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The classic cartoon “Calabash Brothers” describes a story of seven brothers born from a magic gourd uniting to defeat powerful
enemies. In order to explore the secret of the magic gourd, several transition metals were used to synthesize metal silicates (C-
MSi) by planted gourd leaves (GLs) and then the C-MSi materials were used to fabricate supercapacitor electrodes and devices
with superior electrochemical performance. By integrating theoretical calculations and experimental results, the supercapacitor
electrodes and devices obtained from the combination of transition metals with amorphous carbon exhibit superior electro-
chemical performance. In detail, in the three-electrode system, the NaOH etched materials (C-MSi) exhibited better electro-
chemical performance (for instance, as for C-CdSi, 607 F gfl at0.5 A g7l and the capacitance retention of 98.2% after 10,000
cycles) than the unetched ones (i-C-MSi). Hybrid supercapacitor (HSC) devices also achieve very excellent electrochemical
properties. Take C-CdSi//AC as an example, the areal specific capacitance with 691 mF cm ” at 2 mA cm , the energy density
with 5.04 Whm ” at the power density of 22.2 W m "~ and the cycle stability with 87.3% after 6,000 cycles. This approach is very
versatile and was also applied to produce many hierarchically structured metal-silicate materials of other biomass precursors,
including roots, vines, flowers, fruits and seeds of the planted gourds. Thus, it is a potential way to prepare transition metal
silicates using biomaterials for the enhancement of electrochemical performance and improvement of energy storage and
conversion. Also, this paper preliminarily reveals the secret of the magic gourd.
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1 Introduction

Calabash Brothers is a classic Chinese cartoon. In this story,
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seven different-colored gourds fall from their vine and ma-
gically transform into brothers with different personalities.
They defeat powerful enemies through their own super-
powers and cooperation. The seven brothers wore clothes of
different colors: red, orange, yellow, green, cyan, blue and
purple, which corresponded to their superpowers: infinite
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strength, thousand-mile eye and wind-accompanying ear,
invulnerability, fire spraying, water spitting, invisibility,
magic gourd, respectively. When they combine and become
the Vajra Calabash, he owns all the superpowers and is hard
to be defeated [1]. So, why do the Calabash Brothers own
such superpowers?

Of course, we know that this cartoon was adapted from a
mythological story rather than a real-life existence. However,
this issue should be discussed from a scientific perspective,
and energy storage and conversion can be used as a point of
penetration. The generation and storage of electrical energy
can offer great potential to satisfy the continuous energy
demand and needs of the Calabash Brothers in the process of
defeating enemies. This requires energy storage devices that
can be easily retracted and released during the battle with the
enemies. Supercapacitors (SCs) are the most likely devices
to solve this problem, as they have the following character-
istics: excellent power density and long cycle life [2,3].
What’s more, in our opinion, the generation of these super-
powers is related to their hidden nature, such as the elements
and compounds contained in the leaves or other biomass
precursors from the planted gourds. Carbon, silicon and
oxygen are the most abundant elements in the biomass pre-
cursors from the planted gourds and they play an important
role in the preparation and operation of SCs [4-8]. Nowa-
days, silicon-based bioderived carbons have been attracting
enormous research interest in preparing electrode materials
[9-12]. Compared with unsustainable carbon resources, si-
licon-based bioderived carbons can be prepared from re-
newable resources, especially biomass materials, for the
applications of electrochemical energy storage [13—18].
These biomass materials include green algaes [19,20],
bamboo leaves [21,22], grasses [23], kelps [24] and reed
leaves [25,26], and it can even be extended to almost all
plants. Like most biomass materials, the biomass precursors
from planted gourds, including roots, vines, leaves, flowers,
fruits and seeds have large specific surface areas and large
amounts of carbon, silicon and oxygen and some small
amounts of heteroatoms (nitrogen, phosphorus and sulfur,
etc.). Carbonized biomass precursors from planted gourds
with a 3D interconnected nanofibrous network micro-
structure have desired constituents with relatively high car-
bon content, ranging from approximately 53% to 87%.
Therefore, they are suitable precursors for fabricating 3D
silicon-based bioderived carbons [12]. So, in this regard, the
biomass precursors from planted gourds can be used to
prepare electrode materials for SCs. Research on the pre-
paration of SCs with biomass precursors from planted gourds
may become a good starting point for us to study the truth
about magic gourds.

Herein, a scalable strategy is presented to fabricate hier-
archical silicon-based bioderived carbons from natural gourd
at 600 °C under a nitrogen atmosphere. Traces of nitrogen
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also take part in generating pores and serves as a doping
element. Then, an HCI solution is used to remove metal
oxides and carbonates from the carbonized biomass pre-
cursors and a non-toxic NaCl solution is employed as the
activation media to increase the pore size. As a result, the as-
obtained silicon-based bioderived carbons exhibit abundant
multilevel hierarchical pores. Afterwards, various transition
metals (Cd, Zn, Mn, Ni, Co, Fe and Cu) and the silicon-based
bioderived carbons undergo hydrothermal reactions to obtain
TMSs derived from carbons. Lastly, NaOH solution is used
to remove the unreacted SiO, to obtain the final materials C-
MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu) [27-32]. In regard
to these materials, the 3D network structure promotes rapid
charge transfer [33], the multilevel hierarchical pores ad-
vantage the accessibility of the electrolyte to the electrode
surface [34], the large specific surface area dedicates sub-
stantial active sites for charge capacity [35], the rich N (and
P, S) doping introduces pseudo-capacitance and the TMSs
derived on carbons provide redox reaction during the char-
ging and discharging process [36]. Therefore, when adopted
as electrode materials for SCs, metal-silicate electrodes and
hybrid supercapacitor devices exhibit excellent electro-
chemical performance. This study provides an effective
strategy to prepare supercapacitors with outstanding elec-
trochemical properties and also provides a reasonable ex-
planation for the superpowers of the Calabash Brothers.

