low carbon yield which
restricts the scalable use of this strategy. Therefore, alternative
methods with not only simplicity but also high yield using cheap
precursors remain to be exploited [25].

As a low-value byproduct during the petroleum processing,
asphalt is produced at extremely large quantity [26]. The carbon
content in asphalt is generally higher than that of many other
precursors for carbon materials which may contribute to high-
yield production. Besides, asphalt normally contains a large
portion of polycyclic aromatic hydrocarbons rendering the as-
prepared carbon with high conductivity, an extremely desirable
property for advanced energy storage. Moreover, the melt and
fluidity of asphalt at elevated temperatures provide an excellent
opportunity of facilely introducing in-situ template for pore
regulation [27e29].

Based on the aforementioned discussion, we propose a green
and scalable production of nanosheet-assembled hierarchical car-
bon architecture (NHCA) through co-carbonizing potassium citrate
and petroleum asphalt. At elevated temperatures, the potassium
citrate decompose into potassium carbonate particles serving as
templates which will guide the melted asphalt converting into
interconnected carbon nanocages around them. The further
increasing of the temperatures will result in the activation of car-
bon nanocages to produce large amount of micropores as well as
mesopores. These structural merits render the as-prepared NHCAs
with outstanding performance as electrodes for supercapacitors.
Because of the low-cost, high-yield, and environment-friendly
properties, the strategies suggested here may contribute to a new
avenue for construction of novel carbonmaterials with potential for
practical energy storage application.
2. Experimental

2.1. Preparation of NHCAs

Petroleum asphalt was obtained from Sinopec Group (7.1 wt %
saturates, 24.9wt % aromatics, 46.1 wt % resins and 18.0wt %
asphaltenes). Potassium citrate was bought from Aladdin Ltd. All
other chemicals were of analytical grade and used without any
further purification. In a typical synthesis, 1 g of petroleum asphalt
was mixed with a certain amount of potassium citrate through
grounding in an agate mortar for 10min. Then, the mixture loaded
in a corundum boat was transferred into a horizontal tube oven. A
four-step heating procedure was applied, where the mixture was
heated to 300 �C at a ramping rate of 5 �C min�1 and held at 300 �C
for 30min, then to 800 �C with 5 �C min�1 and remained at this
temperature for another 120min under N2 atmosphere. After
washing with water followed by drying at 60 �C for 10 h, the
nanosheet-assembled hierarchical carbon architectures (NHCAs)
were obtained. The as-prepared products were named as NHCA-X,
where the X represent the mass ratio of potassium citrate to pe-
troleum asphalt. Besides, potassium citrate has also been directly
pyrolyzed as a reference sample denoted as HCA. Petroleum asphalt
was also directly carbonized, denoted as petroleum asphalt-derived
carbon (PAC), for comparison.
2.2. Characterization

The morphologies and microstructures of the as-prepared car-
bon materials were characterized by field-emission scanning
electron microscopy (FESEM, Hitachi S-4800 Japan) and trans-
mission electron microscopy (TEM, JEM-2100UHR, Japan). Energy
dispersive X-ray spectroscopy (EDS) was carried out on an EDX
system attached on the TEM system. The crystal structures and the
synthesis mechanism of the NHCAs were explored by X-ray
diffraction (XRD X'Pert PRO MPD, Holland). The surface functional
groups and defects were studied by X-ray photoelectron spectros-
copy (XPS, Thermol Scientific Escalab 250XI) and Raman spec-
troscopy (Renishaw RM2000), respectively. Pore structure and
specific surface area were determined by nitrogen adsorption-
desorption isotherms on a sorptometer (Micromeritics, ASAP
2020, USA). The specific surface area was obtained by BET (Bru-
nauer-Emmette-Teller) equation and the total pore volume (Vt) was
obtained under a relative pressure (P/P0) of 0.99. The pore diameter
was analyzed from the adsorption branches of the isotherms using
the density functional theory (DFT) method. The micropore volume
(Vmic) was obtained using the t-plot method. The average pore
diameter (Dap) of NHCAs was calculated by the equation of
Dap¼ 4Vt/SBET.

