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

Open Access Article. Published on 16 April 2024. Downloaded on 2/14/2026 6:08:00 PM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Catalytic pyrolysis and in situ carbonization of
walnut shells: poly-generation and enhanced
electrochemical performance of carbons

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 12255

Wenjing He, ©2° Keling Liu,? Lanjun Zhang,®® Muxin Liu,° Zhengjie Ni,? Yueyang Li,?
Duoduo Xu,? Minjie Cui® and Yibo Zhao*®®

In this study, walnut shell (WS) was used as feedstock, incorporating lithium carbonate (LC), sodium
carbonate (SC), potassium carbonate (PC), and potassium hydroxide (PH) as pyrolysis catalysts and
carbonization activators. A one-step method that allows catalytic pyrolysis and carbonization to be
carried out consecutively under their respective optimal conditions is employed, enabling the concurrent
production of high-quality pyrolysis oil, pyrolysis gas, and carbon materials from biomass conversion.
The effects of LC, SC, PC, and PH on the yield and properties of products derived from WS pyrolysis as
well as on the properties and performance of the resulting carbon materials were examined. The results
indicated that the addition of LC, SC, PC, and PH enhanced the secondary cracking of tar, leading to
increased solid and gas yields from WS. Additionally, it increased the production of phenolic compounds
in bio-oil and H; in syngas, concurrently yielding a walnut shell-based carbon material exhibiting
excellent electrochemical performance. Specifically, when PC was used as an additive, the phenolic
content in the pyrolysis oil increased by 27.64% compared to that without PC, reaching 74.9%, but the
content of ketones, acids, aldehydes, and amines decreased. The hydrogen content increased from 2.5%
(without the addition of PC) to 12.75%. The resulting carbon (WSC-PC) displayed a specific surface area
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and char, contributing to the efficient and clean utilization of biomass in industrial applications.
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and oxygen-free conditions. Owing to its mild reaction condi-
tions and versatility with various feedstocks, it is extensively
studied globally. Current research in biomass pyrolysis tech-
nologies focuses on two key aspects. Firstly, efforts aim to
improve the yield and quality of the pyrolysis liquid by altering
the pyrolysis methods and conditions. Secondly, the production
of carbon materials through pyrolysis technology has been
explored, along with their modification for various applications,
such as adsorption,”® catalysis,® and energy storage.” However,
it has become common to focus on only one aspect, such as
improving liquid or gas quality, often neglecting solid products
or concentrating on carbon modification and overlooking
comprehensive research on liquid and gas products.

In recent years, there has been growing interest in co-
producing biomass pyrolysis technology owing to its potential

Introduction

Energy and environmental issues are global priorities. China is
rich in coal but poor in oil and gas, relying heavily on coal,
which accounts for 56.2% of its energy in 2022. However, coal
usage poses severe environmental problems. Biomass energy,
which has the advantages of being green, clean, readily avail-
able, sustainable, and emitting zero carbon dioxide, is consid-
ered a potential substitute for fossil fuels." Extensive research
has been conducted on biomass processing and utilization
technologies,>® with biomass pyrolysis being a key focus.
Pyrolysis converts biomass into solids (pyrolysis char), liquids
(pyrolysis oil), and gases (pyrolysis gas) under high-temperature
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to enhance the overall efficiency of biomass conversion.
However, the tar produced from biomass pyrolysis has certain
drawbacks, including high oxygen content, low calorific value,
and high viscosity.'* Additionally, the obtained solid products
have a relatively small specific surface area, which limits their
application potential. Consequently, researchers have
employed various strategies to improve the quality of the
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pyrolysis products, such as altering the pyrolysis tempera-
ture,"** and atmosphere,*® incorporating catalysts, and imple-
menting biomass pretreatment.’* Among these strategies,
adding a catalyst offers significant advantages.

