iIScience

¢? CellPress

OPEN ACCESS

Nanoarchitectonics on residual carbon from
gasification fine slag upon two step low temperature
activation for application in supercapacitors

80°C1h

-

<> —FElectrode housing CKN-2

AIp pue ysepn

Jiagi Zhu, Jinling
Song, Baobao
Han, Jianmin Gao,
Zhongyi Liu, Yao
Wang, Guoxiang
Xin

sj12010004@imust.edu.cn

Highlights

The carbon electrode
materials were prepared by
the KOH-HNO3 low-
temperature activation
technique using cheap
residual carbon from
gasification fine slag (CK)
as raw materials

The prepared material
(CKN-2) which obtained by
dry-wet sequential
activation at 500°C for 1.5
h at carbon to KOH ratio of
1:2 and further at 80°C for 1
h in 2 mol/L HNO3 solution

The specific capacitance of
CKN-2 reached 142 F/g at
a current density of 0.5 A/g

An energy density of 6.80
Wh/kg at a power density
of 244.8 W/kg

Zhu et al., iScience 26, 108186
November 17, 2023 © 2023 The
Authors.
https://doi.org/10.1016/
j.isci.2023.108186



mailto:sjl2010004@imust.edu.cn
https://doi.org/10.1016/j.isci.2023.108186
https://doi.org/10.1016/j.isci.2023.108186
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108186&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Nanoarchitectonics on residual carbon
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supercapacitors

Jiaqi Zhu," Jinling Song,"** Baobao Han," Jianmin Gao,? Zhongyi Liu,” Yao Wang,” and Guoxiang Xin'

SUMMARY

In this paper, the carbon electrode materials were prepared by the KOH-HNO; low-temperature activa-
tion technique using cheap residual carbon from gasification fine slag (CK) as raw materials. The results
showed that the prepared material (CKN-2) which obtained by dry-wet sequential activation at 500°C
for 1.5 h at carbon to KOH ratio of 1:2 and further at 80°C for 1 h in 2 mol/L HNO; solution. The specific
capacitance of CKN-2 reached 142 F/g at a current density of 0.5 A/g. CKN-2 was used to assemble a sym-
metrical (CKN-2//CKN-2) supercapacitor, which exhibited an energy density of 6.80 Wh/kg at a power
density of 244.8 W/kg. The CKN-2//CKN-2 capacitor was tested for stability after 10,000 cycles, with a
capacitance retention rate of 97%. These results demonstrate that residual carbon from gasification
fine slag can be effectively used to produce high-performance carbon electrode materials for supercapa-
citors using the KOH-HNO; low-temperature sequential co-activation technique.

INTRODUCTION

Coal remains a dominant source of traditional energy and is commonly utilized through coal gasification technology. However, this process
generates a significant amount of gasification residue, also known as gasification slag. To maximize the utilization of this byproduct, the slag
can be purified to form high-quality carbon, which has a wide range of applications. One notable application is as electrode material for super-
capacitors, which are high-performance energy storage devices capable of rapid charging and discharging. Compared to lithium batteries,
supercapacitors exhibit a significantly longer cycle life, capable of enduring tens of thousands of charge/discharge cycles without significant
capacity or performance degradation. They maintain superior performance at high temperatures, unlike lithium batteries that are susceptible
to damage under such conditions. Compared to fuel cells, supercapacitors do not need complex fuel supply systems or oxidizers, resulting in
lower maintenance requirements. Additionally, supercapacitors are environmental-friendly as they do not contain heavy metals or hazardous
substances and can be easily recycled and reused, minimizing their environmental pollution.

Based on the aforementioned advantages, supercapacitors have garnered significant attention from academia and industry in recent years
due to their high energy density and cycling stability.” The electrode materials are the heart of these supercapacitors, with carbon materials
being the most common due to their large specific surface area, good electrical conductivity, and relatively low cost.” Consequently, they
have become the most commercially successful materials.® The large-scale deployment of clean energy has made the development of
clean-energy carbon electrode materials a research hotspot around the world.”