2 Experimental

2.1 Materials

All analytical reagents including transition metal acetates
(Cd(OAc),2H,0, Zn(OAc),"2H,0, Mn(OAc), 4H,0, Ni
(OAc),"4H,0, Co(OAc),4H,0, Fe(OAc),"H,O and Cu
(OAc),"H,0), hydrochloric acid aqueous solution (HCI),
sodium chloride (NaCl), sodium hydroxide (NaOH), active
carbon (AC), poly(vinylidene difluoride) (PVDF), N-me-
thyl-2-pyrrolidone (NMP) and ethanol are used directly
without pretreatment and the source and purity of all che-
micals used are specified in Supplementary material. Fresh
roots, vines, leaves, flowers, fruits and seeds of the planted
gourds were picked from farmland in Bengbu City, China. In
this article, the main research content is to prepare super-
capacitors using gourd leaves (GLs) as raw materials.

2.2 Synthesis of metal silicates

Figure 1 shows the schematic illustration of the preparation
strategy of the metal silicates using gourd leaves (GLs) and
Cadmium ion as an example. The first step is the preparation
of C-Si0,. In detail, the fragmented GLs were heated at
600 °C for 2 h in a nitrogen atmosphere to carbonize and
then stirred in the 0.5 M HCl and 1.0 M NaCl solutions for
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Figure 1 (Color online) Schematic illustration of the synthetic strategy of the i-C-MSi and C-MSi and their corresponding FE-SEM images: (c) i-C-MSi

and (d) C-MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu).

24 h to remove the impurities and increase the pore size.
Then, C-SiO, was obtained, and according to the inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
measurement, the SiO, content was 15.31%. This is a step to
obtain silicon-based bioderived carbons that exhibit abun-
dant hierarchical pores. The second step is the synthesis of
initial products with different ratios. Specifically, a certain
amount of Cd(OAc),-2H,0 (0.0204, 0.0408, 0.0816, 0.1632
and 0.3264 g, corresponding to the Cd/Si molar ratios of
0.25/1,0.5/1, 1/1, 2/1 and 4/1, respectively) was dispersed in
60 mL H,O, then 0.12 g C-SiO, was added slowly under
magnetic stirring. After stirring evenly, the colloids were
heated at 180 °C for 24 h, then the i-C-CdSi-x (x=1, 2, 3, 4
and 5) were synthesized. The final step is the alkali etching
process. In particular, the i-C-CdSi-x materials were placed
in a 3.0 M NaOH solution and stirred for 12 h. Then, the
unreacted SiO, was etched off, and the final products were
obtained (denoted C-CdSi-x). Based on the results of elec-
trochemical testing, C-CdSi-3 exhibits the best electro-
chemical performance. Therefore, in this paper, C-CdSi-3
was mainly investigated. For ease of reading, we use C-CdSi
instead of C-CdSi-3. Similarly, other transition metals (Zn2+,
Mn2+, Ni2+, C02+, Fe’" and Cu2+) were also used to synthesize
metal silicates with different M/Si molar ratios and termed as

C-ZnSi (Zn/Si=1.5), C-MnSi (Mn/Si=1.0), C-NiSi (Ni/Si=
1.5), C-CoSi (Co/Si = 1.5), C-FeSi (Fe/Si = 0.75) and C-
CuSi (Cu/Si = 1.0), respectively. The synthetic procedures of
other hierarchically porous metal-silicate derived from car-
bon materials are similar to the above materials except for
using different biomass precursors (roots, vines, flowers,
fruits and seeds) from the planted gourds.

2.3 Materials characterizations and electrochemical
characterizations

The materials characterizations include ICP-AES, field
emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), energy-dispersive X-
ray spectrometer (EDS), X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), Raman
spectra, Brunauer-Emmett-Teller (BET), and X-ray photo-
electron spectroscopy (XPS). The electrochemical properties
of the as-obtained metal silicates are evaluated by assem-
bling working electrodes and devices. As for the electrodes
and devices of supercapacitors, the electrochemical char-
acterizations include cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) and electrochemical impedance
spectroscopy (ELS) by using an electrochemical workstation
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(CHI 660E). All detailed information is shown in Supporting
Information online.

2.4 Calculation methods

All density functional theory (DFT) calculations in this work
were performed with the Cambridge Serial Total Energy
Package (CASTEP) code and Dmol 3 code on the basis of the
revised Perdew-BurkeErnzerhof (RPBE) function, general-
ized gradient approximation (GGA) and the projector aug-
mented wave (PAW) method. Calculation content and details
can be found in Supporting Information online.

3 Results and discussion

3.1 Morphology, structure and composition of metal
silicates

Figure 1 is the schematic illustration of preparing i-C-MSi
and C-MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu) from GLs.
The i-C-MSi samples are synthesized as M and Si0, re-
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acted on the surface of C-SiO, after hydrothermal process at
180 °C for 24 h. The final products C-MSi with much larger
specific surface areas and pore volumes can be obtained after
etching i-C-MSi in a 3.0 M NaOH solution. This is due to the
dissolution of the unreacted SiO, during the hydrothermal
process.