Catalysts not only facilitate high selectivity of desired target
products during biomass pyrolysis but also enable the modifi-
cation of product quality to meet specific requirements. More-
over, catalysts effectively lower the reaction temperature and
energy consumption, thereby reducing equipment and opera-
tional costs. Alkaline catalysts are widely used in biomass
pyrolysis because of their strong reversibility, high catalytic
activity, good compatibility, and cost-effectiveness compared to
other catalysts. Among alkaline catalysts, alkali metal carbon-
ates offer the advantages of alkaline metal catalysts while also
being recyclable and environmentally friendly. By adding alka-
line catalysts during biomass pyrolysis, the distribution and
composition of the resulting pyrolysis products can be
enhanced. According to Zhou et al.,"* potassium hydroxide (PH)
and potassium carbonate (PC) can lower the activation energy of
wood pyrolysis under different heating rates in a nitrogen
atmosphere. These alkaline catalysts also promote the forma-
tion of char, indicating their role in facilitating the dehydro-
genation and aggregation of large molecular aromatic
hydrocarbons. Tirapanampai et al.'® investigated the effects of
sodium carbonate (SC) on the pyrolysis of microalgae in terms
of both bio-oil composition and thermal behavior. These find-
ings suggest that an appropriate catalyst and high temperature
can decrease the carboxylic acid content in bio-oil while
increasing levels of aromatics and nitrogen-containing
compounds. Shen et al.’” studied the catalytic pyrolysis of rice
husks using PH, PC, and potassium oxalate (PO). The study
demonstrated that the presence of potassium compounds
shifted biomass decomposition to a lower temperature range,
facilitating the in situ catalytic upgrading of bio-oil. This resul-
ted in the production of bio-oils rich in hydrocarbon
compounds and synthesis gas rich in H,.

Alkaline catalysts also contribute to activating biomass
pyrolysis char, optimizing performance by modifying the pore
structure of the biochar. Jia et al.*® employed a two-step process
of hydrothermal pre-carbonization and PC activation, using
cottonseed meal as the carbon precursor. This method
produced self-doped heteroatoms and hierarchical porous
carbon materials, exhibiting a remarkably high specific surface
area of up to 2361 m* g, alongside outstanding energy and
power density. PH, PC, and PO as activators for lignocellulosic
residue char stimulate cracking, deoxygenation, dehydrogena-
tion, and aromatization reactions, resulting in abundant
micropores, and the electrode materials have been developed
with excellent performance." Furthermore, a mixture of lithium
carbonate (LC), SC, and PC as activating agents results in
a biomass char with a high specific surface area, making it
a suitable candidate for efficient CO, adsorption.*

In this study, a one-step process was employed to integrate
catalytic biomass pyrolysis and char activation. This method
differs from the traditional one-step methods, where the reac-
tion is typically carried out directly at a certain temperature for
a specific duration.**> Walnut shell (WS) was used as a raw
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material and mixed with LC, SC, PC, and PH in specific
proportions. The influence of additives on the yield and prop-
erties of the pyrolysis products was investigated using a tube
furnace, thermogravimetric analysis (TGA), gas
chromatography-mass spectrometry (GC-MS), and gas chroma-
tography (GC). Furthermore, the impact of additives on the
structure and properties of carbon was examined using scan-
ning electron microscopy (SEM), Brunauer-Emmett-Teller
surface area analysis (BET), Fourier-transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), Raman spectroscopy,
and an electrochemical workstation. The aim of this work is to
develop a simple and effective biomass processing method that
can simultaneously enhance the quality of gas, liquid, and solid
products.

Materials and methods
Materials

The WS was washed, dried, and then crushed and sieved to
obtain particles ranging from 0.2 mm to 0.45 mm. After vacuum
drying at 110 °C for 12 h, these particles were stored for subse-
quent use. The proximate and ultimate analysis of WS can be
found in our previously published article.® LC (99.0% purity) and
N-methyl-2-pyrrolidone (NMP, 99.0% purity) were obtained from
Aladdin. SC (99.8% purity), PC (99.0% purity), and tetrahydro-
furan (THF, 99.0% purity) were purchased from Tianjin Yongda
Chemical Reagent Co., Ltd. PH (95.0% purity) was sourced from
Shanghai Boer Chemical Reagent Co., Ltd. Hydrochloric acid
(HCl, 36.0%) used was purchased from the China National
Pharmaceutical Group Chemical Reagent Co., Ltd.

One-step pyrolysis-carbonization experiment

Before the experiment, 2 g of WS was thoroughly mixed with
0.5 g of X (X = LG, SC, PC, and PH), resulting in WS-LC, WS-SC,
WS-PC, and WS-PH, respectively. The tube furnace preheated
to 650 °C used nitrogen gas at a flow rate of 200 mL min ™" as the
carrier gas. WS and WS-X samples were placed in a quartz boat,
as shown in Fig. 1a. The quartz reactor containing samples was
swiftly inserted into the tube furnace, positioning samples in
the isothermal zone (Fig. 1b). The pyrolysis process concluded
after 6 minutes, collecting pyrolysis tar and pyrolysis gas; no
volatile components were generated. Subsequently, carboniza-
tion of pyrolysis char was conducted. The pyrolysis apparatus,
samples, and tube furnace remained unchanged. The tube
furnace was heated from 650 °C to 700 °C at a rate of 5 ©
C min~", held for 2 h, and cooled to room temperature; the
produced carbon was removed. The carbon was then placed in
a 1 mol L™! HCI solution, stirred at 25 °C for 12 h, and washed
with distilled water until the pH reached neutral, followed by
vacuum drying at 80 °C for 12 h. The obtained WS-based carbon
was named WSC, and corresponding samples with X were
named WSC-X (WSC-LC, WSC-SC, WSC-PC, and WSC-PH).

