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Activating biomass carbon with metallurgical slag
by pyrolysis in molten salt for high-performance
supercapacitors

Teng Lv, €22 Jun Li,? Yong Shi,® Huan Yu® and Jing Chen*?

Pyrolysis of sustainable biomass to advanced carbon materials for energy storage is key-enabling in energy and
environmental sustainability. However, obtaining carbon materials with well-defined microstructure and
composition for high-performance energy storage is extremely challenging. Herein, efficient activation of
biomass carbon is realized by introducing extra metallurgical slag during pyrolysis of coconut shell in
Na,COz—-K,CO3z molten salt. The molten salt guides the formation of carbon with a hierarchical
honeycomb-like nanostructure, while the metallurgical slag facilitates enhanced doping of the heteroatom
species, conjointly contributing to the increase of the specific surface area of carbon materials from 424 m?
g 1to 1451 m? gt and the extension of the single N dopant to multiple dopants of N, P, Zn and Co. Such
adequate tuning of the microstructure and composition in the pyrolysis product increases the capacitance
for supercapacitors from 30 F g* to 135 F g~* at 0.5 A g~*. The results can provide new insights for the
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1. Introduction

Both the nonrenewable feature and greenhouse gas emissions
of the traditional fossil fuels are pressurizing the society to
develop sustainable energy supplies worldwide.™* However, the
most promising sustainable energies such as solar, wind, and
hydro energy are highly intermittent, which means that storing
the generated electricity from these fluctuating energies is in
great need for promising a steady energy supply.®”

The supercapacitor is one of the bright electrochemical
energy-storage devices,** promising advantages in safety and
long cycling stability over batteries. Specifically, supercapacitors
present a dendrite-free and negligible heat-generation working
mode and are therefore almost free of safety problems."™**
Moreover, the cycling life of supercapacitors is generally up to
100 000 cycles, which greatly exceeds that of the most advanced
batteries (<10 000 cycles).""'* Hence, supercapacitors provide
attractive prospects, especially in areas needing fast charging
and great cycling stability. However, the energy density of
supercapacitors (~5 W h kg ') is much lower than that of
batteries (up to 200 W h kg™ !)."»'35 Increasing the energy
density of supercapacitors is urgently needed.

Carbon materials are widely used as electrode materials for
supercapacitors, and the structure-composition design is
crucial for improving its performances." The capacitance of
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controllable upgradation of both biomass and waste industrial slag toward enhanced energy storage.

supercapacitors originates from interfacial reactions on elec-
trode materials. Thus, the high specific surface area of carbon
materials with hierarchical porous structures can provide more
reaction sites and superior reaction kinetics."***” In addition,
doping the carbon materials with heteroatoms to tune the
electronic structure and induce pseudocapacitance is another
strategy for enhancing the performance.*®