Residual carbon from gasification fine slag is a common by-product or waste material that often requires treatment and disposal.
Through low-temperature activation, these wastes can be converted into useful materials or energy. This conversion process helps to
improve resource utilization and reduce environmental pollution. Activated samples may have good electrochemical properties such as
high specific surface area and electrical conductivity. These properties make them ideal materials for energy storage and conversion de-
vices such as electrochemical supercapacitors, lithium-ion batteries, or fuel cells. Activated samples with abundant surface functional
groups and pore structures are ideal candidates for catalysts or adsorbents. These materials can be applied in catalytic reactions, gas
or liquid adsorption, and wastewater treatment, contributing to advances in chemistry and the environment. The conversion of residual
carbon from gasification fine slag into useful products has circular economy and sustainable development implications. Through the devel-
opment of activation technologies, it is possible to convert waste into high value-added products, reducing dependence on virgin re-
sources, waste emissions, and environmental impacts. This contributes to a sustainable social and economic system. From a broader sci-
entific and technological perspective, exploring and optimizing the low-temperature activation steps of residual carbon from gasification
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fine slag is a challenging and interesting research topic. This work contributes to the advancement of cutting-edge knowledge and tech-
nology in the fields of materials science, energy technology, and environmental engineering. Thus, the utilization of gasification slag to
produce nanoporous carbon for supercapacitor electrodes is a sustainable and practical approach that can help to reduce waste and pro-
vide a clean energy source. This can contribute to the development of a circular economy and promote environmental sustainability in the
energy fields.

The majority of current nanoporous carbon electrode materials are produced using biomass char as a precursor through high-temperature
activation charring. Several studies have investigated the use of various raw materials to produce carbon electrode materials. For instance,
Akdemir et al.® utilized biomass char as a raw material and obtained a material with a specific capacitance value of 89 F/g at a current density of
1 A/g after high-temperature activation with KOH. Awitdrus et al.” employed pineapple honey peel as a raw material and activated it at 600°C.
Alberto et al.'” used waste coffee grounds as the charcoal material and achieved a specific capacitance value of 84 F/g at a current density of 1
A/g after chemical activation. Shrestha et al."’ used wood chips as the raw material and obtained a specific capacitance value of 42.2 F/g at a
current density of 1 A/g after KOH activation. Yaglikci et al.'? utilized waste tea as a raw material and achieved a specific capacitance value of
101 F/g at a current density of 1 A/g after using Na,$,03-5H,0O as an activator at 800°C. Sharma et al.'® conducted chemical activation using
wheat straw and found that the acid-activated wheat straw had a specific capacitance of 162 F/g, while the alkali-activated wheat straw had a
specific capacitance of 106 F/g due to different surface functional groups in the respective carbon frameworks. Mahfoz et al.'* prepared a
novel submicron-nanocarbon from date leaves through simple pyrolysis and ball milling, which exhibited a specific capacitance of 107 F/g
with 92% capacitance retention after 10,000 charge/discharge cycles.

Besides aforementioned single activation, several activation methods were applied to the preparation of carbon electrode materials.
Zhang et al."” developed a carbon material with a specific capacitance of 129 F/g using snow lotus as a raw material through two activation
methods KOH-chemical activation and mixed molten salt synthesis. Qu et al.’® prepared a carbon material modified with porous carbon
through H3PO, activation and nitrogen and phosphorus co-doping using rice husk as a carbon source, achieving a specific capacitance of
130 F/g at a current density of 0.5 A/g. Gong et al.'’ utilized spiral carbon nanofibers as the raw material and prepared material with a specific
capacitance of 143.6 F/g at a current density of 1A/g through a two-step method involving HNOj3 treatment and a modified Hummers'
method to improve surface properties. Dat et al.'® employed expired milk for hydrothermal carbonization and continuous KOH-H3POy acti-
vation to obtain a carbon material with a modified specific capacitance of 186.3 F/g.

After comparative analysis, it can be concluded that KOH can react with some inorganic minerals in the residual carbon of gasification slag
to increase the carbon content of the material, and HNO3 activation can effectively introduce oxygen-containing functional groups in the car-
bon skeleton to improve the hydrophilicity of the material. In addition, both KOH and HNO3 activation can change the pore structure of the
material and increase the content of micropores and mesopores. However, in a single activation process, the activation degree is relatively
low due to the limitation of the reaction degree between the carbon material and the activator. Borrowing from the aforementioned results, if
KOH is firstly utilized to remove the inorganic minerals on the carbon surface, more carbon surface will be exposed to provide more contact
sites for the subsequent activation. And then HNO3 activation is utilized to modulate the pore structure on the one hand, and to introduce the
oxygen-containing functional groups on the carbon skeleton on the other hand, so that the contents of the micropores, mesopores, and ox-
ygen-containing functional groups can be increased, and the specific surface area of the material can be increased, which can lead to the
enhancement of electrochemical performances.