It was not possible to obtain the yield of pyrolysis char in the
above one-step pyrolysis-carbonization experiment. Therefore,
a separate pyrolysis experiment was required to determine the
yields of the pyrolysis products. In this pyrolysis experiment, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the experimental process, before (a) and
during (b) pyrolysis.

procedure concluded after 6 min at a temperature of 650 °C,
and the pyrolysis product yield was calculated using the
following formula:

Liquid product yield (Y;)

Y = My/M x 100% (1)
Solid product yield (Ys):
Yo = Mg/M x 100% )
Gas product yield (Yg) was obtained by subtraction:
Yo = 100% — Y¥; — Ys 3)

where M represents the mass of the WS, M;, represents the mass
of the liquid product, and Mg represents the mass of the
pyrolysis char obtained at 650 °C.

Characterization of pyrolysis tar and gas

The chemical composition of the pyrolysis tar was analyzed
using a GCMS-QP 2010 instrument (Shimadzu Corporation,
Japan). The MS detector operated in full scan mode with a mass
range (m/z) of 10 to 550 pm. The chromatographic column was
a 30 m x 0.25 mm SH-Rxi-5 SiL. MS column with a film thick-
ness of 0.25 pm. The injector and detector temperatures were
set at 300 °C and 280 °C, respectively.

The pyrolysis gas was analyzed using a GC-2010 gas chro-
matograph (Shimadzu Corporation, Japan). The column oven
temperature was maintained at 60 °C, and the bridge current
was set to 80 mA with a negative polarity. The injector temper-
ature was set at 150 °C. Gas detection was performed using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a flame ionization detector (FID) and a thermal conductivity
detector (TCD) with helium as the carrier gas. The FID detector
temperature was set at 250 °C, and the TCD detector tempera-
ture was set at 200 °C.

Additionally, TGA of the samples was performed using
a NETZSCH STA 449 F3 instrument. A sample weighing 9 mg was
heated in a nitrogen atmosphere at a rate of 10 °C min " from 30
to 750 °C to observe the changes in sample mass. It should be
noted that, in order to maintain consistency with the pyrolysis
conducted in the tube furnace, the weight (%) was calculated
based on the mass of WS rather than the mass of the total sample
(My). Therefore, the weight (%) measured directly (W,,) by TG
needs to be adjusted using the following calculation formula.

| M1 = W)

Weight(%) = % (4)

Characterization of carbonized samples

The microstructures and surface morphologies of the carbon-
ized samples were examined using SEM (Regulus 8100). N,
adsorption-desorption isotherms were obtained at —196 °C
using a high-performance surface area and pore size analyzer
(3H-2000PM1). These isotherms were subsequently used to
calculate the specific surface area (Sggr), total pore volume
(Viotal), micropore volume (Viicro), average pore diameter (D),
and the pore size distribution was calculated according to the
adsorption branch of the isotherm by using the NonLocal
Density Functional Theory (NLDFT) model. The crystal struc-
ture of the carbon material was analyzed using an XRD (Bruker
D8A) with a tube voltage of 40 kV and a tube current of 40 mA.
The scanning speed was set at 5° min~ ', and the scanning angle
ranged from 10° to 90°. The interlayer distance (dgy) was
calculated using the (002) graphite diffraction peak and Bragg's
formula eqn (5),>* and Scherrer's formula was used to obtain the
nanocrystalline height (L.) and nanocrystalline width (L,) as in
eqn (6) and (7):*®

A

doyy = =——— 5
002 2 Sin 0002 ( )
K. -4
L= ——" 6
By - cos oo [ )
K, A
L (7)

a = 5 5
Bigo-cos 100

where, K. = 0.9, K, = 1.84, 1 is the X-ray wavelength (1.5406 A),
fo02 and 60,40 are the Bragg's angles, By, and B;q, are the full
width at half maximum (FWHM) of the (002) and (100) peaks,
respectively.

The surface functional groups of the carbon materials were
characterized using FTIR (Nicolet-iS10). Additionally, the
structure of the carbon material was further investigated using
Raman spectroscopy (Raman, LabRAM HR Evo) with an exci-
tation wavelength of 532 nm and a scanning range of 500 to
2500 cm .