Biomass-derived carbon is a carbon-based material that is
widely applied in various fields, such as catalysts, adsorbents, and
electrodes.” > Coconut shell is a promising carbon source for
biomass-derived carbon due to its availability, high carbon
content, excellent adsorption ability and environmental
safety.”** Compared with traditional unsustainable carbon
resources, the biomass-derived carbon materials by pyrolysis
promise the following appealing advantages: (1) being a sustain-
able resource. Biomass is the product of photosynthesis, thus
being sustainable and environmentally friendly;” (2) easy reali-
zation of heteroatom doping. The biomass commonly contains
nitrogen (N) and phosphorus (P) elements. Therefore, the
uniform self-doping of heteroatoms can be realized;'*"" (3)
organic matter can facilitate the generation of a porous structure.
Pyrolysis of organic matter in biomass can release gaseous
products, acting as foaming agents for generating porous struc-
tures.”® Despite the above merits, obtaining a porous architecture
from biomass is not easy due to the structure collapse during the
high-temperature pyrolysis process.”** Moreover, the N/P
elements are easily lost as gaseous products, leading to the
insufficient doping of nonmetallic elements.””® Converting
biomass into a porous structure with a well-defined structure and
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composition in a green and facile large-scale synthesis way for
high-performance supercapacitors is still very challenging.
Pyrolysis of biomass in molten salts has attracted increasing
interest in recent years due to its many fascinating merits.”*®
Compared with pyrolysis in a gaseous atmosphere, molten salts
can slow down the release of gaseous product, contributing to
a more efficient pore-forming process.**** Moreover, the molten
salts can act as templates, also facilitating the generation of
a porous structure.*** The strong ability of the molten salt for
dissolving metallic salts and nonmetallic oxides can achieve the
smooth and homogeneous doping reactions of heteroatoms.**
The high-temperature molten salts can also enable the pyrolysis
of biomass in a liquid media, which can retard the escape of N/P-
containing species, promoting the doping of N/P elements.'***
In addition to non-metallic elements, doping metallic
elements can increase the capacitance of carbon materials for
supercapacitors.*'>** However, the biomass contains negli-
gible metallic elements, greatly limiting the further capacitance
enhancement of biomass carbon for the supercapacitor.” On the
other hand, metallurgical slags commonly contain many
useless metallic elements.> Even worse, the entrainment of
heavy metals turns these slags into hazardous wastes, making
the disposal of the metallurgical slags very difficult in some
cases.* For example, during the zinc smelting process, the
purification of zinc sulfate solution results in slags containing
zinc (Zn) and cobalt (Co) elements, which are typical hazardous
wastes.**** Introducing these metallic elements in slags into the
biomass-derived carbon can hopefully upgrade the carbona-
ceous materials, and facilitate the disposal of hazardous slags.
Herein, activating the biomass (coconut shell)-derived carbon
with metallurgical slag for application in supercapacitors is
realized by pyrolysis in molten salts. Specifically, by tuning the
molten salt composition, N/P co-doped carbon materials with
a well-defined porous structure can be obtained, greatly
increasing the specific surface areas. Further addition of the zinc-
smelting slags into the molten salts during pyrolysis can intro-
duce the metallic elements of both Zn and Co in the slag into the
biomass-derived carbon as metallic dopants. Moreover, the
pyrolysis of biomass in the slag-containing molten salt can
contribute to the more efficient doping of phosphorus atoms.
Resultantly, the performances of coconut shell-derived biomass
carbon are greatly enhanced. Moreover, molten carbonates
possess good stability and mild properties, which will enable
long-term durability for usage and not pose a threat to the envi-
ronment.*® Molten carbonates can provide excellent heat transfer
during biomass pyrolysis because of the fluidic heat storage
ability.”” The results in this paper can provide new insights for
both preparing high-performance carbon materials for super-
capacitors and the disposal of hazardous slags. Hopefully, the
proposed strategy can be extended from coconut shell and zinc-
smelting slag to other kinds of biomass and waste slags.

2. Experimental
2.1 Materials synthesis

All reagents are of analytical purity. The metallurgical slag was
provided by a zinc-smelting plant, and the composition of the
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Table 1 The composition of the zinc-smelting slag (%)
ZnO Co30, PbO SiO, CaO Al,O; FeO Others
3.9 0.7 0.4 28 13 7 42.4 4.6

zinc-smelting slag was characterized and is shown in Table 1.
The salt (KCl, NaCl, Na,CO;, and K,CO;3;) was weighed
according to the pre-determined amount, and then dried at
300 °C for more than 12 h to remove the moisture. For the
NaCI-KCIl molten salt, the molar ratio of NaCl and KCIl was
fixed to be 1:1. The molar ratio of Na,CO; and K,CO; was
fixed to be 1:1. The coconut shell was crushed and the
resulting powders were fully mixed with the weighed salts,
fixing the mass ratio between the coconut shell powder and
molten salts to be 1: 4. Then, the mixture was heated to 800 °C
for a continuous pyrolysis of 2 h. The entire pyrolysis process
was conducted in an inert atmosphere provided by an argon
gas flow (200 mL min~"). In another experiment, 2% metal-
lurgical slag was added into the Na,CO;-K,CO; molten salts
for pyrolysis of the coconut shell powder. For comparison,
pyrolysis in the inert gas without molten salts was also con-
ducted. After pyrolysis, all samples were firstly rinsed in high-
purity water at 80 °C to remove the salts for recycling usage.
Then, the resulting powders were further leached in the
diluted hydrochloric acid to thoroughly remove the entrapped
salts and oxides. Finally, the products were dried at 60 °C for
more than 24 h for use.

