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ABSTRACT: In this study, three-dimensional (3D) hierarchical
porous carbon with abundant functional groups is produced through
a very simple low-cost carbonization of Artemia cyst shells. The unique
hierarchical porous structure of this material, combining large numbers
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of micropores and macropores, as well as reasonable amount of %
mesopores, is proven favorable to capacitive behavior. The abundant % 80+ i
oxygen functional groups from the natural carbon precursor contribute Q SRR, ,.1
stable pseudocapacitance. As-prepared sample exhibits high specific 8 ArtemiaCystand L el OVVEEN Rich Herarchical
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describes a simple way to produce high-performance carbon electrode
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materials for practical application, but also inspires an idea for future

structure design of porous carbon.
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1. INTRODUCTION

Carbonaceous materials have attracted tremendous interest in
the field of energy storage due to their relatively low cost, easy
processability, and excellent physicochemical stability in
different solutions (from strongly acidic to alkali)." Significant
attention has been focused on the development of various
carbon electrode materials, including activated carbon, carbon
nanotubes (CNTs), carbon aerogels, carbide derived carbons
(CDC), carbon nanofiber, graphene, and so on> 13 Among
these materials, activated carbon with high microporosity has
been most widely sought, due to its high specific surface area
(SSA) and thus relatively high specific capacitance values.
However, large numbers of micropores of the activated carbon
have been typically considered to be inaccessible to electrolyte
solutions, mainly because of their random pore connectivity
and closure characteristics."*™"” A number of approaches are
devolving to optimize the specific capacitance (SC) of carbon
materials and solve this problem. One effective approach is to
develop carbon materials with three-dimensional (3D)
hierarchical porous nanostructure, which can not only provide
a continuous electron pathway, but can also facilitate ion
transportation by shortening diffusion pathways.'®~>' Another
approach is to introduce heteroatoms or §raft oxygen-rich
functional groups with pseudocapacitance.”” >* The heter-
oatoms (N, O, B, S, P, etc.) or functional groups (carboxyl,
ether, phenol, quinine, ketone, etc.) on the porous carbon wall
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can improve the wettability, contribute pseudocapacitance, and
sometimes also enlarge the potential window.*>**>¢7*® Ideally,
the 3D hierarchical porous carbon (HPC) with functionalized
heteroatoms is desirable for high-performance supercapacitors.
For example, Qie et al.* synthesized 3D hierarchical porous
carbon with high-level heteroatom-doping, resulting in a high
specific capacitance of 318.2 F g™! was achieved. However, the
conventional approach for functionalization is normally coupled
with increasing cost and results in a tedious process and
instability of pseudocapacitance properties given by functional
groups when cycling the capacitors, especially in alkaline
electrolytes.’® A strong alternative approach is to directly use
functional group enriched materials as the carbon precursor.”*
Biological carbon precursors from natural resources are
generally renewable, inexpensive, and environmentally benign
and are believed to be able to meet such demands.>' > Carbon
derived from natural resources often possesses complicated and
optimized hierarchical morphology with naturally perfect
interconnection. For example, Lv et al.¥’ prepared HPCs with
SC of 184 F g™" at a high current density of 10 A ¢! by using
banana peels as a carbon source. Huang et al.*® produced HPCs
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with SC of 130 F g' at 100 A g™ using animal bones as raw
materials.

Artemia is a widely distributed small crustacean that lives in
salt lakes, coastal salt flat pools, and other high salt fields, and
large amount of Artemia cysts are marketed worldwide
annually.***" The cyst shell of this small crustacean possesses
a hierarchical porous inner cortical structure.*® Here, we report
our use of a very simple carbonization process to produce 3D
hierarchical porous carbon with abundant functional groups,
using the waste Artemia cyst shells as a novel carbon source.
Compared with other reported natural resource derived carbon,
the as-prepared HPC exhibits an SC as high as 297 (6 M KOH)
and 321 F ¢! (1 M H,SO,), good rate performance (above
90%), and particularly ultrastable performance upon cycling
(100% retention after 10 000 cycles). The KOH activated HPC
presents an even higher SC of 349 and 369 F g™' in 6 M KOH
and 1 M H,SO,, respectively.