FE-SEM images show that the C-SiO, possesses a hier-
archically porous structure constituted by 3D interconnected
carbon walls (Figure S1a, b, Supporting Information online).
The micropores and mesopores can also be found in the
images. As elucidated by the TEM image (Figure Slc) and
the corresponding EDS analysis (Figure S1d), the elements
of C, O, N, S, P and Si are present in C-SiO,. The rose-petal-
like structure shown in the FE-SEM images (Figure lc) in-
dicates that the i-C-CdSi has a large surface area. After
etching with NaOH solution, the surface appearance of the
C-CdSi (Figure 1d) is similar to the i-C-CdSi, which means
that the alkali etching process has little effect on the mor-
phology of the material. Figure 2 displays the TEM images
of i-C-CdSi (Figure 2a—d) and C-CdSi (Figure 2e-h), and all
of the images exhibit layered rose-petal-like structures. The

Figure 2 (Color online) TEM images and HAADF images of the i-C-CdSi and C-CdSi: (a—d) i-C-CdSi, (e-h) C-MSi. The inserts in (c, g) are HRTEM and

SEAD images.


https://engine.scichina.com/doi/10.1007/s11426-024-2233-7
https://engine.scichina.com/doi/10.1007/s11426-024-2233-7
https://engine.scichina.com/doi/10.1007/s11426-024-2233-7
https://engine.scichina.com/doi/10.1007/s11426-024-2233-7

Zhang et al.

diffraction rings observed from the SAED images (inset in
Figures 2c, g) demonstrate that i-C-CdSi and C-CdSi are
polycrystalline structures with low crystallization. The con-
sequence of lattice fringes in the HRTEM images reveals that
the spacing of d = 0.383 nm (inset in Figure 2¢), and d =
0.296 and 0.183 nm (inset in Figure 2g) belong to the (022)
and (040), (153) faces of Cd,SiO, (JCPDS, No. 17-0258)
[37]. The EDS mappings of i-C-CdSi (Figure 2d, Figure
S2a—d) and C-CdSi (Figure 2h, Figure S2e—h) declare that
the content of C, O, Si and Cd accounts for the majority. This
indicates that the Cd,SiO, has been formed and evenly dis-
tributed on the surface of the carbon framework. A small
amount of N, P, S elements were also identified, which come
from the GLs. Similarly, Figure 3a—e show the FE-SEM
images of C-ZnSi, C-MnSi, C-NiSi, C-CoSi, C-FeSi and C-
CuSi with different morphologies. Wherein the morpholo-
gies of C-ZnSi, C-MnSi, C-NiSi and C-CoSi are rose-petal-
like, while C-FeSi is cube-like and C-CuSi is walnut-like.
The results of FE-SEM are consistent with those of TEM
characterization. As shown in Figure 3al-a2, 3b1-b2, 3c1—
c2,3d1-d2, 3el—e2 and 3f1-{2, the interfringe spacing of d =
0.184, 0.242, 0.148, 0.246, 0.255 and 0.247 (0.234) nm are
attributed to the (333), (400), (004), (141), (112), and (111),
(111) faces of Zn,SiO4 (JCPDS, No. 08-0492), Mn;SiO,,
(JCPDS, No. 29-0890), Ni,SiO, (JCPDS, No. 03-0780),
Co,S10, (JCPDS, No. 29-0507), Fe,SiO, (JCPDS, No. 09-
0307), and CuO/Cu,O (JCPDS, No. 03-0892/02-1040), re-
spectively [20,38—42]. According to the mappings inserted in
Figure 3a2—12, the samples exhibit Zn, Mn, Ni, Co, Fe and
Cu elements that are uniformly distributed, respectively. This
illustrates that ZnSi, MnSi, NiSi, CoSi, FeSi and CuSi have
been generated on the surface of the carbon framework.
Metal silicates can provide rapid ion transport by shortening
diffusion pathways and reducing diffusive resistance to mass
transport [43,44]. The conductive carbon layers can serve as
paths for fast electron transfer, while the pores can function
as active sites for ions [33,45,46]. Thus, the grown metal
silicates on the 3D carbon substrate deliver excellent capa-
citance and high-rate performance of electrodes for the SCs.

Figures S3a and S4 show the XRD patterns of C-SiO, and
i-C-CdSi-3, while Figure 4a shows the XRD patterns of C-
CdSi with various ratios of Cd/Si. No sharp peaks are ob-
served in the XRD pattern of C-SiO, (Figure S3a), indicating
the amorphous nature of the C-SiO,. As Cd*" is added during
the hydrothermal process, the dispersion peak between 16°
and 30° weakens, as shown in Figure S4 and Figure 4a. The
appearance of the new peaks at 23.5°, 30.3°, 32.0°, 33.4°,
38.8°, 50.0° and 54.2° in the XRD pattern of i-C-CdSi-3
proves the generation of Cd,SiO, (JCPDS, No. 17-0258)
[37]. C-CdSi-3 exhibits almost identical results of XRD
pattern with i-C-CdSi-3, proving the little effect of the alkali
etching on the structures. The electrochemical performance
results, including CV, GCD and EIS by using CHI 660E,
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manifest that C-CdSi-3 possesses higher properties than
those in its corresponding series (C-CdSi-x) and i-C-CdSi-3
(see below). Thus, C-CdSi-3 was selected for further study.
For the convenience of narration, in subsequent studies, C-
CdSi-3 is simplified as C-CdSi. The XRD patterns of C-
ZnSi, C-MnSi, C-NiSi, C-CoSi, C-FeSi and C-CuSi shown
in Figure 4d manifest the generation of Zn,SiO, (JCPDS, No.
08-0492), Mn,SiO;, (JCPDS, No. 29-0890), Ni,SiO,
(JCPDS, No. 03-0780), Co,Si0, (JCPDS, No. 29-0507),
Fe,Si0, (JCPDS, No. 09-0307), and CuO/Cu,0O (JCPDS,
No. 03-0892/02-1040) [20,38—42]. This is due to the reaction
of M*" and SiO, on the surface of amorphous carbon.