2.2 Characterizations

The crystalline structures of the as-obtained powders were
characterized by X-ray diffraction (XRD) using a PANalytical
X'Pert Pro X-ray diffractometer with Ni filtered Cu Ko radiation
(A = 1.5406 A). X-ray photoelectron spectroscopy (XPS) was
performed on a VG ESCALAB210 apparatus with Mg Ka source.
The C 1s as a reference signal was adjusted to 284.8 eV. Field-
emission scanning electron microscopy (FESEM, Zeiss SIGMA)
was adopted to understand the morphology differences of
various samples. Nitrogen adsorption-desorption measure-
ments were performed, using a NOVA 4200e instrument at 77 K.

2.3 Electrochemical measurements

The obtained products, binder (polytetrafluoroethylene, PTFE),
and conducting agent (super P) were well mixed by adding
several drops of ethanol, with the mass ratio being 8:1:1.
Then, the slurry was rolled into a film and dried at 120 °C in
vacuum overnight. The electrochemical performances of all
samples were conducted in a three-electrode system, with
a saturated calomel electrode and graphite rod being used as
the reference electrode and counter electrode, respectively. For
the preparation of the working electrode, the as-prepared slurry
film was cut into a size of 1 cm x 1 cm and then coated onto
a titanium mesh by die-pressing. All electrochemical tests were
conducted in 2 M KOH solution using a CHI 1140C electro-
chemical working station, with the cyclic voltammogram curves
(CV) and galvanostatic charge/discharge (GCD) tests being

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acquired for evaluating the performances according to the
following formulas:

IAt

C= ar (1)
CAV?
E=— )
E x 3600
p— 227
As 3)

where C, (F g ") is the specific capacitance, I (A g™') is the
charge/discharge current, At (s) is the discharge time, AV (V) is
the potential change during the discharge process (1 V in this
study), m (g) is the mass of the active electrode materials, E
(W h kg™") is the energy density, and P (W kg™ ') is the power
density.

2.4 DFT calculations

The density-functional-theory (DFT) calculations were per-
formed by using the Vienna Ab initio Simulation Package (VASP)
with Projector Augmented Wave (PAW) method.*? The Perdew-
Burke-Ernzerhof (PBE) functional for the exchange-correlation
term was used with the projector-augmented wave method, with
the kinetic energy cutoff of the electron wavefunctions being set
as 450 eV. The convergence of energy and forces were set to be 1
x 107* eV and 0.05 eV A™, respectively. The adsorption energy
and charge density of the K atom on the graphite (002) plane
doped with various heteroatoms were determined to under-
stand the performance enhancement mechanism. The adsorp-
tion energy is defined as: E.qs = E(wsurf) — E(sur — E(x), Where
Exsurfyy E(surp and E(g are the calculated total energies of the
substrate with the K atom, the bare graphite (002) substrate
without/containing heteroatoms, and the isolated K atom,

respectively.>*®

In inert gas
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Fig. 1 Illustration for the pyrolysis strategies of coconut shell powders.
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3. Results and discussions
3.1 Morphology optimizations

Pyrolysis of coconut shell was conducted under four different
conditions, as shown in Fig. 1, namely in an inert atmosphere,
in NaCl-KCIl molten salt, in Na,CO3;-K,CO; molten salt, and in
2% slag-added Na,CO;-K,CO; molten salt. Pyrolysis in inert gas
resulted in carbon flakes with smooth surfaces. When the
pyrolysis atmosphere was changed to NaCI-KCI molten salt, the
smooth surfaces of the carbon flake products became wrinkled.
More interestingly, a highly well-defined porous structure was
obtained by replacing the NaCl-KCl molten salt with Na,CO;-
K,CO; molten salt. Introducing the zinc-smelting slag into the
molten salts can hopefully induce metal into the carbon prod-
ucts, but poses a negligible influence on the morphology of the
products.

The SEM results in Fig. 2 manifest the abovementioned
illustrations for the morphology differences of various samples.
As shown in Fig. 2a and d, the pyrolysis products in the inert gas
consist of very large flakes (Fig. 2a), presenting a very smooth
surface (Fig. 2d, as illustrated in Fig. 2g). The results indicate
that the released gaseous products from the pyrolysis of the
organic mass in the coconut shell escape from the reaction sites
very swiftly,"**® exerting a negligible influence on the surface
morphology of the pyrolysis products. When the NaCl-KCl
molten salt is employed, the carbon flakes in the pyrolysis
products were partially fractured (Fig. 2b), with the surface
turning from smooth textures to wrinkled architectures (Fig. 2e
and h). The morphology variation implies that the escape
process of the pyrolysis gases was retarded, striking the newly
generated carbon flake surfaces into wrinkled pits.