The electrochemical performance of WSC-X (X = LC, SC, PC,
or PH) was evaluated using an electrochemical workstation
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(Shanghai Chenhua, CHI760E) employing cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), and electro-
chemical impedance spectroscopy (EIS). The carbon electrode
was prepared by grinding and mixing samples with Super P and
polyvinylidene fluoride at a mass ratio of 8:1:1 in NMP. The
resulting mixture was coated onto 1 cm x 1 cm nickel foam and
vacuum-dried at 80 °C for 12 h, resulting in a sample loading of
approximately 3-4 mg. The electrochemical tests were con-
ducted in a 6 mol L KOH electrolyte solution using Hg/HgO as
the reference electrode and a platinum electrode as the counter
electrode. The CV measurements were performed within
a voltage window of —1 to 0 V at scan rates ranging from 5 to
200 mV s~ ', The GCD tests were performed at current densities
ranging from 0.5 to 10 A g~ ". EIS measurements were performed
over a frequency range of 10> to 10> Hz with an amplitude of
5 mV.

The specific capacitance (Cy, F g~ '), based on the GCD curve
in the three-electrode system, was calculated using the
following equation:

Com = IAtIMAV (8)

where I is the discharge current (A), At is the discharge time (s),
m is the loading mass of the active material (g), and AV is the
potential range (V).

Results and discussion
Analysis of pyrolysis product yield

The pyrolysis product yields of WS and WS-X (X = LC, SC, PC, or
PH) are listed in Table 1. WS pyrolysis yielded 59.06%, 22.81%,
and 18.13% of liquid, solid, and gas, respectively. Upon the
addition of X, the liquid yield decreased, whereas the solid and
gas yields increased. Furthermore, as the alkalinity of the
additive increased, this phenomenon became more
pronounced.

To further validate the aforementioned experiments and
analyze the observed phenomena, thermal weight loss
behavior was examined (Fig. 2). TGA curves revealed that the
solid product yields of WS, WS-LC, WS-SC, WS-PC, and WS-
PH at 650 °C were 23.72%, 26.59%, 27.73%, 27.74%, and
31.81%, respectively. These results align with those of the
pyrolysis experiments. The differential thermogravimetry
(DTG) curve of WS in individual pyrolysis exhibited two stages
within the main pyrolysis temperature range (200-600 °C). In

Table 1 Yield distribution of pyrolysis products of WS under different
additives

Yields/%
Samples Liquid Solid Gas
WS 59.06 22.81 18.13
WS-LC 46.36 27.46 26.18
WS-SC 42.44 28.02 29.54
WS-PC 41.85 28.1 30.05
WS-PH 40.47 29.03 30.5
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the first stage (200-400 °C), a shoulder peak attributed to
hemicellulose and some lignin preceded the main peak,
associated with cellulose and a small amount of lignin." In
the second stage (400-600 °C) the curve represented lignin
pyrolysis. Specifically, the shoulder peak of WS-PH at around
440 °C may be attributed to the release of the potassium salt
in the biochar.”® Comparing individual WS pyrolysis to WS-
LC and WS-SC, a shift in the shoulder peak temperature
suggested that LC and SC inhibited hemicellulose decompo-
sition. WS-PC and WS-PH DTG curves exhibited a low
temperature for the main pyrolysis peak, and after the addi-
tion of PH, it can be seen that the decomposition temperature
of walnut shell pyrolysis shifted from 360 °C to 300 °C, the
maximum pyrolysis rate is greatly reduced. This phenomenon
is attributed to the addition of potassium salts, which can
lower both the pyrolysis temperature and activation energy of
cellulose decomposition. This finding is consistent with those
reported by Zhou' and Chen.*” The addition of X reduces the
maximum weight loss rate observed in the DTG curves. This
decrease in weight loss can be attributed to the inhibitory
effect of X on the volatilization of the components.”> Addi-
tionally, alkali-catalyzed polymerization increases char
production.?®

Liquid component analysis

The GC-MS results of WS pyrolysis tar are shown in Fig. 3. For
clarity, liquid pyrolysis products were categorized into func-
tional groups, including phenols, ketones, esters, acids, alde-
hydes, amines, and others (hydrocarbons, thiophenes, ethers,
nitrogen-containing compounds, etc.).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 GC-MS analysis of bio-oil fractions.