To develop new energy storage devices like supercapacitors, carbon electrode materials with low-cost and high specific surface area are
very urgent needs. However, most carbon electrode materials are currently produced by high-temperature activation (>700°C) using biomass
as raw materials. Therefore, in this paper, the sequence of KOH-HNOj3; was chosen to jointly activate the residual carbon from gasification fine
slag. A carbon electrode material with superior performance was produced using a two-step, low-temperature activation method of KOH-
HNOs. The raw material was the residual carbon from gasification fine slag, which was separated and extracted using gravitational separation
technology by a company located in Inner Mongolia Autonomous Region, China. The composition and structure of the material were thor-
oughly characterized, and its electrochemical properties were systematically evaluated.

Material analysis

Figures 1A and 1B depict the microscopic morphology of residual carbon (CK), which is the residual carbon from the gasification slag. CK
consists of a lamellar structure formed by nanoscale carbon (80-300 nm) and micron-sized spherical inorganic minerals that melted at
high temperatures during the gasification process. In contrast, Figures 1C and 1D show the microscopic morphology of carbon residue
from gasification slag treated with 2 mol/L KOH (CK-2), where the spherical inorganic minerals significantly disappeared. CK-2 exhibits nano-
flocculated porous carbon structure with a small interlayer distance (60-150 nm), which is likely due to the melting of KOH during 360°C-
380°C. During this temperature range, KOH chemically reacts with carbon and releases gases such as Hy, CO, and CO5, in real-time to create
pores.'” Alternatively, unstable amorphous carbon can also be eroded by KOH to form pores, thereby increasing the specific surface area of
the material and providing sites and channels for charge storage and transport.”

Figures 1E and 1F illustrate the microscopic morphology of carbon residue from gasification slag treated with 2 mol/L HNO3 (CN-2), where
the carbon layer is thinner (20-70 nm) and less agglomerated. The presence of spherical inorganic minerals in CN-2 suggests that HNO3 can
not effectively remove these minerals. Figures 1G and 1H display the microscopic morphology of carbon residue from gasification slag
treated with 2 mol/L KOH and 2 mol/L HNO3 (CKN-2), which shows that after co-activation with KOH and HNO3, the material is composed

of nanoscale carbon in a lamellar structure (8-20 nm) display fluffy architecture with hierarchical porosity.”’ This nanoporous carbon lamellar
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Figure 1. SEM images
SEM images (A and B) CK, (C and D) CK-2, (E and F) CN-2, (G and H) CKN-2.

structure is highly conducive to electrochemical reactions, ion storage, and transport.”” The disappearance of spherical inorganic minerals
indicates that KOH-HNOj3 activation allows for better removal of inorganic minerals from the material.

Figure 2A shows the XRF test results of CK, CK-2, CN-2, and CKN-2. It is evident that CK contains a higher amount of inorganic minerals,
and the content of inorganic minerals decreases after KOH activation. However, HNOj3 activation does not affect the content of inorganic
minerals, and after KOH-HNO3 activation, the content of inorganic minerals is further reduced. The removal of inorganic minerals is beneficial
for improving electrochemical performance of the material.

Figure 2B shows the XRD patterns of CK, CK-2, CN-2, and CKN-2, with each sample exhibiting a broad characteristic peak at 20 = 22°,
corresponding to the diffraction of the graphite (002) surface.”” The FWHMs of the CKN-2 material are found to be larger than those of
CK, CK-2, and CN-2, indicating an increase in defects and amorphous carbon of the material after KOH-HNO3 activation. The peak at
20 = 44° for each sample appears to be insignificant, indicating that there is no tendency for graphitization in the activated material. The
absence of characteristic peaks for SiO, in CK-2 and CKN-2 is evident from the plots and is attributed to the reaction of KOH with SiO,.**

Figure 2C shows the TG curves of the four samples. The weight loss of the materials is not significant at 0°C-500°C, which is due to the
volatilization of moisture, decomposition of the active carbon and surface functional groups. During 500°C~700°C, the carbon decomposition
result in a weight loss of approximately 58% for CK, 75% for CK-2, 65% for CN-2, and 76% for CKN-2. The relative carbon content in each
sample is initially determined by the weight loss rate. After 700°C, the weights of the CK, CK-2, CN-2, and CKN-2 are essentially constant,
with residues of approximately 43%, 20%, 32%, and 15%, respectively. These residues mainly consist of inorganic minerals and incombustible
carbon. By comparing the aforementioned data, it is apparent that the CKN-2 material has less combustion residue than the other samples,
indicating that the CKN-2 material has a higher content of carbon due to the co-activation of KOH-HNO5. Additionally, the DTG curve in Fig-
ure 2D shows that the weight of CKN-2 material lose earlier than those of the other samples, probably due to the activation of KOH-HNO3
resulting in a loose and porous surface that is more susceptible to thermal decomposition. This result was consistent with the SEM and XRD
results.