2. EXPERIMENTAL SECTION

2.1. Preparation of HPC. Artemia cyst shells were cleaned with
distilled water, dried at 80 °C for 24 h, and then ball-milled for 6 h at
300 rpm. The ball-milled Artemia cyst shells were then heated to 300
°C at Ar atmosphere with a heating rate of 1 °C min~" and held at that
temperature for 3 h. Then, they were heated to 700 °C at 1 °C min™"
and held at that temperature for 4 h. After that, the product was
sonicated in 67 wt % HNO; for 80 min. After being cleaned and dried,
the final product was obtained and denoted as HPC. By comparison,
the carbon sample without HNOj treatment is denoted as HPC ,cqteq-

2.2. KOH Activation of HPC. The as-prepared HPC was mixed
with KOH at weight ratio of 1:2 (Wypc/Wygop), and then heated to
700 °C at a heating rate of 10 °C min™" in Ar atmosphere, held there
for 1 h. The product was then washed in diluted HCI and distilled
water and finally dried at 110 °C for 12 h. This product is denoted as
HPCyon

2.2. Materials Characterization. X-ray photoelectron spectrum
(XPS) was measured by a VG ESCALAB MKIIX-ray photoelectron
spectrometer using Mg—Ka as the exciting source (1253.6 eV).
Powder X-ray diffraction (XRD) patterns between 10 and 80° (~20)
were collected by Rigaku D/MAX-2500 powder diffractometer with
Cu—Ka radiation (4 = 0.154 nm) operated at 40 kV, 200 mA. Hitachi-
SU8030 field emission scanning electron microscope (FESEM, Japan),
under the acceleration voltage of 2 kV, was employed and further
confirmed on Hitachi-7650 transmission electron microscopy (TEM,
Japan) at 80 kV. The chemical composition of the products was
characterized by 7539-H energy-dispersive X-ray spectroscopy (EDX,
Horiba, England). FTIR transmission spectra from 400 to 4000 cm™"
were collected by EQUINOXSS FTIR Spectrometer operated at
resolution ratio of 4 cm™" with the KBr technique. The specific surface
area (SSA) and pore size distribution were investigated with nitrogen
cryosorption (Micromeritics, ASAP2020).

2.3. Electrochemical Measurements. The electrodes were
composed of 85 wt % synthesized samples, 10 wt % acetylene carbon
black, and S wt % PTFE binder (60% suspension in water). A slurry
consisting of above mixture was smeared into a 1 X 1 cm area nickel
foam (6 M KOH) or platinum mesh (1 M H,SO,) with a loading
amount of 4 mg cm™ and dried in vacuum at 120 °C for 12 h.
Electrochemical investigations were carried out in three-electrode
systems using platinum as counter electrodes and Hg/HgO (0.1 M
KOH) as reference electrodes in 6 M KOH; reference electrodes were
replaced with Hg/Hg,Cl, (SCE) in 1 M H,SO,. The frequency range
of 10° Hz to 1072 Hz and an ac modulation of 5 mV were used when
recording electrochemical impedance spectroscopy (EIS) spectra.
Both cyclic voltammetry (CV) and EIS were tested on CHI660A
electrochemical workstation (Chenhua, China). Galvanostatical
charge—discharge tests were conducted at different densities in 6 M
KOH vs Hg/HgO, 1 M H,SO, vs SCE, using computer controlled
cycling equipment (Land CT2001A, China). The electrode
capacitance was calculated from the following equation:
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where I (A) is the discharge current, m (g) is the mass of active
materials, and (dV)/(dt) (V s7') is the gradient of discharge curves.
Galvanostatic charge—discharge cycles of two-electrode cells were
measured in 1 M H,SO,, using a glassy fibrous separator and foam
nickel mesh current collector at a current density of 0.1-3 A g™’
between 0—1.1 V. The power density (P) and the energy density (E)
of supercapacitors were calculated from the equations P = E/t and E =
!/, CV2 respectively, where C is the specific capacitance calculated
from the charge—discharge curves, and ¢ is the discharged time.