The nitrogen adsorption-desorption isotherms and pore
size distribution of C-SiO, and C-MSi (M = Cd, Zn, Mn, Ni,
Co, Fe and Cu) were studied and the corresponding curves
are shown in Figure S3 and Figure 4, respectively. Table S1
(Supporting Information online) lists the corresponding
BET-specific surface areas and pore volumes. The C-SiO, in
Figure S3b and C-MSi in Figure 4b, e present types I and IV
isotherms, which are often given by microporous and me-
soporous carbons [47]. The pore size distribution of C-SiO,
shown in Figure S3c is mainly in the range of 2—12 nm, that
is, mesoporous grade. Moreover, as shown in Table S1, the
BET surface area, average pore size, and total pore volume of
C-SiO, are 317m°g ', 3.11 nm and 0.36 cm’ g ', respec-
tively. After the generation of C-MSi, the BET surface areas
are significantly increased compared to C-SiO,, as well as
the average pore sizes and total pore volumes (Figure 4b, c,
e, f and Table S1). More specifically, the BET surface areas
are 597, 574, 550, 594, 571, 557 and 543 m’ gfl, the average
pore sizes are 3.69, 3.75, 3.49, 3.93, 3.57, 3.19 and 3.31 nm,
and the total pore volumes are 0.57, 0.52, 0.51, 0.56, 0.53,
0.50 and 0.49 cm® g ' for C-CdSi, C-ZnSi, C-MnSi, C-NiSi,
C-CoSi, C-FeSi and C-CuSi, respectively. These results
suggest that the generation of the metal silicates on the
surface of the biomass carbon can enlarge the surface area
and pore size, thereby providing more active sites for the
redox reaction process and promoting the ion insertion dur-
ing electrochemical charging/discharging [48,49].

Figure S5a shows the FTIR spectra of C-SiO, and the C-
MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu). The peaks at 452
and 1,091 cm ' are assigned to the symmetric and asym-
metric stretching modes of Si-O-Si in C-SiO,, respectively
[49]. As for C-CdSi, due to the generation of Cd,SiO,, the
peak at 1,091 cm™' mostly shifted to 1,051 cm . Similarly,
the 1,091 cm ! peak shifted to 1,055, 1,058, 1,053, 1,053,
1,055 and 1,055 cm ' after adding Zn2+, Mn2+, Niz+, C02+,
Fe’*, and Cu’" for the obtain of M-O-Si [19,20,42,50]. For
the Raman spectra shown in Figure S5b, all of the materials
show two peaks centered around 1,348 and 1,950 cmfl,
which correspond to the D-band and the G-band, respec-
tively. The intensity ratio of Ip/I; is used to analyze the
lattice defect and crystallinity of the carbonaceous materials
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Figure 3 (Color online) FE-SEM images of C-ZnSi (a), C-MnSi (b), C-NiSi (c¢), C-CoSi (d), C-FeSi (e) and C-CuSi (f); TEM and elemental mapping
images of C-ZnSi (al-a2), C-MnSi (b1-b2), C-NiSi (cl—2), C-CoSi (d1-d2), C-FeSi (el-e2) and C-CuSi (f1-£2).

[51]. The Ip/I5 value of C-SiO, is calculated to be 0.75. As C-Si0,, indicating that the formation of metal silicates can
for C-MSi, the I/l values are respectively 0.88 (C-CdSi), produce a large number of defects and vacancies. The
0.86 (C-ZnSi), 0.81 (C-MnSi), 0.86 (C-NiSi), 0.84 (C-CoSi), creation of defects and vacancies plays a great role in im-
0.83 (C-FeSi) and 0.81 (C-CuSi), all higher than the value of proving electrochemical performance [52].
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Figure 4 (Color online) (a, d) XRD patterns of C-MSi, (b, e) nitrogen adsorption-desorption isotherms and (c, f) pore size-distribution curves calculated by

the BJH method (M = Cd, Zn, Mn, Ni, Co, Fe and Cu).

XPS measurement is carried out to further evaluate the
chemical identities of the atoms in the samples. The survey
XPS spectra of C-SiO, in Figure S6 manifests the existence
of C, N, O, Si, P and S elements. Meanwhile, consistent with
the result of EDS mappings, pronounced Cd 3d peaks are
observed in the survey spectra of C-CdSi in addition to the
elements contained in C-SiO, (Figure 5 and Figure S7).
Paraphrasing, the high-resolution C 1s spectrum (Figure 5al)
is deconvoluted into four peaks: C-N (288.6 ¢V), C-S-C
(286.4 eV), C-C (284.9 V) and C=C (284.2 eV) [53]. The
three peaks in the N 1s spectrum (Figure 5a2) at 405.6, 400.7
and 398.6 eV represent graphitic N, pyrrolic N and pyridinic
N, respectively [54]. The O 1s spectrum (Figure 5a3) is fitted
by four peaks located at 533.6, 533.1, 532.1 and 531.3 ¢V,
which are assigned to O-N, O-C, O-Si and O-Cd, respec-
tively [55]. The Si 2p spectrum (Figure S5a4) reveals the
existence of Cd-O;Si (102.7 ¢V), Si-O (102.0 eV) and C-
05;Si (101.5 eV) in C-CdSi [56]. The P 2p spectrum (Figure
S7a) displays two peaks: P-O-P (134.5¢V) and P-O-Si
(133.0eV) [51,57]. The four peaks in the S 2p spectrum
(Figure S7b) are attributed to S 2p;, (169.3 eV), C=S
(168.2 eV), S 2p,;, (164.5 eV) and C-SO,-C (163.7 V), re-
spectively. The presence of heteroatoms (N, P, S) plays an
important role in improving the electrochemical performance
of materials. Specifically, the spectrum of Cd 3d (Figure 5a5)
shows two individual component peaks at 412.2 and
406.7 eV to Cd 3ds), and Cd 3ds,, respectively [58—60]. The
XPS spectra of the other C-MSi samples (M = Zn, Mn, Ni,
Co, Fe and Cu) are shown in Figure S8 and Figure 5b—g. As
for Zn 2p spectrum (Figure 5b), the two peaks at 1,045.9 and
1,023.4 eV representing Zn 2ps, and Zn 2p,,, respectively
[19,25]. For Mn 2p spectrum (Figure 5c), the peaks at 652.9