Figure 2E shows the N, adsorption-desorption isotherms for the four samples. At a relative pressure P/Py < 0.1, several materials exhibit a
significant increase in absorption compared to CK, indicating that activation increases the pore capacity of the material. In the range of P/Pg of
0.42-0.98, the adsorption-desorption isotherms of several materials show a significant hysteresis loop represented type IV (IUPAC), which in-
dicates the presence of mesopores.” Figure 3F displays the pore size distribution profiles of the four samples. It is evident that the four ma-
terials contained both micropores and mesopores. They were typical nanoporous materials. Micropores might be generated from the inter-
calation effect of K. The mesopore content of the CKN-2 material is significantly higher than that of the other materials, as shown in the inset of
Figure 2F. Specific data on the pore structures of CK, CK-2, CN-2, and CKN-2 are presented in Table 1. The results indicate that, on the one
hand, KOH-HNOj3 activation increased the specific surface area of the materials, with CKN-2 having the largest specific surface area of 625 m?/
g. On the other hand, KOH-HNOj activation also increased the pore volume and pore size of the materials, with the average pore size
(4.690 nm) and mesopore volume (0.495 cm?/g) of CKN-2 being higher than those of the other materials. This suggests that the activation
of HNOj increases the number of micropores and mesopores and significantly improves the pore structure. The high specific surface area
and high content of mesopores can supply better charge storage sites and ion transport channels, providing structural conditions for
improving electrochemical properties.””

Figure 2G illustrates the Raman total spectrum of the four samples. The peak intensity ratio (In/lg) of the D and G peaks is a crucial param-
eter for characterizing the graphitization of carbon materials. The larger ratio indicates a material with more defects, consisting mainly of
amorphous carbon and more sp® hybridized phases. As shown in the figure, a broad D-peak representing disordered defective carbon
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Figure 2. Structural characterisation

CK. CK-2, CN-2, and CKN-2: (A) XRF pattern, (B) XRD pattern, (C) TG curves, (D) DTG curves, (E) N, adsorption-desorption isotherms, (F) Pore size distribution,
(G) Raman full spectrum, (H) Deconvoluted typical responses of CKN-2, (1) XPS survey pattern, (J) C1s XPS plot of CKN-2, (K) O1s XPS plot of CKN-2, (L) Relative
content of elements.

appears near 1,350 cm ™' for each sample. A broad G-peak is visible at 1,580 cm ™", which exhibits tangential stretching vibrations of the graph-
itized carbon atoms. The Ip/lg of CKN-2 is significantly larger than that of the other materials, indicating that KOH-HNO3 activation has a
greater effect on the structure of the material, and the CKN-2 material has the largest Ip/lg ratio of 1.37, indicating a relatively high number
of defects on the surface of the material.

Figure 2H displays a Gaussian fit splitting spectrum of CKN-2, where the main bands of CKN-2 were Gaussian-fitted to six peaks, including
aDpeakat 1,350 cm~" and a G peak at 1,580 cm™". In terms of graphitization, the G peak is very close to 1,600 cm ™", indicating a low degree
of graphitization in the sample. The characteristic peak for -OH is at 1,450 cm™', while the peak for C-C is at 1,200 cm™". The peaks at
1,250 cm ™" and 1,650 cm ™" correspond to the C-O and C=0 characteristic peaks, respec‘[ively.26 The relative contents of different structures
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62.9° 60.4° 47.3° 41.8°

Figure 3. Water contact angle
Water contact angle: (A) CK, (B) CK-2, (C) CN-2, (D) CKN-2.

in CK-2, CN-2, and CKN-2 materials were obtained by calculating the peak areas corresponding to each type of structure, as shown in Table 2.
The percentage of oxygen-containing structures in CN-2 is 21.6%, indicating that HNO3 activation can significantly increase the content of
oxygen-containing functional groups. The presence of 26% of oxygen-containing structures in CKN-2 demonstrates that KOH-HNO3 activa-
tion could further increase the content of oxygen-containing functional groups.