3. RESULTS AND DISCUSSION

The synthetic approach of 3D HPC is illustrated in Figure 1.
The phase composition and crystal structure of as-prepared
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Figure 1. Illustration of a synthetic approach for HPC.

samples were investigated by XRD patterns, as shown in Figure
2a. All XRD patterns show a broad Bragg reflection at around
20 of 26° which should be attributed to the (002) reflection of
a graphitic-type lattice. A weak reflection centered around 43°
corresponds to a superposition of the (100) and (101)
reflections of a graphitic-type carbon structure, indicating the
amorphous nature of the samples. Some small peaks attributed
to the impurities were also observed in XRD patterns of
HPC,, reateq; however, they disappeared in the patterns of HPC
and HPCyqy. This suggests that some acid or alkali dissolvable
impurities from the original Artemia cyst shells can be removed
after the HNO; treatment and KOH activation. Also, such
removal can introduce more micro- and mesopores in the
macropore walls of carbon frameworks, leading to a hierarchical
porous structure. An EDX spectrum (Figure 2b) of HPC,, cated
indicates the impurity elements are mainly Mg, P, Ca, and Fe.

Nitrogen sorption at 77 K further confirms the hierarchical
porous structure of the as- prepared samples. The isotherm
plots shown in Figure 2c indicate that the microporous (<2
nm) structure is predominant in all the samples. The total
Brunauer—Emmett—Teller (BET) SSA of HPC is 455 m* g™/,
of which 73.8% is contributed by the micropore according to
the t-plot analysis. Further activation of HPC with KOH can
dramatically increase the SSA to 1758 m* ¢! (Table 1), and an
even higher micropore percentage (78.7%) occurs. Meanwhile,
the average Barrett—Joyner—Halenda (BJH) pore size drops
from 5.78 nm of HPC to 2.62 nm of HPCyny, which further
indicates that KOH activation mainly introduces micropores to
the system. Figure 2d shows the BJH pore size distribution of
all samples below 10 nm.
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Figure 2. (a) XRD patterns, (b) EDX spectra, (c) isotherm plots, (d) BJH pore size distribution, (e) FTIR spectra, and (f) XPS survey spectra of as-

prepared samples.

Table 1. Specific Surface Area, Pore Size, and Pore Volume
of All Samples

pore micropore BJH BET BET icro
volume volume pore size SSA SSA

sample (em®g™?)  (am®g™?) (om) (m*g?) (m*g™?)
HPC,prene 0.09 0.01 482 95 18
HPC 0.26 0.16 5.78 455 310
HPCyon 0.76 0.54 262 1758 1384

The FTIR analysis (Figure 2e) was performed to determine
the functional groups, especially the oxygen-containing groups,
and all of the as-prepared samples show similar peaks. The
strong characteristic peak at 3435 cm™' is attributed to the
stretching vibration of the O—H bond, and the small peaks at
2917 and 2840 cm ™" originated from the stretching vibration of
the C—H bond. The peak at 1380 cm™" corresponds to the
stretching vibration of C—O bond. The peaks at 1700 and 1623
cm™" are due to the stretching vibration of carboxyl groups C=

O and C=C bond.
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Further detailed information about surface functionalities was
investigated by X-ray photoelectron spectroscopy (XPS) and all
the as prepared samples present high oxygen content. Survey
spectra of the carbonized products are shown in Figure 2f. The
atom ratio of C to O is calculated and listed in Table 2. The
HNO; treatment can thus introduce more oxygen content to
the carbon framework, while oxygen is slightly decreased after
KOH activation. The deconvolution of the C 1s and O 1s peaks
(Figure S1, Supporting Information) reveal the distribution of
oxygen functionalities, which is listed in Table 2. From result of
the O 1s deconvolution, it is noticed that most of the oxygen is
chemically bonded to carbon framework, only a very few
amount of the oxygen is physically absorbed.