and 642.5 eV are assigned to Mn 2p;, and Mn 2p,,,, re-
spectively [19,50]. The XPS spectrum of Ni 2p (Figure 5d)
displays four peaks (882.1, 862.0, 874.2 and 856.0 eV),
which ascribed to the shake-up types of Ni 2p,,, and Ni 2ps,
edge, and Ni 2p,, and Ni 2ps,, respectively [20,61]. In the
Co 2p spectrum (Figure Se), the presence of Co 2p;,
(797.3 eV), Co 2p;, (782.3 ¢V) and satellite peaks of Co
2pi» (804.4 eV) and Co 2ps, (787.1 eV) indicates the gen-
eration of cobalt-silicate [20,62]. The two peaks shown in the
Fe 2p signal (Figure 5f) locked at 724.3 and 711.0 eV are
assigned to the Fe 2p,,, and Fe 2ps,, while the satellite peaks
of Fe 2p,,, and Fe 2p;,, are observed at 727.1 and 712.9 eV,
respectively [42,63]. As for Cu 2p spectrum (Figure 5g), the
presence of Cu 2p;,, (952.7 eV) and Cu 2ps, (932.5 eV) can
prove the generation of Cu,O/CuO [42,64]. Thus, the XPS
results show that the energy locations corresponding to C 1s,
N 1s,0 1s, Si2p, P 2p, S 2p and M 2p (M = Cd, Zn, Mn, Ni,
Co, Fe and Cu) are basically consistent with those in the
previous reports, indicating that these elements coexist in
hybridization.

3.2 Electrochemical properties of the electrodes

The metal-silicate samples with the above excellent char-
acteristics must be ideal electrodes for supercapacitors. The
electrochemical properties of the materials were evaluated
by CV, GCD and EIS measurements using a CHI-660E
electrochemical workstation. The measurements were tested
in a three-electrode system, and the electrolyte was found to
be a 3.0 M KOH solution. The potential windows were
chosen via CV experiments at 20 mV s and as shown in
Figure S9, the most suitable potential range should be —1.0 to
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0.6 V. The electrochemical performance results, including
CV, GCD and EIS of C-Si0,, i-C-CdSi-3 and C-CdSi-3 were
shown in Figures S10 and S11, respectively. Through com-
paring the electrochemical experiment results, i-C-CdSi-3
and C-CdSi-3 show much better properties than those of C-
Si0,, indicating that the formation of transition metal sili-
cates has a significant improvement in electrochemical per-
formance. Moreover, the etched sample C-CdSi-3 has a
larger integral area and longer charge/discharge time than i-
C-CdSi-3, declaring the alkali etching process can play a
significant role in improving the electrochemical perfor-
mance of materials. What is more, from the CV and GCD
curves of C-CdSi-x (x=1, 2, 3, 4, and 5) shown in Figure S12

and Figure 6a, b, C-CdSi-3 exhibits the highest electro-
chemical properties compared with other counterparts (C-
CdSi-x, x =1, 2, 4, and 5). Thus, in the following paper, the
electrochemical performance of C-CdSi-3 (donated as C-
CdSi) was mainly investigated. Through the CV experiments
of the electrodes at different scan rates in the potential range
of —1.0 to 0.6 V, the redox reaction in the charging and dis-
charging process were researched and all of the curves ex-
hibit similar shapes. The region from —1.0 to 0.2 V with a
rectangular shape is due to the presence of the amorphous
carbon electric double-layer capacitance while the field from
0.2 to 0.6 V with a pair of redox peaks is attributed to the
existence of the redox capacitance [65—67]. The samples
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Figure 6 (Color online) (a) CV curves at various ratios of C-CdSi at 20 mV s (b) GCD curves at various ratios of C-CdSi at 0.5 A gfl. (c) Nyquist plots
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maintain their shapes even at high scan rates. This could be
ascribed to the large size of pores in the samples, which
indicate a fast charge transfer rate and excellent reversible
performance.

The potential redox reaction of C-CdSi is as follows:
Cd,"'Si0, + OH™ < Cd,"'SiO(OH) +¢™

Similarly, the CV and GCD curves of C-ZnSi, C-MnSi, C-
NiSi, C-CoSi, C-FeSi and C-CuSi are shown in Figures S13
and S14 and Figure 7a, b. The reaction mechanism of C-ZnSi
[19], C-MnSi [19], C-NiSi [20], C-CoSi [20] and C-FeSi
[42] can be summarized in the following equations, respec-
tively:
Zn,"Si0, + OH ™« Zn,"'SiO,(OH) ™ + ¢~
Mn,"SiO;, + OH < Mn,"'SiO,(OH) ™ +¢"
Ni,"Si0, + OH > Ni,"'SiO,(OH) ™ + ¢~
Co,'Si0, + OH™ > Co, 'SiO,(OH)™ + ¢
Fe,"SiO, + OH < Fe," SiO4OH) + ¢~

As for C-CuSi, the redox reaction can be summarized as a
quasi-reversible conversion [42,61,68]:

11,

2Cu0 + H,0 + 2¢" «> Cu,0 + 20H™
Cu,0 + H,0 + 20H" > 2Cu(OH), + 2¢"
CuOH + OH < CuO + H,0 + ¢~
CuOH + OH > Cu(OH), + ¢~

The Nyquist plots of the electrodes were tested by EIS
measurement that can investigate their kinetics. From Figure
S1lc and Figure 6c, i, at the high-frequency region and low-
frequency region, all of the curves are composed of semi-
circles and straight lines, respectively. The shape of the curve
has a significant impact on the performance of the electrode;
that is, the resistance of the electrode is affected by the size of
the semicircle, while the diffusion rate of the electrolyte ions
is based on the slope of the straight line [69]. Thus, as shown
in Figure 6¢, C-CdSi-3 possesses a larger slope than the other
C-CdSi-x (x =1, 2, 4, and 5) and i-C-CdSi-3, indicating that
the diffusion and migration of ions can be accelerated by the
alkali etching process.