Figure 2l shows the total XPS spectra of the four samples, indicating that the samples contain mainly elemental compositions of C, O, Al,
and Si. The fine spectral fractionation of C1s of CKN-2 is shown in Figure 2J, including C-C/C=C (284.8 eV), C=0 (286.4 eV), C-O (285.4 V), and
O=C-OH (289.1 eV). Figure 2K displays the fine spectral splitting of the O1s of CKN-2, including C-O (531 eV), C=0 (531.3 eV), O-H (531.9 eV),
and O=C-O (533.3 eV).*° Figure 2L shows the elemental content of the four samples. It is evident that the C content of CK-2 increases, while
the Si, Al, and Ca content decreases, indicating that KOH activation significantly reduces the inorganic mineral content. The O content of
CN-2 increases, indicating that HNO3 activation increases the oxygen-containing functional groups on the surface of the material. The C
and O content of CKN-2 increases, while the Si, Al, and Ca content decreases. This indicates that the decrease in inorganic minerals and
the increase in oxygen-containing functional groups in the material favor the electrochemical properties, thanks to the synergistic effect of
KOH and HNOs.

The hydrophilicity of electrode material is directly related to its electrochemical properties in an aqueous electrolyte. The water contact
angle test provides a visual representation of the hydrophilicity of the material. Figure 3 shows the water contact angle test of the four ma-
terials. As shown in the figure, the WCA value of CK'is 62.9°, and the WCA value of CK-2is 60.4°. The WCA of CN-2 reduced to 47.3°, indicating
an increase in the hydrophilicity of CN-2 due to the increase in hydrophilic oxygen-containing functional groups on the surface of CN-2 as a
result of HNOj3 activation. The combined activation of KOH and HNOj resulting in an increase in hydrophilic oxygen-containing functional
groups on the surface of the material led to a reduction in the WCA value of 41.8° for the CKN-2 material. It can be demonstrated that
the higher number of oxygen-containing functional groups in the CKN-2 material improves the wettability of the material and facilitates
the infiltration of electrolyte ions on the surface of the carbon material, which can increase the specific capacitance of the material.*’ These
results further validate the results obtained through Raman, XPS, and FT-IR tests from a macroscopic point of view.

On the one hand, KOH activation can significantly improve the pore size distribution of the material, giving it a nanoporous structure, and
the high content of mesopores provides a favorable transport channel for electrolyte ions. It also reduces the content of inorganic minerals in
the material, providing more contact sites for electrolyte ions. On the other hand, HNOj activation can increase the oxygen-containing func-
tional groups on the surface of the material, improving the wettability of the material, which is conducive to the wettability of electrolyte ions
on the surface of the carbon material. The co-activation of KOH-HNOj3 can make full use of the characteristics of KOH and HNO3 to improve
the pore size distribution of the material, increase the specific surface area, and the content of oxygen-containing functional groups. The
KOH-HNO3 sequential combined activation approach is more conducive to the electrochemical reaction, providing a better environment
for charge storage and ion transport, ultimately leading to improved electrochemical properties of the material.

Electrochemical analysis

The electrochemical performance of CK, CK-2, CN-2, and CKN-2 was evaluated in a three-electrode system, and the results are presented in
Figure 4. Figure 4A shows the CV curves of the four materials at a scan rate of 20 mV/s. The rectangular shape of the CV curves for samples CK,
CK-2, and CN-2 is more pronounced, indicating that these materials provide bilayer capacitance. In contrast, the CV curve of CKN-2 shows a
roughly rectangular trend and a Faraday peak, probably due to the increase in oxygen-containing functional groups on the surface of the
material resulting from the activation of KOH-HNO3. The redox reaction (pseudocapacitance) of these functional groups increases the spe-
cific capacitance of the material.*” This indicates that the CKN-2 material can provide most of the bilayer capacitance and less of the

Table 1. The pore structure data of CK, CK-2. CN-2 and CKN-2

Sample Sger(m?/g) Viotallcm®/g) Vmesolcm®/g) Vimeso/Vi(%) Daya(nm)
cK 319 0.372 0.252 67.742 3.434
CK-2 573 0.420 0.294 70.000 4774
CN-2 619 0.585 0.482 82.393 4386
CKN-2 625 0.595 0.495 83.193 4.690
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Table 2. Relative content of CK-2, CN-2 and CKN-2 surface structure

Sample C-C(%) C=0(%) C-O(%) -OH(%) D-band(%) G-band(%)
CK-2 49.9 0.1 8.4 8.4 23.5 1.7
CN-2 48.9 0.7 13.6 7.3 23.6 13.1
CKN-2 47.2 1.5 19 5.5 28.6 13.3

pseudocapacitance. Moreover, the CV curve of the CKN-2 material has the largest area, indicating that the CKN-2 material has a more excel-
lent specific capacitance.