2.3. Preparation of NHCA electrodes

Firstly, the electrodes for electrochemical measurements were
prepared by mixing the NHCAs and polytetrafluoroethylene
together with mass ratio of 9:1 in deionized water to obtain a
slurry. Then, the slurry was rolled into thin film and cut into round
films (12mm in diameter). After drying in a vacuum oven at 120 �C
for 2 h, each round filmwas weighted to be about 2.0mg cm�2. The
electrode for electrochemical testing was prepared by firmly
pressing the films onto nickel foams. Finally, a coin-type super-
capacitor was assembled using two similar electrodes separated by
a piece of polypropylene membrane with a 6M KOH aqueous so-
lution as the electrolyte. The cyclic voltammetry (CV) measure-
ments were conducted on CHI760E electrochemical workstation
(Chenhua, Shanghai, China). Electrochemical impedance spectra
(EIS) were measured using an Ametek PARSTAT4000 electro-
chemistry workstation within a frequency range of 100 kHz to
0.01 Hz with 5mV ac amplitude. The galvanostatic charge-
discharge (GCD) measurements and cycle life tests were conduct-
ed on a supercapacitance test system (SCTs, Arbin Instruments,
USA). The specific capacitance of the working electrodes was
calculated from the galvanostatic discharge process via the
following equation:

Ccell ¼
IDt
mDV

(1)

Cs ¼ 2I0Dt
m0DV

¼ 4IDt
mDV

(2)

where Ccell (F g�1) is the specific capacitances of the symmetric
supercapacitor, Cs (F g�1) is the single electrode capacitance, m' and
I' (A) represent the mass of single electrode and the relevant cur-
rent, respectively, I (A) stands for the discharge current, m (g) is the
total mass of the active material of the two-electrode cell, DV (V)
and Dt (s) are the discharge voltage and the diacharge time in the
discharge process. The calculation of the density of activated carbon
and volumetric specific capacitance was described in Supplemen-
tary Material.

The energy density (E, Wh kg�1) and average power density (P,
W kg�1) of the supercapacitors were calculated based on the
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following equations:

E ¼ 1
2� 4� 3:6

CsV2 (3)

P ¼ E
Dt

(4)

where V (V) represents the working voltage (excluding IR drop), t
(h) stands for the discharge time.
3. Results and discussion

Fig. 1 illustrates the overall construction process of NHCAs
which is quite simple and straightforward. After heating petroleum
asphalt and potassium citrate in inert atmosphere, the melted and
fluid asphalt mixed with the potassium citrate uniformly. With the
further increasing of temperature, the potassium citrate would
decompose into potassium carbonate (Fig. S1) in the matrix of
heated asphalt, serving as the in-situ templates which will guide
the carbon source to form the scaffold of nanosheet-assembled
architecture [20,22]. At higher temperature, the in-situ formed
potassium carbonate is decomposed to produce carbon dioxide and
potassium oxide. The carbon dioxide could etch the carbon to
produce micropores [20]. Meanwhile, the potassium oxide can
react with carbon to generate metallic potassium. The as-formed
metallic potassium is highly effective in contributing to porosity
as its possibility of intercalating into graphene layers, leading to
disruption of the carbon microstructures [1]. Because of the
simplicity, the carbon materials synthesized using this method are
highly attractive for some scale applications, for example, energy
storage. Moreover, the yield of carbon through this method in-
creases significantly, much higher than that of the carbon materials
obtained from direct carbonization of potassium citrate (Fig. S2).