The specific capacitance of the electrodes is displayed in
Figure 6d (C-CdSi-x, x =1, 2, 3, 4, 5) and Figure 6f (C-MSi,
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M = Zn, Mn, Ni, Co, Fe and Cu), respectively. At a current
density of 0.5 A gﬁl, the high specific capacitance (for a
single electrode) of C-CdSi-3 reaches 607 F gfl. Moreover,
the C-CdSi-3 still retains high values at the high current
density of 1.0, 2.0, 5.0 and 10.0 A gfl, respectively. The
values are much higher than those of other C-CdSi-x elec-
trodes (x = 1, 2, 4, 5). As for the other C-MSi electrodes
shown in Figure 6f, the values are 579 (C-ZnSi), 500 (C-
MnSi), 558 (C-NiSi), 512 (C-CoSi), 479 (C-FeSi) and 458
(C-CuSi) F g ' at 0.5 A g ', respectively. It can be seen from
the results of CV, GCD, EIS and specific capacitance the
electrochemical performance can be enhanced by the treat-
ment with NaOH. As the entry of the electrolyte into active
materials and the penetration rate of electrons can be im-
proved by increasing the surface areas and multilayer
structures, the alkali etching process is an efficient way to
improve the electrochemical performance [21,70]. What is
more, as for the C-MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu),
in addition to their own properties, the morphology of ma-
terials may have a greater impact on their electrochemical

properties. For example, the electrochemical performance of
rose-like C-CdSi is better than the cube-like C-FeSi and the
walnut-like C-CuSi, which may be partly due to the larger
surface area and structure of the rose-like morphology of the
C-CdSi. Compared with other silicate-based electrodes, as
shown in Table S2, the C-MSi electrodes obtained from
gourd leaves show preferable electrochemical performance.
The electrochemical kinetic behavior of the samples is
studied and analyzed by CV curves with an increasing scan
rate, as shown in Figure S15. The relationship between redox
peaks’ current and sweep rate can be defined by the fol-
lowing laws:
i=a’
logi = loga + blogv
where the a and b are variable parameters and the value b
ranges from 0.5 to 1, which is equal to the slope of log(¢) and
log(v) plots. The capacity can be mainly attributed to the
diffusion-controlled behavior when b is close to 0.5 while
related to the surface-control when b is close to 1. The b-
values of the samples are all close to 1, demonstrating that
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they mainly exhibit surface-controlled behavior [21,22]. In
detail, the b-values of C-MSi (M = Cd, Zn, Mn, Ni, Co, Fe
and Cu) are respectively equal to 0.97, 0.95, 0.89, 0.92, 0.91,
0.87 and 0.85.

The cycling stability and columbic efficiency of C-CdSi
are explored by the GCD test at 1.0 A gfl. As shown in
Figure 6d, the cycle life test conducted reveals that C-CdSi
also shows long-term cycling stability with 98.2% of the
initial capacitance retention after 10,000 cycles. In particular,
due to the electro-activation of the electrode, the capacitance
reaches its maximum after about 2,350 cycles [71,72]. The
corresponding columbic efficiency of C-CdSi is 108.4%.
After 10,000 cycles, the capacitances of C-ZnSi, C-MnSi, C-
NiSi, C-CoSi, C-FeSi and C-CuSi maintain 97.4%, 95.1%,
96.4%, 96.3%, 92.4% and 89.3%, respectively (Figure 6f).
The excellent cycling performance results of these materials
prove that the metal silicates grown on the calcined amor-
phous carbon from gourd leaves can maintain operational
stability as an electrode material. Table S2 also lists the
reusable performance of some other electrode materials
based on silicate. It can be seen that the metal silicates dis-
cussed in this study exhibit more significant electrochemical
performance.

3.3 Theoretical analysis

To further understand the mechanism behind the excellent
capacitance, DFT calculations were performed.

The structures of geometrically optimized amorphous
carbon, Cd,Si04(022) and Cd,Si04(022)@C, are shown in
Figure S16 and Figure 7a, respectively. The energy of Cd,
Si0,4(022)@C is —26,047.53 eV, which is lower than the sum
of amorphous carbon (—6,574.24 ¢V) and Cd,Si04(022)
(-19,446.45 V) at —26,040.69 eV, indicating that the com-
bination of amorphous carbon and Cd,Si0,(022) is stable
[73]. The DFT calculations are also employed to analyze the
electronic conductivity [74]. The calculated bandgap of
Cd,Si0, is about 1.423 eV (Figure 7b), indicating that it is
almost an electronic insulator. The calculated bandgap of
Cd,Si104(022) is about 0.880 eV (Figure 7d), while the Cd,
S104(022)@C is about 0.487 eV (Figure 7f). The bandgap
decreased with the introduction of amorphous carbon on
Cd,Si04(022), demonstrating the enhanced electroconduct-
ibility of CdSi@C. Moreover, bands of Cd,Si04(022)@C
flatten significantly, meaning a decreasing interaction be-
tween the atoms and increasing effective quality of current
carriers, which are conducive to electron conduction. The
density of states (DOS) and partial density of states (PDOS)
were performed for amorphous carbon, Cd,SiO4(022) and
Cd,Si04(022)@C, to elucidate the contribution of different
atomic orbitals, especially in amorphous carbon [75]. As
shown in Figure 7h, after composite with amorphous carbon,
the overall electronic state of Cd,Si04(022)@C shifts to-
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wards lower energy levels, proving the enhanced stability of
the material [76]. Noteworthily, the addition of the electronic
state of amorphous carbon leads to more narrow pseudo-
energy gaps in the DOS diagram, corresponding to the flatter
band shape in the energy band diagram. From the PDOS
calculation in Figure 7i—k, after composite with carbon ma-
terials, the overall electronic state shifts towards lower en-
ergy levels, proving the enhanced stability of the material.
The corresponding electron density difference of Cd,SiO,
(022)@C (Figure 7g) depicts that Cd atoms approach to
carbon atoms exhibits lower electron density compared with
that of Cd atoms farther away from carbon atoms. This
phenomenon originates from the II Electronic supplement of
amorphous carbon to atomic orbitals of Cd,SiO,, indicating
that the electrophilicity of Cd active sites is weakened, fa-
cilitating insertion and removal of adsorption of OH for
energy storage. The above results prove that amorphous
carbon in CdSi@C not only conducts electricity itself but
also acts as an electron supply for the increasing conductivity
and energy storage performance of CdSi [77]. According to
the results of adsorption energy, OH occupies the Cd,SiO,
(022) plane with the lowest energy and shows the highest
probability. Therefore, the (022) plane is calculated for the
electronic structures of Cd,Si04(022) and Cd,Si04(022)@C.
As shown in Figure 7f, the adsorption energy towards OH
for Cd,SiO, (022) and Cd,Si04022)@C is —21.6 and
—19.2 eV, respectively, meaning that it is easier for Cd,SiO,
(022)@C to insertion and removal of OH for completing
rapid surface redox reactions and higher pseudo-capacitance
[78].