The pyrolysis products with the most appealing morphology
were obtained in the Na,CO;-K,CO; molten salt, showing
honeycomb-like porous structures. As shown in Fig. 2c, almost

Carbon flakes

v Increased

Wrinkled carbon flakes surface area

Porous carbon nanoflakes ; ¥* Rich pore

structure

v Enhanced
metal doping

o e o e

® Zn «Co
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Fig.2 SEMimages and morphology illustrations for various coconut shell-derived carbon powders: (a, d, and g) pyrolysis in inert gas; (b, e, and h)
pyrolysis in NaCl-KCl molten salt; (c, f, and i) pyrolysis in Na,CO3-K,COs molten salt.

all of the bulk carbon flakes were cracked into small particles.
Closer observation of the particle points to a highly porous
architecture (Fig. 2f, as illustrated in Fig. 2i). The results indi-
cate that the microenvironment for coconut shell pyrolysis is
greatly changed in the Na,CO;-K,CO; molten salt, leading to
pyrolysis products with totally different microstructures. Such
a huge discrepancy is possibly caused by the following reasons:
(1) a high ability for trapping gaseous products. Compared with
the NaCl-KCl molten salt, alkaline oxides such as Na,O and K,O
exist in the Na,CO3;-K,CO; molten salt,”*” which can absorb the
acid gases of NO, and P,O,, buffering the escape of these
pyrolysis-generated gases and contributing to more pores in the
final products;*® (2) a bubbling effect was triggered by the
pyrolysis of the coconut shell. The reaction equilibriums for
CO;>~ decomposition (Na,CO3 = Na,O + CO,; K,CO; = K,0 +
CO,) exist in molten carbonates.’”” Once pyrolysis of organic
mass occurs, CO, can be depleted by the released NO, or P,O,,
which can lead to the accelerated decomposition of carbonates
within the pyrolysis microenvironment, causing a bubbling
effect for generating more pores in the pyrolysis products;***7*°
(3) fracture of carbon flakes results in many opening holes for
penetration of molten salt, facilitating the molten salts to act as
templates for creating more pores in the products.®

In a word, carbon materials with well-defined porous struc-
tures can be obtained from the coconut shell by pyrolysis in the
Na,CO;-K,CO; molten salt. It should be mentioned that adding
the zinc-smelting slag into the carbonate molten salt has
a negligible effect on the morphology of the products, but
hopefully can modify the composition.

3.2 Pore structures and composition comparisons

The addition of zinc-smelting slag has a negligible influence on
the morphology of coconut shell-derived carbon materials.
However, it can greatly affect the composition of the products
(Fig. 3). Both the XRD patterns (Fig. 3a) and Raman spectra
(Fig. 3b) point to the peaks of graphite, meaning that all of the

23024 | RSC Adv, 2023, 13, 23021-23029

pyrolysis products present a graphitic structure. The broad peak
in the XRD pattern means that the products are partially
graphitic. No impurity peaks are observed in Fig. 3a and b,
implying a relative high purity of the graphitic products. The
results agree with reported results.’®*" XPS spectra were ob-
tained to investigate the composition differences, and are pre-
sented in Fig. 3c-f. The N 1s spectrum shows a negligible
discrepancy for all four different samples presented in Fig. 3c,
indicating that both the molten salts and the added slag have
very little influence on the process of nitrogen doping. However,
as shown in Fig. 3d, the spectrum presents huge differences for
various samples. Specifically, the phosphorus in the coconut
shell is hardly doped into the derived carbon product when
pyrolysis occurs in the inert gas. However, peaks related to P 2p
are observed in the pyrolysis products obtained in both NaCl-
KCI molten salt and Na,CO;-K,CO; molten salt, meaning that
the molten salt facilitates the doping of phosphorus. After the
addition of metallurgical slag into the Na,CO;-K,CO; molten
salt, a peak appears at around 138-142 eV, which is attributed to
the superposition of P 2p and Pb 4f. Phosphorous (P) is one of
the most important nutrient elements for plants, while lead (Pb)
is present in metallurgical slag (Table 1). The binding energies
of P 2p and Pb 4f are very close.*>*" As shown in Fig. 3d, adding
metallurgical slag results in an obvious shift of the peak towards
higher binding energy because the introduced Pb element in
slag possesses slightly higher binding energy than P. In addi-
tion, the peak intensity is increased because of the superposi-
tion of the slag-introduced Pb 4f signal and biomass-generated
P 2p peak. Moreover, the Zn and Co elements are effectively
doped into the pyrolysis products, as shown in Fig. 3e and f. The
results verify that both the molten salt media and the additives
of zinc smelting slag can tune the surface compositions, and
increase the species and contents of doped heteroatoms in the
derived pyrolysis products.

