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A promising biomass carbon material, manufactured by the carbonation of Physalis peruviana L. calyx at
700 °C, is presented in this work. Morphology characterization shows that the carbon material possesses
long microtubule bundling and above 30% natural O-atom component on the surface. After KOH chemical
etching, the materials maintain the oxygen content but exhibit more micropores and higher specific
surface area up to 1732.6 m?/g. Using as an electrode material for supercapacitor, the active carbon
material exhibits high specific capacitance up to 339.7 F/g at 0.5 A/g in 3 mol/L KOH aqueous solution
through three-electrode system. The active carbon material also exhibits excellent cycling stability (97%
retention) by 10,000 cycles at 10 A/g. The outstanding electrochemical performances are attributing to
the unique long microtubule bundling with much more pores and the abundant O element on the surface.
This biomass carbon material with excellent electrochemical properties could be a useful material for
multiple applications.
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Biomass carbon has been attractive in applications of battery
electrode, supercapacitor and catalytic materials for the reason of
their outstanding electrical conductivity, high specific surface area,
porous structure, renewable precursors and low production cost
[1,2]. Nowadays, numerous biomass carbon materials are widely
explored such as waxberry, cattail, loofah, bamboo, zingiber
striolatum diels, soybean dreg, macadamia nut shell, almond, fish
skin, squid pens, pomelo peel, medulla tetrapanacis, rice straw,
cotton, peanut shell and gelatin [3-18]. Most of them show
perspective properties when using as electrode or supercapacitor,
but still insufficient for the practical use. Therefore, development
of novel biomass carbon is needed for new generation of high
energy capacitors.

Goldenberry or cape gooseberry is a common fruit produced by
the plant species Physalis peruviana L. (PC) (Solanaceae family),
which mainly distribute in Northeast China and South America. As
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shown in Figs. 1a-c, it consists of two parts: the inner pulp which is
edible and rich in nutrition substances for human body, and the
outer calyx which protects the pulp from insects, birds, diseases
and solar radiation. The calyx is thin as cicada's wings and rich in
plant fiber and carbohydrates such as abscisic acid and jasmonic
acid [19,20], and the color could change from green to light yellow
brown during the fruit ripening. Usually, the calyx is discarded
after the pulp is used or eaten, so it could be a good source of
biomass for carbon material.

In this work, we generated a novel biomass carbon material
(named PCC) derived from Physalis peruviana L. calyx. The results
demonstrated that PCC performed long microtubule bundling with
abundant O element on the surface. After chemical etching, PCC
exhibited high specific capacitance with excellent cycling stability,
which was expected to be utilized as an excellent electrode
material in diverse renewable energy storage [21,22].

The detailed preparation of PCC and electrochemical testing
methods were as follows: Physalis peruviana L. calyxes were soaked
in successively 1 mol/L HNOs, 1 mol/L KOH, 1mol/L HCl and
distilled water for 24 h, respectively, then washed by distilled
water for three times and dried in oven at 40 °C. After that, the
pretreated calyxes were carbonized at 700°C for 2 h with the
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Fig. 1. (a) Photos of Physalis peruviana L. (b) The pulp and (c) the calyx. (d) Micrograph of PC. SEM images of (e) PCC-0, (f) PCC-1, (g) PCC-2, (h) PCC-3 and (i) PCC-4. Scale bar:

20 pm.

nitrogen as the protection gas (100 mL/min). Cooling to the room
temperature, Physalis peruviana L. calyx carbon material (PCC-0)
was obtained. Then, PCC-0 was mixed with KOH at mass ratio
Mpcc.o:Mkon =1:1, 1:2, 1:3 and 1:4, respectively. After grinded
evenly, the mixtures were activated at 800°C for 2 h with the
nitrogen as the protection gas (100 mL/min). After that, the
activated mixtures were cooling to the room temperature, then
washed by 1 mol/L HCl and distilled water successively. After dried
in oven at 40 °C, the Physalis peruviana L. calyx activated carbon
materials (PCC-X) were obtained, and named PCC-1, PCC-2, PCC-3
and PCC-4, respectively (corresponding to mass ratio Mpcc.o:
Mion)-

The electrochemical performance was evaluated through the
conventional three-electrode system with Pt counter electrode,
Hg/HgO reference electrode, 3 mol/L KOH aqueous solution
electrolyte and the working electrode prepared by pressing the
mixture of PCC, acetylene black and polyvinylidene fluoride (PVDF)
with a mass ratio of 8:1:1 onto Ni foam.