As shown in Fig. 3, the main component of the liquid
products of pyrolysis were primarily monocyclic phenolic
compounds. The addition of LC, SC, PC, and PH to the WS
pyrolysis process led to a significant increase in the phenolic
compound content. Specifically, the content of phenolic
compounds increases from 47.26% in the sole pyrolysis to
53.77%, 67.88%, 74.9%, and 74.24% with the addition of LC,
SC, PC, and PH, respectively. Among these compounds, the
content of alkylphenols exhibited the most notable increase,
rising from 8.26% in the sole pyrolysis to 9.57%, 23.53%,
36.18%, and 35.13%. The content of alkoxylphenols also
increased, ranging from 16.14% in the sole pyrolysis to 24.03%,
26.84%, 21.68%, and 24.41%. However, the content of phenolic
compounds containing both alkoxyl and alkyl groups decreases
from 20.01% in the sole pyrolysis to 19.91%, 17.51%, 16.63%,
and 14.7%. The increase in phenolic compound content
suggests that the addition of catalysts can facilitate the cleavage
of C-C and C-O bonds between the phenylpropane monomers
in lignin, leading to the release of phenolic monomers.*
Additionally, due to their larger ionic radius and lower charge
density, potassium ions are more likely to form coordination
bonds, thereby altering the electron density distribution and
reaction activity, making C-C or C-O bonds more susceptible to
cleavage. Hence, the addition of potassium salts as catalysts
resulted in the most significant increase in phenolic compound
content. The notable increase in the content of alkylphenols in
the products can be attributed to the strong deoxygenation and
decarbonylation effects of alkaline catalysts. The increase in the
content of alkoxylphenols is expected to be related to the overall
increase in phenolic compound content. Similarly, the decrease
in the content of phenolic compounds containing both alkoxyl
and alkyl groups was also attributed to the deoxygenation by
alkaline catalysts, resulting in their conversion into alkylphe-
nols. The addition of additives led to a significant reduction in
ketones, acids, aldehydes, and amines in the bio-oil. The
decrease in acid compounds can be attributed to the enhanced
cleavage of carboxylic acids resulting from the addition of
alkaline metal compounds.** This was supported by the
increase in CO, content in the gas phase. The reduction in
aldehydes and ketones may be a consequence of the additives
promoting decarboxylation or decarbonylation reactions.*' The
alkaline solution weakens the connection between lignin
and the remaining hemicellulose, which contributes to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a decrease in the relative concentration of ketones and ethers.*
Furthermore, the reaction between alkaline compounds and
acids or amines can also lead to a reduction in their respective
concentrations.

Gas component analysis

Fig. 4 illustrates the compositional analysis of pyrolysis gas
from the fast pyrolysis of WS. The syngas comprised CO,
(32.6%), CO (31.7%), CH, (14.1%), H, (2.5%), and small
hydrocarbons (C,H,, C,Hs, and C3;Hg, labeled as “others”). The
addition of alkali metal compounds to WS increased CO, and
H, content. H, content in WS, WS-LC, WS-SC, WS-PC, and WS-
PH were 2.5%, 3.45%), 4.83%, 12.75%, and 25.05%, respectively.
CO and CH, content showed minimal change, with a slight
increase in light hydrocarbons. The elevated CO, content may
be attributed to the cleavage and rearrangement of the carboxyl
and carbonyl groups;**** this could also be due to the interac-
tion of salts with steam (eqn (9)). The water-gas shift reaction
can also contribute to the CO conversion to CO, (eqn (10)).
Despite carbonate decomposition generating CO,, it might not
apply here, given that carbonate decomposition temperatures
typically exceed 700 °C.***¢ The increase in H, content can be
attributed to two main factors. The first is the result of the
dehydrogenation, condensation, and aromatization of organic
matter and the cyclization of hydrocarbon compounds. These
reactions lead to the generation of H, during pyrolysis.
Secondly, alkali metal ions can react with the carboxyl (-COOH)
or hydroxyl (-OH) groups in the volatile fraction, promoting the
release of H, (eqn (11) and (12)).***” Increased H, content is
beneficial for the efficient and environmentally friendly utili-
zation of pyrolysis gases. CO primarily originates from the
cracking of ketones, ethers, and oxygen-containing heterocy-
cles, while CH, and light hydrocarbons result mainly from the
cleavage of methyl, methylene, and methoxy groups.®*?**

M,CO5 + H,O0 — 2MOH + CO, (9)
CO + H,O — CO, + H, (10)
M + -COOH — —-COOH + H* (11)
M* +-OH — -OM + H* (12)

where M is a metal ion.
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Fig. 5 SEM images of (a and b) WSC; (c and d) WSC-LC; (e and f)
WSC-SC; (g and h) WSC-PC and (i and j) WSC—-PH.