The pore distributions and specific surface areas in Fig. 4
exhibit huge discrepancies between different samples. As

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03605g

Open Access Article. Published on 31 July 2023. Downloaded on 4/2/2026 8:23:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances

—
2
—

= In Na,C0,-K,C0,+slag (b)
— In Na,CO,K,CO,

=]
—

O
S

— N 15 spectrum

i\ In Na,C0,-K,CO,+slag

2 _'I" f“ac:t"'(c' 3 3 ,K;COy+slag
= o ninertgasf —= In Na,CQ,-K,C0,|
:g. g oL U5-R, L0 ‘:“
@ @ @ In Na,CO,-K,CO,
[0 K] In NaCI-Kel| @
- f= <
£ = = In NaCI-KC]
In inert gas
In inert gas|
10 20 30 40 50 60 70 80 800 1600 2400 3200 392 396 400 404 408 412 416 420
2Theta (degree) Raman shift (cm™) Binding energy (eV)
(d) P 2p+Pb 4f (e) Zn 2p| (f) Co 2p,, Co zpmco 2p
5 |In Na,CO,-K,CO+slag = =
= P 2p~. 3 3 in N32003~K2003+s 1]
gw £ in Na,COK,CO, sslag & WW‘
£ |In Na,C0O,-K,CO, 2 2 n Na,CO,K, [
@
g 8 o inNaCO,iGCo| 8 me
£ = Vi = n NaCl-Kcli
In NaCI-KCI in NaCI-KC] MWNMW
AL AV g A A M"w
In inert gas in inert gas In Inert gas
126 129 132 135 138 141 144 1015 1022 1029 1036 1043 1050 774 780 786 792 798 804 810
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 3 Characterizations of carbon materials obtained by pyrolysis of coconut shell in different conditions: (a) XRD patterns; (b) Raman spectra;
(c) XPS N 1s spectrum; (d) XPS P 2p + Pb 4f spectrum; (e) XPS Zn 2p spectrum; (f) XPS Co 2p spectrum.
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Fig. 4 Characterizations for carbon materials obtained by pyrolysis of coconut shell in different conditions: (a and b) nitrogen adsorption—
desorption isotherm curves; (c) pore size distributions; (d) specific surface areas.

shown in Fig. 4a, pyrolysis in molten salts contributes to carbon  salt possesses a higher surface area than that in the NaCl-KCl
materials with higher surface areas than that in inert gas. molten salt (Fig. 4a), again demonstrating that the molten salt
Likewise, the product obtained in the Na,CO;3;-K,CO; molten composition can affect the pyrolysis process. Fig. 4b shows that
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the specific surface area of the pyrolysis product is increased
after adding the slag. More importantly, the hysteresis loop
appears only after adding the zinc-smelting slag (Fig. 4a and b),
meaning that addition of slag facilitates the generation of
abundant mesopores in the pyrolysis products. Such results are
proved by the pore size distributions in Fig. 4c, which shows
that the pore volume follows the order of “Na,CO;-K,CO;
molten salt + slag” > “Na,CO;-K,CO; molten salt” > “inert gas”.
The pore size of all samples is about 4 nm, which is typical of
mesopores,*' being favorable for ion diffusion and electrolyte
penetration.*>** The specific surface areas in Fig. 4d show that
the product obtained in “Na,CO3;-K,CO; molten salt + slag”
presents the highest specific surface area of 1451 m* g~ ', which
is much higher than the 1266 m” g~ " in “Na,CO;-K,CO; molten
salt”, 1042 m”® g¢~* in “NaCl-KCI molten salt + slag”, 743 m* g ™"
in “NaCI-KCl molten salt”, and 7424 m”® g~ " in “inert gas”. Due
to the strong dissolving capacity of the molten salts and the
wash procedure of the material synthesis, the coverage of the
pyrolysis product by the remaining slag is negligible. The
results further prove that the concerted effect of molten salt and
slag can conjointly contribute to the pyrolysis product with
greatly increased specific surface area and abundant
mesopores.