More structural details were investigated with SEM
observations. The original and ball-milled Artemia cyst shells
(Figure 3a—c) show a hierarchical porous structure with
different diameter levels from 400 to 800 nm. This structure is
well preserved in as-prepared HPC,.cqeeq (Figure 3d) and HPC
(Figure 3e) but a bit collapsed in HPCyy (Figure 3f). Further
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Table 2. Physical Properties of As-Prepared Samples

atomic %
sample C 0 C—OR,0H” Cc=0" COOR” c=0" C-OH" 0,/H,0”
HPC,reated 76.7 115 212 45 7.5 6.5 91.3 23
HPC 77.9 17.3 207 42 78 62 91.9 2.0
HPCyon 78.8 13.1 224 34 7.7 29.0 66.9 4.1
binding energy (eV)
C—OR,0H” Cc=0" COOR” c=0" C—OH" 0,/H,0"
2862 + 02 287.6 + 02 288.9 + 02 531 + 02 532 + 02 535 + 02

“Molar ratio of functional groups derived from C Is XPS peak. “Molar ratio of functional groups derived from O 1s XPS peak

Figure 3. SEM pictures of (a and b) Artemia cyst shells, (c) ball-milled
Artemia cyst shells, (d) HPC yeaees (€) HPC, (f) HPCyoyp, (g) TEM
images of HPC, and (h) illustration of 3D HPC.

examine the structure at higher magnification (Figure 3d—f,
inset), it can be found that the surface of the carbon frame
becomes rough after HNOj; treatment, and small pores are
created on the surface of HPCyoy. A high-resolution TEM
picture (Figure 3g) of HPC is also taken to examine the phase
composition, and a typical amorphous carbon morphology is
observed, which is consistent with XRD results. Figure 3h
illustrates the hierarchical porous structure of carbon with
abundant functional groups.
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To evaluate the energy storage properties of these
hierarchical porous carbon materials, we performed a series of
electrochemical measurements. The comparative CV plots of all
the samples at a scan rate of 10 mV s~ in 6 M KOH are shown
in Figure 4a. Apparently, after HNO; treatment, the HPC
sample presents better capacitance behavior and can be further
enhanced in HPCyoy. Bumps representing electrochemical
capacitance caused by redox reactions are observed in the CV
curves of all the samples, which should be attributed to the
oxygenated functional groups on the carbon frameworks. All
these CV curves exhibit quasi-rectangular-like mirror image
characteristics of capacitive behaviors with respect to the zero-
current line, which indicates good capacitive behaviors. Figure
4b demonstrates the galvanostatic charge/discharge curves
tested at current density of 0.5 A g '. Nearly linear and
symmetric charge/discharge profiles were obtained for all of the
samples, which is consistent with the results of CV measure-
ments. The SC values at different current densities are
calculated and shown in Figure 4c. Compared to HPC i careas
HPC presents a much higher SC of 297 F g™' at low current
density (0.5 A g™'), which remains 263 F g™' at current density
of 10 A g7/, indicating the rapid ion transport characteristics
probably due to the well interconnected hierarchical porous
structure.

Note that the as-prepared carbon materials present relatively
low SSA values as compared to commercial activated carbon
(typically larger than 2000 m?g™'), however higher specific
capacitance is achieved. This good capacitive behavior should
be attributed to combined contribution from pseudocapaci-
tance caused by the oxygen-functional groups and its unique
3D hierarchical porous structure. The abundance of carbonyl
(C=0) group on HPC contributed to a high pseudocapaci-
tance due to the following reaction:*’Meanwhile, the unique