SEM analysis

Fig. 5 shows SEM images of carbon obtained from WS after
pyrolysis and carbonization, with and without additives. The
surface of WSC appeared rough, lacking distinct pore struc-
tures. WSC-LC exhibited a rougher surface with few pores,
whereas WSC-SC had numerous non-interconnected pores.
Furthermore, WSC-PC displayed relatively regular pore struc-
tures with clear interconnectivity. The addition of carbonates
induced a more porous structure on the surface of the carbon
material. The activation effect of carbonates is primarily ach-
ieved through three aspects. First, the obtained material
undergoes etching, leading to the formation of the corre-
sponding pore structures. For example, the reaction between
carbonates (PC) and carbon (C) (eqn (13) and (14)) contributes
to this process. As the oxidative nature of alkali metal ions
increases, their reactivity with C also increases. The order of the
metal oxidative nature, from highest to lowest, was K" > Na* >
Li". Consequently, the abundance sequence of pore structures
was PC > SC > LC. Second, the produced CO or CO, escapes
along with the gases generated during the carbonization of the
WS, further creating internal pores. Third, during acid washing
with HCI solution and subsequent rinsing with distilled water,
the removal of metallic solid substances that act as hard
templates may aid in the formation of interconnected porous

12260 | RSC Adv, 2024, 14, 12255-12264
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structures.*® WSC-PH also featured a porous structure, and its
pore-formation mechanism was similar to that of the previously
mentioned carbonate (K,CO;). During the reaction, KOH is
converted into K,COj;, K,0, and CO (eqn (13)—(15)). Further-
more, at approximately 700 °C, the produced K atoms move
within the carbon microcrystals, facilitating the activation and
pore formation process.*

K,CO; + C — K,0 + 2CO (13)
K,O + C - K + CO (14)
6KOH + 2C — 2K + 3H, + 2K,CO; (15)

BET analysis

The N, adsorption-desorption isotherms of the obtained
carbon materials are shown in Fig. 6a. All isotherms exhibited
Type I behavior, indicating that they were predominantly
composed of microporous materials. At low relative pressures
(P/Py < 0.1), the N, adsorption capacity of carbon sharply
increased, confirming abundant micropores in WSC, WSC-LC,
WSC-SC, WSC-PC, and WSC-PH.*! Notably, WSC-PC and WSC-
PH exhibited significantly higher quantities of micropores than
WSC. The pore-size distribution analysis in Fig. 6b further
supports these findings, revealing the majority of pore sizes
below 1 nm, with a significant portion in the ultramicropore
range (approximately 0.5 nm)."**> When the relative pressure
approaches 0.1, the adsorption isotherms plateau. With
increasing relative pressure, the adsorption volume gradually
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Fig. 6 (a) N, adsorption—desorption isotherms and (b) pore size
distributions of WSC and WSC-X (X = LC, SC, PC and PH).
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Table 2 Structural parameters of WSC, WSC-X (X = LC, SC, PC and PH)

Samples Sger (m* g™ ") Viotal (cm® g™ ") Viniero (cm® g7%) Vinicro Veotal (%) D (nm)
WSC 322.6 0.22 0.16 73 2.69
WSC-LC 182.5 0.12 0.09 75 2.64
WSC-SC 347.9 0.2 0.17 85 2.27
WSC-PC 598.6 0.32 0.3 94 2.11
WSC-PH 427.0 0.24 0.22 92 2.24

increases at a slower rate and displays hysteresis loops in the
range of 0.1 to 0.9, indicating larger micropores and some
mesoporous structures in the carbon materials.*® As P/P,
approaches 1.0, a small tail appears at the end of the adsorption
isotherm, indicating the presence of macropores in the carbon
material.**

Table 2 lists the pore structure parameters of the carbon
materials. The specific surface area and total pore volume of
WSC-PC were significantly higher than those of the other
samples, reaching 598.6 m* g ' and 0.32 cm® g~ %, respectively.
Micropore proportions for WSC, WSC-LC, WSC-SC, WSC-PC,
and WSC-PH were 73%, 75%, 85%, 94%, and 92%, respectively.
These abundant micropores offer numerous ion adsorption
sites, significantly enhancing material-specific capacitance. The
formation of micropores is attributed to the etching effect of the
activating agent on the carbon framework and the reaction
between C and CO,.** Compared to WSC, WSC-PC and WSC-PH
exhibited increased specific surface area, total pore volume, and
micropore volume, along with reduced average pore size, indi-
cating that PC and PH induce the formation of microporous
structures in the WSC carbonization process.*

—— WSC-PH
—— WSC-PC

©02) —— WSC-SC

WSC-LC
1 (100) —WSC
| |
K"I\‘__—_—_

Intensity (a.u.)