Pyrolysis in molten salt contributes to the additional doping
of the coconut-containing phosphorus into the carbon product.
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Further addition of the zinc-smelting slag can enhance the
contents of the doped nonmetallic elements and introduce
metallic dopants of Zn and Co into the carbon materials at the
same time. In addition, the concerted effect of the molten salt
and the zinc-smelting slag can greatly increase the specific
surface area and the mesopores in the pyrolysis product. The
greater amount of multi-type dopants and increased specific
surface area, as well as abundant mesopores in the pyrolysis
product, can conjointly contribute to the enhanced perfor-
mance for supercapacitors.

3.3 Performance tests and enhancing mechanisms

The performances of the as-prepared samples as supercapacitors
were evaluated in a three-electrode system (Fig. 5). The CV curves
for all samples are rectangular in shape (Fig. 5a), revealing that
the electrical double-layer process dominates the capacitance
contribution."** However, the shapes for the pyrolysis product in
“Na,CO3-K,CO; molten salt + slag” present much more distorted
shapes, suggesting that the capacitive response is attributed to
the mixed contribution of the electrical double-layer capacitance
and pseudo-capacitance.***¢ Such changes are possibly caused
by the more abundant nonmetallic and metallic dopants in the
pyrolysis product obtained in “Na,CO;-K,CO; molten salt +
slag”. Furthermore, the pyrolysis product obtained by pyrolysis
in “Na,CO3-K,CO; molten salt + slag” exhibits the largest current
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Fig. 5 Electrochemical performances for various pyrolysis samples in
charge/discharge curves; (c) specific capacitance; (d) Ragone plots.
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2 M KOH solution: (a) cyclic voltammogram curves; (b) galvanostatic
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Table 2 Performance comparison of coconut shell-derived carbon and other biomass-derived carbon materials in the reported literature

Biomass-derived

carbon Cs(Fg ™) Test condition Electrolyte References
Coconut shell 135 05Ag" 6 M KOH This paper
Chestnut shell 106 500 mA cm ™2 1M H,SO, 49

Leaf of phoenix tree 106

Corn core 83.3

Wormwood 117.5

Corn straw 127

Rice straw 115

Saw dust 78.5

Orange peal 129.5

Sunflower shell 105.5

Pomelo peel 300 05Ag" 6 M KOH 43
Tobacco stem 144 02Ag" 6 M KOH 50

Banana fiber 74 05Ag" 1 M Na,SO, 51

Pine nut shell 128 0.5Ag" 6 M KOH 52

density (Fig. 5a), which is possibly due to the higher specific
surface area for surface reactions and more abundant mesopores
for ion diffusion,*” which means a much higher capacitance than
the other samples.

The appealing reaction kinetics for the pyrolysis product
obtained in “Na,CO;-K,CO; molten salt + slag” are manifested
by the galvanostatic charge/discharge results (Fig. 5b) and
capacitance comparisons (Fig. 5c), as well as Ragone plots
(Fig. 5d). As shown in Fig. 5b, the pyrolysis product obtained in
“Na,CO;-K,CO; molten salt + slag” shows the longest discharge
time among all the tested samples (Fig. 5b), corresponding to
the highest capacitance (Fig. 5c). The results reveal that the
addition of slag is essential for fully activating the pyrolysis
product as the supercapacitor materials because the capaci-
tance values are improved greatly at all tested current densities
(Fig. 5d). For instance, the capacitances for pyrolysis products
obtained in “Na,CO;-K,CO; molten salt” is only 59.9 F g~ * at
0.5 A g~ ', which is greatly increased to 135 F g~ ' at 0.5 A g™ " for
the product obtained in “Na,CO;-K,CO; molten salt + slag”.
The superior performances of the pyrolysis products obtained

(@ =
®
3 195ev  2.04eV
@ 1.63 eV
]
& | osoev
I3
[*]
4
< @ @) ® @

(b)

in “Na,C0O3;-K,CO; molten salt + slag” is substantiated by the
highest power densities in the Ragone plots (Fig. 5d), which
shows that the best sample possesses an energy density of
18.75 W h kg™ " at a power density of 260 W kg™ ', retaining
14.09 W h kg™' at 3625 W kg~ '. The performances of the
pyrolysis product obtained in “Na,CO3;-K,CO; molten salt +
slag” are superior to those of reported biomass-derived carbon
materials (Fig. 5d).*>*” The comparison of the specific capaci-
tance (Cs) for coconut shell-derived carbon and other biomass-
derived carbon materials in previous research studies is listed
in Table 2.