SC—0 +H'+¢ == >CH—O

3D hierarchical porous structure of HPC is favorable for the
efficient utilization of the active surface area and contributes
sufficient double layer capacitance. First, the HPC possesses a
large number of micropores with a size of around 0.6—0.8 nm,
which are accessible by desolvated aqueous electrolyte ions,**
do not waste too much extra space. There is an inspiration that,
for the design of HPC, the number of these micropores with
proper diameters could be further enlarged to contribute
greater double layer capacitance. The reasonable amount of
mesopores and the interconnected macropores, on the other
hand, provide effective ion pathways for ion penetration and
transport into the interior of the micropores with a shorter ion
diffusion distance as well as a reduced inner resistance. In
addition, the abundance of hydrophilic oxygen functional
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Figure 4. (a) CV curves of as-prepared samples at a scan rate of 10 mV s™" in 6 M KOH; (b) charge/discharge curves of as-prepared samples at a
current density of 0.5 A g~' in 6 M KOH; (c) SC values of as-prepared samples at different current densities in 6 M KOH; (d) capacitance retention
ratio as a function of discharge current densities; (e) Nyquist plots of as-prepared samples; and (f) cycle stability of HPC and HPCyy in 6 M KOH.

groups on the carbon frameworks not only contributes
pseudocapacitance, but also significantly improves the hydro-
philic property of the electrode, which is also beneficial to
capacitance behavior in aqueous electrolytes.

It is also noteworthy that after the HNO; treatment the SC
of HPC is significantly improved from 210 to 297 F g~' (Figure
4c), which is 41.4% higher than that of HPC, e AS
mentioned above, large amount of porous structures can be
developed with the HNO; treatment, leading to a great increase
of SSA (Table 1). Although, the HNO; treatment mostly
contributes to S, the good wettability benefited from the
rich oxygen content, and the fast ion transport benefited from
the interconnected hierarchical porous structure that enable
those desolvated ions to enter the HPC micropores more
easily. This causes a drastic increase on the numbers of ions
absorbed on the carbon surface.*” These desolvated ions would
contribute to the EDLC capacitance.”” On the other hand,
many inorganic/organic impurities can be removed with the
HNO; treatment, which not only generates considerable
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porous structures, but also expose the functional groups in
the carbon wall to the pore surfaces. Such exposed functional
groups can be more effectively utilized and hence contribute
more pseudocapacitance, which causes the big bump on the CV
curve of HPC (Figure 4a). Therefore, the greatly enhanced
performance should result from the combined effect of the
increased SSA and exposed functional groups.

Further activation of HPC with KOH leads to a dramatic
increase in SC from 297 to 349 F g™ at a current density of 0.5
A g_l, which should be attributed to the dramatic increase of
SSA (Table 1). This value retains 324 F g”' at 10 A g7,
suggesting a capacitance retention of 92.8% (Figure 4c). This
result reveals that the capacitive performance can be further
enhanced through chemical activation. However, the incre-
mental SC value is not proportional to that of SSA, indicating
some of the pore sizes resulted from KOH activation are not
desirable for supercapacitance. This is probably due to the fact
that the KOH activation usually creates micropores, some of
which cannot be entered by the electrolyte because the pore

DOI: 10.1021/am506815f
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Figure S. (a) Cyclic voltammetry curves of HPC in 1 M H,SO, at different scan rates; (b) specific capacitance of HPC in 1 M H,SO, at different
current densities and (inset) galvanic charge/discharge curves; (c) HPCyoy in 1 M H,SO, at different current densities and (inset) galvanic charge/
discharge curves; and (d) cycle performance of HPC and HPCyqyy in 1 M H,SO, at current density of 10 A g™".

Table 3. Comparison of Electrochemical Performance of Carbon from Different Natural Carbon Sources

carbon source electrolyte mass (mg) C, (Fg™h current density (A g™') cycling stability (%)
seaweed”” H,S0, 10—12 255 (three-electrode) 02
seaweed® KOH 10—-12 201 (three-electrode) 0.2
fungi38 KOH 196(three-electrode) 0.167
animal bone KOH 185 (two-electrode) 0.05
microalgae47 LiCl 11-14 200 (two-electrode) 0.1 98 (10000 cycles)
human hair*® KOH 4 340 (three-electrode) 1 98 (20000 cycles)
protein®® H,SO, 1 390 (three-electrode) 0.25 93 (10000 cycles)
artemia cyst shell KOH 4 349 (three-electrode) 0.5 100 (10000 cycles)

H,S0, 4 369 (three-electrode) 0.5 100 (10000 cycles

size is too small or not in an appropriate shape, which can be
confirmed by the much smaller average BJH pore size of
HPCyoy (Table 1).