Figure 4B shows the GCD curves for CK-2, CN-2, and CKN-2 at a current density of 0.5 A/g. Both CK-2 and CN-2 exhibit an isosceles tri-
angle shape, indicating a double-layer capacitance. The GCD curve for CKN-2 shows a “trailing” shape, which is close to an isosceles triangle,
indicating that CKN-2 has a certain pseudocapacitance, consistent with the CV test results. Through calculating according to Equation 4, the
specific capacitance values of CK, CK-2, CN-2, and CKN-2 are 35 F/g, 86 F/g, 97 F/g, and 142 F/g, respectively. The result indicates that the
specific capacitance increases nearly three times after KOH-HNOj activation, suggesting that the nanoporous structure and oxygen-contain-
ing functional groups contribute significantly to the electrochemical performance.® Table 3 compared to previous electrode materials, the
specific capacitance value of CKN-2 is found to be comparable to, and in some cases exceeded, that of biomass carbon electrode materials.
Moreover, the KOH-HNOj3 sequential co-activation method offers an effective means of recycling residual carbon from gasification slag,
which boasts high yield and low cost relative to other biomass and nanocarbon materials. As such, this approach presents significant potential
for generating high-value products from this abundant and economically viable resource.

In Figure 4C, the EIS profiles of the four materials show that CKN-2 has a curve inclination close to 90° in the low-frequency region, indi-
cating ideal specific capacitance properties and low ion diffusion and migration equivalent series resistance. In the high-frequency region, the
smaller the semicircle diameter, the lower the charge transfer resistance. After activation, All of the materials have relatively low resistance
(<1 Q). Due to the low resistance of CKN-2, its abundant micro- and mesopores can provide transport channels for electrolyte ions, acceler-
ating electrochemical reactions.®

Figure 4D presents the CV curves of CKN-2 at different scan rates. It can be observed that redox peaks still appear on the material surface
as the scan rate increases, indicating that the increased capacitance is due to the formation of oxygen-containing functional groups on the

material surface after the HNOj3 treatment. The subsequent redox reaction not only improves wettability but also the pseudocapacitance.®
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Figure 4. Electrochemical characterisation
Electrochemical performances of CK, CK-2, CN-2, and CKN-2 in a three-electrode system: (A) CV curves at 20 mV/s, (B) GCD curves at 0.5 A/g, (C) EIS curves,
(D) CV curves of CKN-2 at different scan rates, (E) GCD curves of CKN-2 at different current densities.
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Table 3. Comparison of specific capacitance of recently reported carbon electrode materials

Materials Activation method Specific capacitance (F/g) Vintage Reference
AC-800 KOH two-step activation 100 2020 Thilageshwaran et al.”’
SAK KOH- mixed molten salt 129 2022 Zhang et al.’”
AC/MWCNTSs KOH-Na,SO, 147 2020 Mandal et al.?®
PK80OM HNO3-H,50, 182 2022 Punon et al.?’
N/P-PC-1:5 H3PO4-N/P 130 2020 Quetal.'
HCNFs-2 HNO3z-modified Hummers 143.6 2020 Gong etal."”
CK KOH-HNO3 142 - This work
—COOH —-» —COO + H " +e~ (Equation 2)
-C=0+e » -C-0" (Equation 3)

Figure 4E displays the GCD profiles of CKN-2 at different current densities. It can be observed that the GCD curves of all samples exhibit a
similar isosceles triangle shape with almost equal charge and discharge times, indicating good electrochemical reversibility of the material.
The porous structure of CKN-2 can provide ion transport channels and electrolyte reservoirs, ensuring effective ion transport at high charge
and discharge rates.”®

It can be concluded from the aforementioned three-electrode system that the CKN-2 electrode material exhibits superior electrochemical
properties after KOH-HNOj3 co-activation. To further investigate the practical application of CKN-2 electrode materials in supercapacitor,
button symmetric (CKN-2//CKN-2) supercapacitors were assembled using CKN-2 materials and their electrochemical performance test re-
sults were shown in Figure 5.