The microphotograph of PC and the SEM images of PCC were
presented (Figs. 1d-i). As shown in Fig. 1d (100-fold by optical
microscope), PC performed net veins microstructure with abun-
dant large (=~ 270 wm) and fine (~ 30 pm) pipelines which were
interconnected with each other for water and nutrients transport

Table 1
Structural characteristics, surface information and capacitance of PCC.

in it. After carbonization, PCC-0 (Fig. 1e) exhibited long microtu-
bule bundling with small through-holes on the pipeline shell,
which were formed by the interconnected net vein of PC,
suggesting that each of the net vein pipelines of PC consisted of
many thinner pipelines in order. After grinding and etching at high
temperature, PCC-1, PCC-2 and PCC-3 (Figs. 1f-h) preserved the
microtubule bundling structures of PCC-0, but the wall of the
pipelines in the bundling of PCC-X relatively exhibited thinner and
the edge of the wall was slightly rough, while the pipeline wall of
PCC-4, as shown in Fig. 1i, was completely destroyed and became
fragments. Elemental analysis to PCC by Energy Dispersive
Spectrometer (EDS) indicated that PCC was made of carbon atoms
with abundant O (36.6%-39.9%) element on the surface, and the
natural O quantity of PCC was relatively high compared to most of
biomass carbon materials previously reported. The elemental
atomic percentages of PCC were summarized in Table 1.

XRD patterns (Fig. 2a) showed two main broad diffraction peaks
around 22.3 and 43.9 for PCC, which were attributed to the
diffraction of (002) planes of the stacking of carbon turbostratic
and (100) planes of the graphite lattice [23]. No sharp peaks
appeared in the patterns, indicated that PCC was amorphous.

Raman spectra (Fig. 2b) showed that the peak located at
1338 cm~! was assigned to the sp® carbon atoms which were

Samples In/lg SBET EDS XPS Capacitance (F/g)
(m*[g)
C% 0% C% 0% 0.5A/g 1A/g 2Alg 5A/g 10A/g

PCC-0 1.01 306.4 62.4% 37.6% — — 154.8 141.8 130.8 113.8 102.9
PCC-1 111 735.2 60.3% 39.7% — — 2011 194.4 188.0 173.8 164.9
PCC-2 1.10 1732.6 61.3% 38.7% 65.9% 34.1% 339.7 321.6 310.8 300.5 287.7
PCC-3 1.10 1780.6 64.4% 36.6% 69.9% 30.1% 335.9 3174 304.7 292.7 276.4
PCC-4 111 1584.7 60.1% 39.9% — — 2749 260.2 248.0 235.2 2249
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Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) N, adsorption-desorption isotherms and (d) pore size distributions of PCC; (e) XPS survey spectra and (f) XPS high-resolution C
1s and O 1s of PCC-2.

disordered or defective (D band), and the peak located at
1586 cm~! was attributed to the stretching bond of sp? hybridized
carbon at the graphitic layers (G band). The Ip/Ig ratios of PCC-X
(1.10-1.11) were slightly higher than that of PCC-0 (1.01),
confirming that PCC-X materials had more disordered and
defective carbons because of the presence of the pores [24].

The specific surface areas of PCC were measured by N,
adsorption-desorption using the BET method. The results were

shown in Fig. 2c and listed in Table 1. For PCC-0, the specific surface
area was only 306.4 m?/g, and no volume adsorbed was observed
from its isotherm in the low relative pressure range, indicating that
there were little micropores in PCC-0. But after KOH etching, PCC-X
exhibited larger specific surface areas and the N, adsorption
quantity performed sharp increases in the relative pressures
ranging from O to 0.10, indicating that KOH etching had created
more micropores at the wall surfaces [25]. The results confirmed
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Fig. 3. (a) Cyclic voltammetry curves of PCC-0 at different scanning rates (2-100 mV/s); (b) Galvanostatic charging/discharging curves of PCC-0 at different current density
(0.5-10A/g); (c) Cyclic voltammetry curves of PCC-2 at different scanning rates (2-100 mV/s); (d) Galvanostatic charging/discharging curves of PCC-2 at different current
density (0.5-10A/g); (e) Nyquist plots of PCC; (f) Stability of PCC-2 at 10 A/g.
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that the optimal mass ratios (Mpcc.o:Mgon) Were 1:2 and 1:3,
and the corresponding specific surface areas were 1732.6 m?/g for
PCC-2 and 1780.6 m?/g for PCC-3, respectively. The pore size
distributions of PCC-X calculated by the DFT method were shown
in Fig. 2d, and it suggested the micropores of PCC-X mainly
distributed in the range of 0.5-2.5 nm, which were ascribed to the
KOH chemical etching.