The structure details of the as-prepared carbons are carefully
investigated. Firstly, the morphologies of these carbon materials
synthesized at different conditions are compared in Fig. 2. As
shown in Fig. 2a, the direct pyrolysis of petroleum asphalt can only
produce irregular bulk carbon particles. The introduction of po-
tassium citrate can create macropores because of the in-situ tem-
plates generated through decomposing potassium citrate [20].
Fig. 2bed exhibit the evolution of the macroporous architectures
with the increase of potassium citrate. With two-fold of potassium
citrate employed (Fig. 2b), the macropores-decorated bulk particles
are produced and the pore-wall is quite thick. To further increase
the ratio to four-fold, the wall-thick is significantly reduced (Fig. 2c
and Fig. S3) and the nanosheet-wrapped nanocages are inter-
connected, giving rise to a desired scaffold for capacitive energy
storage. At higher content of the potassium citrate in the mixture
(Fig. 2d), the structures can be well-maintained whereas carbon
fragments are also detected which may be due to the unmatched
in-situ template and carbon precursor. As a reference, the
morphology of the structure from direct pyrolysis of potassium
Fig. 1. Illustration of the construction process. (A colo
citrate (denoted as HCAs) has also been observed. As shown in
Fig. S3c, the architecture contains macropores assembled by thick
and thin nanosheet as well as fragments, which demonstrates poor
controllability.

The structure of the NHCA-4 has been further investigated using
TEM for more details. As shown in Fig. 3a, the remained carbon
perfectly replicates the bulk morphology of the stacked templates
and the removing templates could leave the interconnected porous
networks behind, thus producing such an architecture. Moreover,
the carbon shell thickness is quite thin which is almost transparent
to the electron beams. Under higher resolution image (Fig. 3b), the
thickness of the nanosheet is determined to be around 30 nm.
Energy disperse X-ray (EDX) spectra have been recorded under
TEM observation. As shown in Fig. 3c, a fairly high content of ox-
ygen and a tiny amount of nitrogen have been detected except the
main carbon element. These uniformly distributed heteroatoms can
improve the wettability of the as-prepared carbonmaterials, which
can thus facilitate the electrolyte transport among these nanosheet
[30,31].

The chemical states of these heteroatoms have been further
analyzed by XPS. As shown in Fig. 4a, the full spectra of the carbon
architectures synthesized at different conditions are compared.
Three kinds of peaks can be found which correspond to carbon,
nitrogen and oxygen with the detailed results listed in Table S1.
These results are in good agreement with EDX analysis. The high-
resolution O1s spectrum of NHCA-4 (525e545 eV) is presented in
Fig. 4b, where different types of O-containing groups could be
verified on the surface of the as-prepared carbon, including C¼O
(531.9 eV), CeO (533.4 eV) and OeH (534.0 eV). It is well accepted
that defects in the carbon materials play an important role in their
electrochemical performance [32]. As a result, this property of the
as-prepared NHCAs is investigated by Raman Spectrum. As shown
in Fig. 4c, the intensity of D band (around 1350 cm�1) associated
with defects and G (around 1580 cm�1) band corresponding to
graphitic carbon [33] contributes to a relative large ID/IG ratio,
indicating that all of the NHCAs are defect-rich carbon materials.
Moreover, the XRD pattern of the NHCA-4 is displayed in Fig. 4d.
Two broad peaks at 23.4� and 43.5� reveal the amorphous char-
acteristics and the complete removal of potassium-containing
residuals.

Other key properties, which are of particular importance for
energy storage application, the specific surface and pore size dis-
tribution [34,35], have been carefully evaluated by nitrogen sorp-
tion isotherms. As shown in Fig. 4e, all of NHCAs display a type I
isotherm based on the IUPAC classification, revealing the presence
of a high content of micropores. At medium pressure, the small
hysteresis loop in the isotherms of NHCAs disclose the existence of
mesopores. The detailed pore structure parameters of the NHCAs
samples are summarized in Table S2 where the specific surface area
and pore volume increase in the same order, specifically, HCA
(786m2 g�1, 0.39 cm3 g�1)<NHCA-2 (836m2 g�1,
0.41 cm3 g�1)<NHCA-4 (1267m2 g�1, 0.53 cm3 g�1)<NHCA-6
(1437m2 g�1, 0.60 cm3 g�1). Fig. 4f shows the pore size distribution
ur version of this figure can be viewed online.)