Figure 5A shows the CV curves of the CKN-2//CKN-2 capacitors at different current densities. The curves are rectangular-like, indicating
mainly the characteristics of double-layer capacitance. Figure 5B presents the GCD curves of the CKN-2//CKN-2 capacitors at different cur-
rent densities, which exhibit an isosceles triangular shape, further confirming the double-layer capacitance behavior. The specific capacitance
of the capacitor reaches 50 F/g at a current density of 0.5 A/g, as calculated from Equation 5. The high specific surface area provides a suf-
ficient interface for the storage of electrolyte ions, while the porous, sparse, and layered structure ensures fast and efficient diffusion and trans-
port of electrolyte ions. Figure 5C displays the EIS pattern of the CKN-2//CKN-2 capacitor, showing that the supercapacitor has low resis-
tance, in agreement with the results for the three-electrode system. In the low-frequency region, the linear part of the impedance plot is
close to 90°, indicating that the material exhibits typical bilayer capacitive behavior.

Figure 5D presents the specific capacitance of the CKN-2//CKN-2 capacitor at different current densities. The specific capacitance values at 0.5
A/g, 1 A/g,2 A/g, 5 A/g, and 10 A/g current densities are 50 F/g, 47 F/g, 46 F/g, 45 F/g, and 42 F/g, respectively, indicating good multiplicative
performance.” Figure 5E shows the Ragone plot of the CKN-2//CKN-2 capacitor. The energy density and power density of the capacitor can be
calculated from Equations 6 and 7, respectively. The maximum energy density of the CKN-2 material is 6.80 Wh/kg at a power density of 244.8
W/kg Figure 5F displays the cycling performance graph of the CKN-2//CKN-2 capacitor's energy density, which indicates that the material
achieves 97% capacitance retention after 10,000 cycles at 2 A/g current density, demonstrating high electrochemical stability and reversibility.

RESULTS AND DISCUSSION

In this work, CKN-2 prepared by KOH-HNO3 sequential co-activation technique, exhibited excellent electrochemical properties due to its
high specific surface area (625 m?/g), large average pore size (4.690 nm), large mesopore volume (0.495 cm?/g), high mesoporosity
(83.193%), high surface oxygen-containing functional groups, and good wettability. The specific capacitance of CKN-2 obtained 142 F/g
at a current density of 0.5 A/g in a three-electrode system. And then a symmetrical capacitor (CKN-2//CKN-2) was assembled using
CKN-2 as active electrode materials. The energy density of CKN-2//CKN-2 was 6.80 Wh/Kg at a power density of 244.8 W/kg, and the capac-
itance retention rate of CKN-2//CKN-2 could still keep 97% after 10,000 cycles of charge and discharge tests. In summary, the low-temper-
ature fire activation of KOH and the wet activation of HNO3 can improve the electrochemical properties of the residual carbon from gasifi-
cation slag. However, the KOH-HNOj3 co-activation offers the most effective approach to enhance the electrochemical properties of the
residual carbon. The low-cost and high-yield nature of residual carbon from gasification slag, along with the potential for its activation
and preparation as an electrode material for supercapacitors, can greatly reduce the cost of electrode materials compared to current carbon
electrode materials. The KOH-HNOj3 co-activation approach can make a significant contribution to the “zero emission” of coal gasification
and provide ideas for the high-value utilization of carbon-containing solid waste.

Limitations of the study

This work uses KOH and HNO3, which are strong acid and base reagents and require extra care during operation. If handled improperly or
operated carelessly, it may cause harm to humans and the environment. Although KOH-HNO3 activation can change the chemical properties
of the residual carbon from gasification fine slag, it is relatively difficult to modulate the microstructure. This may lead to an uneven distribution
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Figure 5. Supercapacitors testing

Electrochemical performances of CKN-2//CKN-2 capacitors: (A) CV curves at different scan rates, (B) GCD curves at different current densities, (C) EIS curves, (D)
Multiplier performance, (E) Ragone pattern, (F) cycling stability.

of the pore structure and specific surface area of the electrode material, thus affecting the electrochemical performance. The treatment of
waste liquids also requires specialized treatment methods. Treatment processes under highly acidic or alkaline conditions may pose environ-
mental and safety challenges.
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HNO3

Tianjin Beilian Fine Chemical Co.