10 20 30 40 50 60 70 80 9
2Theta (degree)

Fig. 7 XRD plots of WSC and WSC-X (X = LC, SC, PC and PH).

Table 3 Crystallite parameters from analysis of XRD for WSC, WSC—-
LC, WSC-SC, WSC-PC, WSC-PH

Samples dooa (A) Le (A) Ly (A)
WSC 3.82 15.35 33.14
WSC-LC 3.76 12.78 40.63
WSC-SC 3.81 11.54 47.64
WSC-PC 3.99 10.32 46.69
WSC-PH 3.98 10.43 44.78

© 2024 The Author(s). Published by the Royal Society of Chemistry

XRD and Raman analyses

The structural properties of carbon materials were character-
ized using X-ray diffraction spectroscopy, as shown in Fig. 7.
All the samples exhibited two distinct diffraction peaks at
approximately 23° and 43°. The diffraction peaks exhibited low
heights and broad widths, indicating small grain size, low
crystallinity, and an amorphous carbon structure.*” In order to
further reveal the differences in disorder and crystallinity
between the materials, the layer spacing, and average grain
size were calculated by Bragg's formula and Scherrer's
formula. Table 3 summarizes the crystal parameters of the
XRD analyses of the materials, from which it can be seen that
the layer spacing of all materials (dy,) is larger than that of
graphite (3.34 A), indicating that the materials have a typical
disordered structure.*®* In addition, the crystal size of the
carbon material changed in some directions after the additives
were added during the pyrolysis process, which can be seen
from the decrease and increase of L. and L,, respectively.

To further investigate the structural characteristics of carbon
materials, Raman spectroscopy was performed on the samples
(Fig. 8), All samples exhibited two characteristic peaks associ-
ated with carbon materials. The D-band, located at approxi-
mately 1330 cm™', was primarily attributed to structural
defects, whereas the G-band, located at approximately
1580 cm™ ', was mainly attributed to sp> hybridized carbon in
the graphite framework of the biochar.* The Ip/I; ratio, repre-
senting the intensity ratio of the D-band to the G-band, is
commonly employed to evaluate the extent of defects and
graphitization in graphitic carbon materials. A higher I,/I; ratio
indicates a greater number of defects and a lower level of
graphitization.*® In the current investigation, the calculated I/
I values for WSC, WSC-LC, WSC-SC, WSC-PC, and WSC-PH
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——WSC-LC

—WSC
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S
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Fig. 8 Raman plots of WSC and WSC-X (X = LC, SC, PC and PH).
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Fig. 9 (a) CV curves (5mV s™3), (b) GCD curves (0.5 A g™3), (c) Nyquist
plots and (d) specific capacitance at different current densities for WSC
and WSC-X (X = LC, SC, PC and PH).

were 0.98, 1.02, 1.03, 1.04, and 1.00, respectively. Therefore,
WSC-PC exhibited the highest level of defect structure,
consistent with the result of the N, adsorption-desorption
isotherm test, which showed that WSC-PC has the largest
specific surface area.

Electrochemical property analysis

To further investigate the influence of additives on the elec-
trochemical performance of WSC, CV tests were conducted on
the resulting carbon materials, as shown in Fig. 9a. The CV
curves of WSC-LC, WSC-SC, WSC-PC, and WSC-PH exhibited
rectangular shapes with larger integrated areas than those of
WSC, indicating excellent double-layer capacitance. Constant-
current charge-discharge curves exhibited no significant
internal resistance drop for WSC-LC, WSC-SC, WSC-PC, and
WSC-PH compared to WSC, showcasing good reversibility and
double-layer capacitance when used as electrode materials
(Fig. 9b). Calculatins from GCD discharge curves at a current
density of 0.5 A g~ " yielded specific capacitances for WSC, WSC-
LC, WSC-SC, WSC-PC, and WSC-PH, determined as 97.08,
169.32, 192.07, 245.18, and 230.72 F g’l, respectively. Notably,
WSC-PC exhibited the highest specific capacitance among the
samples tested. Table 4 compares the previously reported
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Fig. 10 Electrochemical performance of WSC-PC (a) CV curves at
different scan rates from 5 to 200 mV s™%; (b) GCD curves at current
densities from 0.5 to 10 A g™%; (c) cycling performance at2 A g%,

commercial carbon with the carbon materials obtained in this
paper, and the results show that the carbon prepared in this
paper has excellent electrochemical properties.