The surface chemical properties of PCC-X were analyzed by X-
ray photoelectron spectroscopy (XPS). Figs. 2e and f showed the
specific data of PCC-2. The survey spectra (Fig. 2e) exhibited two
predominant peaks at about 285 eV and 531 eV corresponding to C
1s and O 1s, and the elemental contents were 65.9% for C and 34.1%
for O, respectively. The abundant oxygen atom doping level of PCC-
2 was much higher than that of recently reported heteroatom-
doped carbon materials [5-18,23,26-31] owing to the natural
oxygen content of the raw material (PC), indicating that it might
make PCC-2 exhibit a special electrochemical property [26]. The C
1s and O 1s high resolution spectra were shown in Fig. 2f. The C 1s
high resolution spectrum was resolved into three individual peaks
centered on 284.4 (C-C/C=C), 285.3 (C-0) and 288.9 eV (0=C-0)
[27], respectively, and the O 1s high resolution spectrum was
resolved into two individual peaks centered on 532.2 (C=0) and
533.0 (C-0) [28], respectively.

The electrochemical capacitive properties of PCC used as
electrode materials for supercapacitor were carried out in a
three-electrode system. The cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) curves for PCC-0 and
PCC-2 electrode materials were shown in Figs. 3a-d. Compared
to PCC-0 electrode material, PCC-2 displayed larger area and
rectangular-like shape even at higher scan rate, indicating that
PCC-2 possessed larger specific surface areas and faster charge
propagation and ion transport capability [29]. Both CV curves of
PCC-0 and PCC-2 electrodes were observed bulge at low-
potential region, indicating the form of faradaic pseudocapaci-
tance resulting from the higher oxygen quantity on the PCC
surface [30,31], and these oxygen elements were also beneficial
to improve the wettability of the electrode carbon materials. The
GCD curve of PCC-2 with more symmetrical curve and smaller
voltage drop also indicated that the microporous structure could
improve the contact at electrode/electrolyte interface, and
further enhance the electrochemical performances [32], PCC-2
performed more reversible capacitive behavior and faster charge
transfer property [33].

The specific capacitances (Cm) of PCC samples at different
current densities were listed in Table 1. In comparison to PCC-0,
PCC-X exhibited higher specific capacitances, indicating that the
enhancement of specific surface area and pore volume after KOH
etching could significantly improve the specific capacitances [34].
The specific capacitances could be ordered as PCC-2 ~ PCC-3>PCC-
4>PCC-1>PCC-0, and PCC-2 performed the highest specific
capacitance, which reached 339.7 F/g at 0.5 A/g.

Fig. 3e showed the Nyquist plots for PCC samples. Remarkably,
the curves for PCC-2 showed the steepest slope of line and smallest
diameter of semicircle, indicating that PCC-2 electrode performed
the best capacitive behavior and the lowest diffusion resistance for
electrolyte ions [35].

PCC-2 electrode also performed excellent stability. After 10,000
cycles at 10 A/g, the capacitance retention of PCC-2 reached 97%

(Fig. 3f). These excellent electrochemical performances were
ascribed to the unique carbon structure with ordered microtubule
bundling which was beneficial to the rapid ions transport and fast
electron transfer.

In summary, biomass carbon materials PCC derived from
Physalis peruviana L. calyx were facilely manufactured, and applied
to supercapacitor. PCC performed long microtubule bundling
structure with abundant O element (more than 30%) on the
surface. After KOH chemical etching, PCC had much more pores
and higher specific surface areas up to 1732.6 m?/g. For super-
capacitor application, PCC exhibited high specific capacitance up to
339.7F/g at 0.5 A/g in three-electrode system with excellent
cycling stability (97% retention, 10,000 cycles). PCC could have
substantial potential for the energy storage applications including
supercapacitors, Li-ion batteries, and hydrogen storage devices,
etc.
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