GB/T678-2002

Critical commercial assays

XRD
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RAMAN
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TG-DTG
WCA

electrochemical workstation

Bruker AXS, Germany

Mike's Instruments, USA
HORIBA, France

Hermo Scientific, UK
NETZSCH, Germany
Harco, Beijing, China.
Shanghai Chenhua, China.
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diffractometer
ASAP 2460 tester

LabRAM HR Evolution
Raman spectrometer

ESCAL spectrometer
STA449 F3
HARKE-SPCA tester
CHI660E

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jinling Song
(sjl2010004@imust.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e The paper does not report the original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Initially, 1.0 g of residual carbon (CK) obtained from gasification fine slag, which had passed through a 200 mesh sieve, was thoroughly mixed
with KOH at a carbon-to-base mass ratio of 1:2. The resulting mixture was then transferred to a tube furnace, followed by feeding with N, and
roasted at 500°C for 1.5 h. After cooling down to room temperature naturally, the sample was acid-washed with a mixture of 30 mL each of
concentrated HCl, anhydrous ethanol, and deionized water for 6 h at 80°C. Subsequently, the sample was washed with water until it reached a
neutral pH, and then dried for 6 h to obtain the alkali-activated sample (CK-2).

To obtain the acid-activated sample (CN-2), 1.0 g of CK was added to 100 mL of 2 mol/L HNO3 solution, heated, and stirred at 80°C for 1 h.
The resulting sample was then washed with water and dried.

To obtain the KOH-HNOj3 co-activated sample (CKN-2), the first two steps were repeated as outlined previously.

Materials

In this work, the reagents used were potassium hydroxide (KOH), concentrated nitric acid (HNO3), concentrated hydrochloric acid (HCI), acet-
ylene black (battery grade), polytetrafluoroethylene powder (PTFE), anhydrous ethanol (analytical purity) and nickel foam. All chemical re-
agents were used directly without any further pretreatment.

Material characterization

In this study, the content of each element was measured using X-ray fluorescence spectrometry (XRF). The phase composition of the samples
was analyzed using X-ray diffraction (XRD) on a D8 Advance X-ray diffractometer manufactured by Bruker AXS in Germany. The specific sur-
face area and pore volume of the samples were determined by N, adsorption-desorption isotherms and pore size analysis (BET) on an from
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Mike's Instruments, USA. The graphitization and structural defects of the samples were evaluated using Raman spectroscopy (Raman) on a
LabRAM HR Evolution Raman spectrometer from HORIBA, France. X-ray photoelectron spectroscopy (XPS) was conducted using an ESCAL
spectrometer from Hermo Scientific, UK, to analyze the elemental content and existence form of the samples. Thermogravimetric analysis
(TG-DTG) was performed with a synchronous thermal analyzer STA449 F3 from NETZSCH, Germany, to analyze the material’s mass loss pro-
cess under an air atmosphere and a temperature rise rate of 10°C/min. The surface morphology of the material was analyzed using scanning
electron microscopy (SEM) with a Gemini SEM-300 microscope. The wettability of the material was characterized using a water contact angle
(WCA) on a HARKE-SPCA tester manufactured by Harco, Beijing, China.

Electrochemical characterization
A slurry was prepared by mixing CK, CK-2, CN-2 and CKN-2 with acetylene black and PTFE in a mass ratio of 8:1:1, and was stirred for 6 h, in
which the mass of the active material is around 1.2 mg. The resulting mixture was then applied onto pre-cut nickel sheets, dried, and tested for
electrochemical properties using cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectros-
copy (EIS). The diaphragm used in the battery is water-based. The electrochemical measurements were performed using a CHI640E electro-
chemical workstation manufactured by Shanghai Chenhua, China.

The electrochemical properties of the prepared samples were tested in a three-electrode system with a potential window of -1to 0 V. The

specific capacitance per unit mass of electrode material in the three-electrode system was calculated according to the following equation:*

IAt
C=—+ Equation 4
mAU Eq )
where | is the current in A, At is the discharge time in's, AU is the potential difference in V and m is the mass of the active substance in g.
In the two-electrode system, the electrolyte is a 6 mol/L KOH solution with a potential window of 0 to 1 V. The specific capacitance per mass

unit of electrode material in the two-electrode system is calculated by the following equation:”

_ 2IAt
" mAU

where | is the constant current constant in A, At is the discharge time in s, AU is the potential difference in V, and m is the mass of active ma-

(Equation 5)

terial in the single electrode material in g.
The energy density (E) and power density (P) of the capacitor are calculated according to the following equations:*

1 o 1 .
E= ECAU 36 (Equation 6)
E
P = 362? (Equation 7)

where C is the mass-specific capacitance in F/g, At is the discharge time in s and AU is the potential difference in V.
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