Fig. 2. SEM image of the (a) PAC, (b) NHCA-2, (c) NHCA-4, and (d) NHCA-6

Fig. 3. (a) and (b) TEM images of NHCA-4. (c) Element mapping analysis of NHCA-4. (A colour version of this figure can be viewed online.)
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curves of NHCAs, the bimodal distribution concentrates on ca.
0.6e1 nm and 1.2e2 nm.

The electrochemical performances of these NHCAs were evalu-
ated using a two-electrode configuration with two identical elec-
trodes separated by an ion-permeable separator in a 6M KOH
electrolyte. Fig. 5a compares the CV curves at a scan rate of
50mV s�1. Definitely, all the curves exhibit approximately rectan-
gular shapes without distinct redox peaks, which demonstrate the
ideal electrical double-layer capacitance behavior of NHCAs
because of the reversible adsorption and desorption of the
electrolyte ions. Remarkably, NHCA-4 gives the largest rectangle at
the same scan rate, revealing the largest specific capacitance.
Meanwhile, the CV curve of the one synthesized by direct pyrolysis
of potassium citrate affords a distorted rectangular shape with a
much smaller area which indicates the synergetic effects of po-
tassium citrate and petroleum asphalt in creating the hierarchical
architectures. The power capability of the NHCA-4 has been further
tested at scan rates ranging from 5 to 200mV s�1 in Fig. 5b. The
perfect rectangular shape of its CV curve can still be well main-
tained even at the scan rate as high as 200mV s�1, revealing its



Fig. 4. (a) Full XPS spectra of HCA and NHCAs. (b) O1s spectrum of NHCA-4. (c) Raman spectra and (d) XRD patterns of the HCA and NHCAs. (e) N2 adsorption-desorption isotherms
of HCA and NHCAs and their (f) pore size distributions. (A colour version of this figure can be viewed online.)
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outstanding rate performance. The excellent capacitive capability
has been further confirmed by Galvanostatic charge-discharge
(GCD) measurements. Fig. 5c shows the GCD curves at 0.1 A g�1.
All the curves reveal equicrural triangle shape in the potential range
from 0 to 1.0 V, which manifests an ideal double layer capacitance
behavior and is consistent with CV tests. Furthermore, these NHCAs
have extremely small IR drop, demonstrating their unique
morphology in favor of extremely fast charge transfer. The specific
capacitance of the NHCAs at different current densities is shown in
Fig. 5d. As shown, the gravimetric specific capacitance of HCA,
NHCA-2, NHCA-4 and NHCA-6 electrode is 152 F g�1, 196 F g�1,
307 F g�1 and 236 F g�1 at 0.05 A g�1, respectively. It is worth noting
that the gravimetric capacitance of NHCA-4 electrode is also su-
perior to many other related nanostructured carbon reported
elsewhere (Table S3) [36e41]. The volumetric specific capacitance
is 60 F cm�3, 70 F cm�3, 93 F cm�3 and 67 F cm�3 at 0.05 A g�1 for