Similarly, DFT calculations were also applied to several
other materials such as C-MnSi (Mn,SiO;,(400)@C), C-
NiSi (Ni,Si0,4(004)@C) and C-CuSi (Cu,O(111)@CuO
(111)@C). The calculation results are shown in Figures S17—
S19. The corresponding electron density difference of Mn,
Si0,,(400)@C (Figure S17b), Ni,SiO4(004)@C (Figure
S18b) and Cu,O(111)@CuO(111)@C (Figure S19b) de-
scribe that compared to Mn, Ni, and Cu atoms further away
from carbon atoms, these atoms closer to carbon atoms ex-
hibit lower electron density. The calculated bandgap of
Mn;Si0,,(400)@C (Figure Sl17c—e), Ni,Si0,4(004)@C
(Figure S18c—e) and Cu,O(111)@CuO(111)@C (Figure
S19¢c-h) is about 0, 0.14 and 0 eV, respectively. These data
are much smaller than amorphous carbon or Mn,Si0O,,(400),
Ni,Si10,4(004) and Cu,O(111)@CuO(111), indicating that the
enhanced electroconductibility with the combination of
amorphous carbon and these metal compounds. The lower
energy levels and more narrow pseudo energy gaps in the
DOS diagrams of Mn;SiO,,(400)@C, Ni,Si0,4(004)@C and
Cu,O(111)@CuO(111)@C shown in Figures S17f, S18f and
S19i proved that the combination process is beneficial for
improving the stability of the materials.

Therefore, supercapacitor electrodes with C-MSi (M = Cd,
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Zn, Mn, Ni, Co, Fe and Cu) coating would ultimately show
satisfactory overall electrochemical performance, and the
calculation results complement the experimental results
perfectly.

3.4 Electrochemical performance of metal silicates as
hybrid supercapacitor devices

In order to explore the practical applications of the metal
silicates obtained from gourd leaves, for example, to explain
why the Calabash Brothers are invincible in the story, the
flexible solid-state hybrid supercapacitor devices (HSCs)
were fabricated. In this study, the HSCs were composed of
C-MSi (M = Cd, Zn, Mn, Ni, Co, Fe and Cu) as positive
electrodes and AC as negative electrodes. The HSCs are
denoted as C-MSi//AC. The measurements were tested in a
two-electrode system using a CHI-660E electrochemical
workstation. The electrolyte is 3.0 M PVA/KOH.

It can be seen from the various operating voltage ranges of
the C-CdSi//AC device shown in Figure S20 that 0-1.5 V is
the most suitable window. Figure 8a displays the CV curves
of the C-CdSi//AC device, and even at high scan rates, the
device still maintains a roughly rectangular shape. This can
be ascribed to the enlarged size of pores in the C-CdSi using
NaOH, which indicates excellent rate capabilities of the C-
CdSi//AC device [79]. As shown in Figure 8b, the charge/
discharge of the GCD curves exhibits approximate sym-
metry. This suggests that the C-CdSi//AC device has ideal
capacitive behavior [80,81]. The Nyquist plot curve of the C-
CdSi//AC device tested by EIS is shown in Figure 8c, which
is composed of a straight line at the low-frequency region
and a semicircle at the high-frequency region [82,83]. The
steepest linear curve in the low-frequency region means a
splendid capacitive performance [34].

The areal capacitances of the C-CdSi//AC device derived
from the GCD curves are shown in Figure 8d. The capaci-
tance decreases from 691 to 444 mF cm ~ with the current
density increase from 2 to 10 mA em >, still offers a high
specific capacitance even at 10 mA cm° (64.3% capacitance
retention), suggesting good rate capacity. The superb rate
capacity can benefit from the short diffusion distance and the
low ion transport resistance during the charge/discharge
process. Furthermore, the corresponding energy density
shown in inset of Figure 8e also decreases from 5.04 to 3.8
Whm?, corresponding to the power density increases from
22210 99.8 W m °. The trends of energy density and power
density are opposite, proving that there is a great potential of
using these electrode materials to prepare the SCs with high
efficiency [56]. C-CdSi//AC device also shows a high sta-
bility of 87.3% after 6,000 cycles, which is investigated by
the GCD test at a current density of 1.0 A g_1 (Figure 8f).
The columbic efficiency is about 105% at every cycle, de-
monstrating that the C-CdSi//AC device has reliable capa-
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citive performance during the charge/discharge process.