Figure 4e shows the Nyquist plots of HPCqeqr HPC and
HPCyoy tested under the ac modulation of S mV over the
frequency range of 107>—10° Hz. The ohmic resistance of HPC
and HPCyy is obviously lower than that of HPC ,c.eq- Both
HPC and HPCyoy show a near-vertical curve in the low
frequency region, indicating a good capacitor behavior,
especially for HPCyoy. In the high-frequency region, a larger
semicircle represents larger charge transfer resistance (CTR)
and a larger x-intercept represents larger equivalent series
resistance (ESR). Both HPC and HPCyqoy have lower CTR
and ESR than that of HPC ,.,..qy Wwhich should be attributed to
the interconnected 3D porous structure that facilitate contact
between the ion and the material.*

On the basis of conventional knowledge, the oxygen-
functional groups can greatly increase the SC value by
introducing pseudocapacitance, but they are also often

1137

detrimental to cyclability.’® Therefore, long-term stability of
this material is not certain. The long cycle performance of HPC
was tested using a three-electrode system (Figure 4f).
Unexpectedly, HPC shows an excellent cycling stability, and
100% capacitance retention is achieved upon 10000 charge/
discharge cycles for all the samples. In fact, Yang et al.*
observed that the heteroatoms on the carbon framework
brought from the original precursor, rather than post treated
with chemical or physical methods, can usually stay stable
under harsh working conditions. This is consistent with our
results. To examine the electrochemical performance of the
HPCs in strong acidic electrolyte, the capacitance behavior of
HPC and HPCyoy was also tested using 1 M H,SO, as
electrolyte, as shown in Figure S. An even higher SC of 369 F
g~! is achieved for HPCyy at current density of 0.5 A g™'in 1
M H,SO,, and still remains 334 F g~' at 10 A g~" with a good
capacitance retention of 91%. Note that the SC values in KOH
for both HPC and HPCygyy are much smaller than that in
H,SO,. This phenomenon can be explained according to the
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theory of Andreas and Conway,* where the pseudofaradic
contribution of oxygenated surface functionalities is less
efficient in alkaline than in acid medium, and nearly negligible
at neutral pH. This is also consistent with the CV results.
Besides, both HPC and HPCyqy exhibit an excellent long life
cycle (100% after 10 000 charge/discharge cycles), indicating
that the electrode has a good electrochemical stability and a
high degree of reversibility in both acidic and alkaline
electrolytes. Figure S3b (Supporting Information) shows the
Coulombic efficiency as a function of cycle number in H,SO,,
which varies from 1.02 to 0.99, and after 10000 cycles,
Coulombic efliciency of HPC and HPCyyy was still close to 1,
turther indicating good cycle stability. It is noticeable that, the
SC values of both HPC and HPCyqy are distinguished as
compared to those carbon derived from varies of carbon
resources (Table 3). The performance of symmetric super-
capacitors based on HPCyqy in 1 M H,SO, was also tested
(Figure S4, Supporting Information). A relatively high energy
density of 12.9 Wh kg™" is obtained at power density of 55§ W
kg™! in 1 M H,SO, electrolyte, which remains 11.4 Wh kg™" at
power density of 1658 W kg™

4. CONCLUSIONS

High-performance supercapacitor electrode materials were
developed through a green and low-cost carbonization method.
The combined 3D hierarchical porous structure and oxygen
rich properties enable these materials exhibit high SC, excellent
cycle stability, and promising rate performance. This suggests
the possibility of the designing of high-performance carbon
electrodes with certain pore size distribution in aqueous
electrolyte. Finding or synthesizing carbon precursors with
functional groups can provide high and stable pseudocapaci-
tance. Also, for the design of hierarchical porous carbon for
aqueous supercapacitors, micropores with proper pore size
could be predominant to ensure the full utilization of effective
surface area. Moreover, the interconnection of macropores is
beneficial to the adsorption of electrolytes into the micropores.
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