Fig. 9c displays the Nyquist plots of WSC and WSC-X, dis-
playing semicircles at high frequencies (negligible) and straight
lines at low frequencies. In the high-frequency region, equiva-
lent series resistances for WSC, WSC-LC, WSC-SC, WSC-PC,
and WSC-PH were 0.72, 0.73, 0.70, 0.65, and 0.66 Q, respec-
tively. Therefore, WSC-PC displayed the lowest equivalent
series resistance among the samples, with its electrode material
exhibiting the smallest semicircular arc, indicative of the lowest
charge transfer resistance (R.) and a fast interfacial charge
transfer rate.

As shown in Fig. 9d, with increasing current density, the
specific capacitance of all samples decreased due to insufficient
time for the electrolyte ions to diffuse fully into material pores
at higher current densities, resulting in less charge accumula-
tion and a decrease in the specific capacitance. Notably, WSC-
PC and WSC-PH exhibited a smaller decrease in specific
capacitance with increasing current density. At a current density
of 10 A g, their specific capacitance remained at 83% of the
initial capacitance at 0.5 A g ', indicating excellent rate
performance.

Table 4 Comparison of electrochemical properties of reported commercial carbons and the carbons obtained in this paper

Materials Cm(Fg™) Measure condition Electrolyte Ref.
Carbon NO 93 5mvs’ 6 M KOH 51

YP-50F 122 0.1A g7l 6 M KOH 52

AC-C-1 164.49 5mvs 6 M KOH 53

AC 118 1mvs?t 1 M EMIM BF4/PC 54

AC 117 1Ag™? 3 M KOH 55

CPC 100 0.625 A g_1 6 M KOH 56
WSC-LC 169.32 0.5 A g71 6 M KOH This work
WSC-SC 192.07 0.5Ag" 6 M KOH This work
WSC-PC 245.18 0.5 A g71 6 M KOH This work
WSC-PH 230.72 0.5A g71 6 M KOH This work
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Owing to the outstanding performance of the WSC-PC in
various aspects, an in-depth electrochemical performance test
was conducted, Fig. 10a demonstrates that as the scan rate
increased, the CV curve of WSC-PC gradually deviated from
a rectangular shape, attributed to the difficulty of electrolyte ions
reaching the electrode interface to form a double layer at high
scan rates. Fig. 10b demonstrates that even at a high current
density of 10 A g, the GCD curve of WSC-PC maintained
a symmetrical triangular shape, indicating a fast electrochemical
response and excellent electrochemical reversibility.>® The cyclic
performance of WSC-PC at a current density of 2 A g~ is shown
in Fig. 10c, After 5000 cycles, the capacitance retention of WSC-
PC remained at 98.16%, indicating excellent electrochemical
stability and high reversibility of the material during constant
current charge-discharge processes.

Conclusions

In this study, a one-step process that combined catalytic biomass
pyrolysis with carbon activation was proposed. Alkali metal
carbonates (LC, SC and PC) and PH are mixed with WS in certain
proportions to achieve simultaneous catalytic pyrolysis and
carbonization activation in a one-step process. The results indi-
cated that the addition of LC, SC, PC, and PH enhanced secondary
tar cracking, increasing yields of solid and gaseous products while
reducing liquid yield. The phenolic content of the bio-oil signifi-
cantly increased, whereas the levels of ketones, acids, and amines
decreased. Simultaneously, the H, content of the pyrolysis gas
increased significantly. For example, with the addition of PC, the
phenolic content of the bio-oil increased from 47.26% to 74.9%,
whereas the levels of ketones, acids, and amines decreased from
20.27%, 2.44%, and 3.5% to 10.73%, 0.34%, and 1.43%, respec-
tively. The H, content in the pyrolysis gas increased from 2.5% in
the case of individual pyrolysis to 12.75%. Furthermore, LC, SC,
PC, and PH led to an increase in the surface defect structures and
the formation of numerous micropores on the carbon; this
facilitated more active sites for electrochemical reactions, result-
ing in a significant improvement in the electrochemical perfor-
mance of carbon. Notably, the addition of PC resulted in the most
remarkable enhancement in the performance of the resulting
char. The specific capacitance of WSC-PC was determined to be
245.18 F g at a current density of 0.5 A g . Even at the high
current density of 10 A g™, the specific capacitance remained at
83% of its initial value at 0.5 A g~". After 5000 charge-discharge
cycles at a current density of 2 A g~!, WSC-PC demonstrated
a capacity retention rate of 98.16%. These findings underscore the
remarkably high specific capacitance, excellent rate performance,
and exceptional cycling stability of WSC-PC. In summary, this
study integrated biomass catalytic pyrolysis and biochar activa-
tion processes, resulting in an enhanced quality of bio-oil and gas
and improved carbon performance. This approach holds promise
for the efficient and clean utilization of biomass.
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