Although the performance of the coconut shell-derived
carbon obtained in “Na,CO3;-K,CO; molten salt + slag” is
lower than the biomass-derived carbon in the supercapacitors,
e.g., ~210.2 Fg ' at 5 A g~ ' reported by Yin et al.,*® the results
herein exhibit a shorter method for preparing biomass carbon
by integrating the biomass pyrolysis and biomass-derived
carbon activation together with the addition of metallurgical
slag. Of note, the usage of the nonferrous metals in metallur-
gical slag as a doping source for carbon materials is highly

@ Graphite doped with N
@ Graphite doped with N and P

® Graphite doped with N, P and Zn

@ Graphite doped with N, P, Zn and Co

ocC ON oP

OZn Qco °K

Fig. 6 DFT calculations: (a) adsorption energies of K* on graphite doped with N (denoted as @), graphite doped with N and P (denoted as @),
graphite doped with N, P and Zn (denoted as ®), and graphite doped with N, P, Zn and Co (denoted as @). (b) The corresponding isosurfaces of
local charge density difference. Yellow and cyan denote 0.015 and 0.015 e A~ isosurfaces, respectively.
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desirable in terms of saving strategic metals and cost reduction.
Furthermore, anchoring the transition metal oxides or other
nonmetallic dopants into the biomass-derived carbon can be
further explored to increase the capacitance in the future.

The DFT calculation results reveal that the abundant doping
species for pyrolysis products obtained in “Na,CO;-K,COj;
molten salt + slag” contributes to more efficient adsorption of
K" in the electrolyte and induces stronger interfacial electron
interactions, which is beneficial for ion storages in super-
capacitors. As shown in Fig. 6a, the adsorption energies of K on
“graphite doped with N” and “graphite co-doped with N and P”
are 0.80 eV and 1.63 eV, respectively, implying that the extra
doping of phosphorus in molten salts promotes the adsorption
of K" when compared with the phosphorus-free products in the
inert gas (Fig. 3d).* In addition, adding zinc-smelting slag into
the molten salts contributes to the extra doping of Zn and Co
atoms in pyrolysis products (Fig. 3e and f), further enhancing
the adsorption of K, as revealed by the increase of adsorption
energy from 1.63 eV to 2.04 eV after doping Zn and Co (Fig. 6a).
Moreover, the increased doping species can induce much
stronger interfacial electron interactions between K' and
pyrolysis-derived carbon materials (Fig. 6b),> thus contributing
to more efficient ion storage and higher capacitance.

Hence, the coconut-derived carbon by pyrolysis in “Na,CO;-
K,CO; molten salt + slag” presents the highest capacitance
when used as the electrode materials of supercapacitors. The
superior performances are attributed to the abundant dopants
for enhancing the adsorption of K" and high specific surface
areas for surficial reaction, as well as the highest mesopores for
efficient ion diffusions.

4. Conclusions

The influences of molten salts and zinc-smelting slag on the
morphology, pore structures and composition, as well as
capacitance performances of pyrolysis products from coconut
shell were investigated. The Na,CO;-K,CO; molten salt is more
efficient for creating mesopores within the pyrolysis product
than NaCI-KCl molten salts. The combined effect of Na,CO;—
K,CO; molten salt and zinc-smelting slag can transform the
pyrolysis product from bulk flakes to honeycomb-like porous
structures containing abundant mesopores, with the specific
surface area being increased from 424 m*> g~ ' to 1452 m® g~"
correspondingly. Moreover, the concerted role of the Na,CO;-
K,CO; molten salt and zinc-smelting slag can endow the
pyrolysis products with extra dopants of phosphorus and Zn, as
well as Co. Resultantly, the high specific surface area and
abundant mesopores can provide efficient surficial reactions
and ion diffusions, while the multi-dopants can enhance the
adsorption of K and interfacial interactions, together contrib-
uting to a high capacitance of 135 F g~ " at 0.5 A g~ ". The results
can provide new insights for upgrading biomass-derived carbon
materials for energy storage.
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