Fig. 5. (a) CV curves of HCA and NHCAs at scan rate of 50mV s�1. (b) CV curve of NHCA-4 at scan rates ranging from 5 to 200mV s�1. (c) GCD curves of HCA and NHCAs at a current
density of 0.1 A g�1. (d) The rate performances of HCA and NHCAs. (e) The Nyquist plots (insert was the equivalent circuit model) and (f) the Bode plot of NHCA-4. (A colour version
of this figure can be viewed online.)
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HCA, NHCA-2, NHCA-4 and NHCA-6, respectively, according to
Table S4, which is compared favourably to commercial one
(Table S5). The outstanding performance of NHCA-4 can be ascribed
to its unique structure. The macropores in the architecture serve as
a reservoir holding electrolytes while the meso-/micropores
decorated nanosheet can essentially reduce the diffusion length for
ions as well as provide sufficient accommodation sites for ions. The
rational combination of different size pores with disparate func-
tions can thus allow sufficiently large amount of ions be adsorbed/
desorbed in an extremely fast manner. To further explain the
outstanding electrochemical performance of the NHCA-4, the
impedance measurement was conducted in the frequency ranging
from 105 Hz to 10�2 Hz with 5mV ac amplitude and shown in
Fig. 5e. The measured Nyquist plot (black one, Msd) consists of



Fig. 6. (a) Cycle stability of NHCA-4 electrodes at 5 A g�1. (b) The Ragone plots of the HCA and NHCAs at 6M KOH electrolyte. (A colour version of this figure can be viewed online.)
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semicircles at high frequency region and vertical lines at low fre-
quency range, indicative of the low intrinsic resistance and ideal
capacitance behavior. As compared (Fig. S4), the NHCA-4 gives the
smallest intrinsic ohmic resistance (Rs) and charge transfer resis-
tance (Rct), demonstrating that NHCA-4 possesses superior elec-
trical conductivity and the fastest charge transfer rate. To
quantitatively evaluate the electrode resistance, equivalent circuit
model is introduced and displayed in Fig. 5e (Cad). Obviously, the
Msd and Cad plots are almost overlapped with each other, revealing
the constructed model can perfectly reflect the characteristics of
the as-prepared supercapacitors. The calculated value of each cir-
cuit component is listed in Table S6. To further explain the capac-
itance behavior, Bode plots were introduced and shown in Fig. 5f.
The phase angle of NHCA-4 (�87.7�) gives the smallest deviation to
the ideal electric double layer capacitors (�90�), revealing the
extraordinary capacitive behavior, which corresponds well with the
other electrochemical measurements. The time constant t0 is 0.82 s
and the small value is due to the unique architecture.

The cyclic stability of the NHCA-4 was conducted at a current
density of 5 A g�1 for 10000 cycles. Fig. 6a shows that capacitance
retention is as high as 93.4%, demonstrating its excellent revers-
ibility and outstanding structural stability. The cycling stability of
other two NHCAs is shown in Fig. S5, which is inferior to NHCA-4.
The Ragone plots of different NHCAs in 6M KOH electrolyte have
been listed in Fig. 6b. Among them, NHCA-4 delivers the highest
energy density, reaching 10.7Wh kg�1 at 25.5W kg�1 and
remaining 4.5Wh kg�1 at 5854Wkg�1. The good electrochemical
performance of NHCAs is mainly ascribed to the unique structure of
the three-dimensional porous carbon materials, which not only
significantly speeds up the electron transfer via shortening the ion
diffusion distance, but also enhance the rate capacitance through
its ion-buffering reservoir feature.
4. Conclusions

In summary, a green and scalable method to produce hierar-
chical porous carbons has been proposed through carbonizing pe-
troleum asphalt in the presence of potassium citrate. The potassium
citrate serves as not only the in-situ template for scaffold con-
struction but also as the environment-friendly activation agents for
pore regulation. Because of the simplicity and straightforwardness
as well as the cheap precursors employed, the strategy suggested
heremay hold great potential for industrially scalable production in
a sustainable manner. The as-prepared carbon architectures show
large specific surface area and hierarchical porosity with rationally
combined pores. As a result, an outstanding electrochemical per-
formance as electrode materials for supercapacitors has been
delivered. More specifically, a large specific capacitance of 307 F g�1

at a current density of 0.05 A g�1 is delivered and attractive
capacitance retention is afforded both at high rates and long cycles.
The novel strategy proposed here may be of great importance for
green production of high-performance carbon-based electrode
materials.
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