As for the other C-MSi//AC devices (M = Zn, Mn, Ni, Co,
Fe and Cu), the CV, GCD and Nyquist plot curves are shown
in Figure 8g—i, respectively. The appropriate operating vol-
tage windows of C-MSi//AC devices are 0-1.6 V (C-ZnSi/
AC, C-NiSi//AC and C-CoSi//AC), 0-1.4 V (C-MnSi//AC
and C-CuSi//AC), and 0-1.2 V (C-FeSi//AC), respectively.
The CV, GCD and Nyquist plot curves indicate the C-MSi//
AC devices reveal excellent electrochemical performance:
excellent rate capabilities, splendid capacitive behavior and
outstanding electrical conductivity. The areal capacitance
versus current density of C-MSi//AC is shown in Figure §;j.
The specific capacitances are 684 (C-ZnSi//AC), 607 (C-
MnSi//AC), 660 (C-NiSi//AC), 618 (C-CoSi//AC), 576 (C-
FeSi//AC) and 549 (C-CuSi//AC) mF cm ° at the current
density of 2 mA cm respectively. The energy density
versus power density of C-MSi//AC are shown in Figure 8k.
The energy densities are 5.11, 4.48, 4.80, 4.35,4.51 and 4.15
Wh m” at the power density of 21.1, 16.7, 19.6, 18.7, 15.8
and 148 Wm ~, respectively. Figure 81 demonstrates the C-
MSi//AC devices maintain high stability after 6,000 cycles
(86.3%, 83.8%, 85.4%, 85.0%, 82.1% and 81.3% of their
initial capacitance values of C-ZnSi//AC, C-MnSi//AC, C-
NiSi//AC, C-CoSi//AC, C-FeSi//AC and C-CuSi//AC, re-
spectively). Table S3 summarizes all electrochemical per-
formance results of the C-MSi//AC devices and compared
with most other SC devices in previous literatures, the HSC
devices in this research exhibit significant electrochemical
properties.

3.5 Further extended to prepare metal silicates using
other diverse biomass-derived carbon materials from the
gourds

We further synthesized the metal silicates using other parts
from the gourds using the same strategy. Five hierarchically
porous heteroatom-doped carbon materials derived from the
roots, vines, flowers, fruits and seeds of gourds are prepared
and Figure 9a—e are their photographs of precursors. Then a
certain amount of Cd(OAc), 2H,0 react with these materials
at 180 °C for 24 h, respectively. FE-SEM and TEM images
confirm that the obtained carbon samples possess hier-
archically porous architectures while the obtained metal si-
licates possess different morphologies (Figure 9al—el and
Figure 9a2—e2). The N, sorption analysis verifies the ex-
istence of mesoporous and microporous in each sample and
the pore sizes are generally distributed between 2—10 nm
(Figure 9a3—e3 and Figure 9ad4—e4). Their pore structure
information is listed in Table S4. The XRD patterns shown in
Figure 9a5—e5 prove the generation of Cd,Si0O, with varying
crystallinity (JCPDS, No. 17-0258). The five materials are
also used as electrodes and SCs to further confirm the ver-
satility of this strategy (Figure 9f1-f5 and Figure 9g1-g5)
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and their electrochemical performance results are listed in
Tables S5 and S6. By comparison, supercapacitors made
from gourd leaves perform better than those of roots, vines,
flowers, fruits, and seeds.

The above results prove C-MSi (M = Cd, Zn, Mn, Ni, Co,
Fe and Cu) as a promising material for advanced electrodes
for electrochemical supercapacitors. The unique hierarchical
porous structures, the high Sggr, and the heteroatom-doped
carbon of the C-MSi lead to their extraordinarily large and
stable energy storage performance. Other than those, they
also have the following three advantageous multiple co-

operative effects.

(1) The nanostructures can shorten the ions’ transport
length, while the meso-/micropores on the surface of na-
nostructures can supply a fast transfer rate and adequate mass
transport for ions.

(2) The super high Sggy provides an appropriate electrode/
electrolyte interface to facilitate fast charge transfer and
charge capacity.

(3) The performance can be enhanced to an exceptional
level by heteroatom-doping, which is due to the enhance-
ment of defect sites, electrochemical reactivity, and electro-
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Figure 9 (Color online) (a—e) Photographs of different biomass precursors from the gourd: (a) roots, (b) vines, (c) flowers, (d) fruits, and (e) seeds. (al—el)
FE-SEM images, (a2—-e2) TEM images, (a3—e3) nitrogen adsorption-desorption isotherms, (a4—e4) pore size-distribution curves calculated by the BJH
method, and (a5—e5) XRD patterns of the C-CdSi from the roots, vines, flowers, fruits and seeds, respectively. (f1-f5) Electrochemical performance of the C-
CdSi electrodes from the roots, vines, flowers, fruits and seeds, respectively. (g1—g5) Electrochemical performance of the C-CdSi//AC hybrid supercapacitor
devices from the roots, vines, flowers, fruits and seeds, respectively. (h—k) Explanation of the secret of the magic gourd.

nic conductivity.

The above elements have excellent multiple cooperative
effects, that is, interaction and easy transportation to improve
the electrochemical performance of electrode materials.

Thus, the mechanism of supercapacitors that used transi-
tion metal silicates grown on the amorphous carbon as po-
sitive electrodes (Figure 9h—k) may explain the secret of the
magic gourd: The supercapacitors manufactured by calabash
brothers using various parts of the gourd plants have ex-
cellent electrochemical performance, such as excellent ca-
pacitance and cycling stability, playing a role in energy
storage and conversion in generating energy and defeating
powerful enemies.

4 Conclusions

In order to decrypt the secret of the magic gourd, natural
gourd leaves (GLs) were used to synthesize metal silicates.
Then, the C-MSi M = Cd, Zn, Mn, Ni, Co, Fe and Cu)
materials were used to fabricate supercapacitor electrodes
and devices. By integrating theoretical calculations and ex-
perimental results, the supercapacitor electrodes and devices
obtained from the combination of transition metals with
amorphous carbon exhibit superior electrochemical perfor-
mance. This is due to the high specific surface area and
layered porous structure of the metal silicates anchored on
the biomass carbon, which can shorten the paths to transfer
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electrons and ions. This approach is very versatile and was
also applied to produce many hierarchically structured me-
tal-silicate materials of other biomass precursors, including
roots, vines, flowers, fruits and seeds of the planted gourds.
Thus, the secret of the magic gourd can be explained by
using gourd plants as raw materials to prepare the super-
capacitors with excellent electrochemical performance. The
research results of this paper also provide a novel and po-
tential way to prepare new metal silicates from other bio-
materials for the enhancement of -electrochemical
performance and improvement of energy storage and con-
version.
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