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ABSTRACT

Lignin-derived porous carbons have emerged as promising electrode materials for supercapacitors. However, the
challenge remains in designing and controlling their structure to achieve ideal electrochemical performance due
to the complex molecular structure of lignin and its intricate chemical reactions during the activation process. In
this study, three porous carbons were synthesized from lignin by spray drying and chemical activation with vary-
ing KOH ratios. The specific surface area and structural order of the prepared porous carbon continued to
increase with the increase of the KOH ratio. Thermogravimetric-mass spectrometry (TG-MS) was employed
to track the molecular fragments generated during the pyrolysis of KOH-activated lignin, and the mechanism
of the thermochemical conversion was investigated. During the thermochemical conversion of lignin, KOH facili-
tated the removal of H, and CO, leading to the formation of not only more micropores and mesopores, but also
more ordered carbon structures. The pore structure exhibited a greater impact than the carbon structure on the
electrochemical performance of porous carbon. The optimized porous carbon exhibited a capacitance of 256 F g™
at a current density of 0.2 A g~', making it an ideal electrode material for high-performance supercapacitors.
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1 Introduction

Lignocellulose is the most plentiful renewable resource globally, accounting for about 50% of carbon
resources and is considered a viable substitute for fossil fuels [1]. Lignocellulose-derived carbon materials
are widely used in green energy storage devices, and their properties depend on the composition and
structure of lignin, cellulose, and hemicellulose [2—4]. Lignin contributes the most to the lignocellulose-

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ ® permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.


mailto:ouyangqin@nimte.ac.cn
mailto:o_yang@126.com
mailto:huangqing@nimte.ac.cn
https://www.techscience.com/journal/JRM
http://dx.doi.org/10.32604/jrm.2024.052579
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/jrm.2024.052579

1208 JRM, 2024, vol.12, no.7

derived carbon materials due to its high carbon content and high carbonization yield [5,6]. Industrial lignin,
which exceeds 70 million tons per year as a major by-product of pulp and paper and biofuel production, is
readily available but underutilized [7,8]. Developing an efficient method to prepare lignin-based functional
materials with well-regulated morphology, structure, and excellent properties is crucial for realizing high-
value utilization of lignin [9-13].

Recently, porous carbons derived from lignin have become promising electrode materials for
supercapacitors [14,15]. The preparation of porous carbons involves a crucial activation process, which
significantly influences the pore structure and electrochemical performance [16—20]. Chemical activators
such as KOH, K,CO; and ZnCl, are often used to prepare porous carbon [21,22]. Among these
activators, KOH is the most widely used one since it can produce porous carbon with a high micropore
volume, a narrow pore size distribution, and a very high specific surface area of up to 3000 m? g ' [23].
The pore structure and elemental composition of KOH-activated porous carbon seriously depend on the
activation parameters (ratio of sample to KOH, time and activation temperature, etc.) and the carbon
source used. Many researchers have used lignin as a raw material and KOH as an activator to prepare
porous carbons. Wang et al. successfully synthesized lignin-based carbon aerogel using lignin sulfate as
the raw material and KOH as the activator. The obtained carbon aerogels exhibited a remarkable specific
surface area of 3742 m® g ' and an impressive porosity of 1.881 cm® g ' [24]. Wang et al. prepared
porous carbon materials with a specific surface area of 3130 m*> g ' by employing urea-modified lignin as
the raw material and KOH as the activator [25]. These lignin-derived porous carbons synthesized by
KOH activation exhibit high specific surface area and micropore volume, showing significant advantages
in energy storage applications.

Although KOH activation is a well-known method for forming porous carbon networks, the activation
mechanism is still not well understood due to the complexity of the chemical reactions. Otowa et al. reported
the activation process of petroleum coke by KOH at a temperature below 700°C and found that the reaction
products during the KOH activation process were mainly H,, CO, CO,, K,0 and K,COj3 [26]. When lignin is
used as a carbon source and activated by KOH, its complex and diverse composition makes the activation
process more complex. To our knowledge, there are few related studies on the mechanism of KOH
activation of lignin. As an abundant natural carbon source, lignin is a promising precursor for porous
carbons, it is necessary to understand the structural transformation mechanism of lignin during KOH
activation, which will help us to precisely synthesize lignin-derived porous carbon with desired structure
and properties.

In this work, lignin-derived porous carbons were prepared by a scalable spray-drying technique
followed by KOH activation. In order to study the mechanism of KOH activation of lignin,
Thermogravimetry-mass spectrometry (TG-MS) was employed to monitor the molecular fragments
generated during the pyrolysis of KOH-activated lignin. The effect of KOH on the chemical conversion
of lignin to porous carbons was analyzed. The structure of lignin-derived porous carbons was
characterized by XRD, Raman and TEM. The electrochemical properties of the lignin-derived porous
carbons were investigated for their potential application in electrical double-layer capacitors (EDLCs)
using cyclic voltammetry, galvanostatic charge-discharge techniques, and electrochemical impedance
spectroscopy.

2 Experimental

2.1 Materials

A commercial sodium lignosulfonate (SLS) was provided by Shanghai Aladdin (Shanghai, China) and
used as the raw material of porous carbons. Polyvinylpyrrolidone (PVP) was obtained from the same supplier
and employed as a binder for particle forming. KOH and HCI were provided by Sinopharm Chemical
Reagent (Shanghai, China). All the materials were used directly without any additional treatment.



JRM, 2024, vol.12, no.7 1209

2.2 Preparation

A 20% aqueous solution of SLS was prepared, followed by the addition and dissolution of 1% PVP
relative to SLS. Subsequently, lignin powders were obtained from the SLS solution using a centrifugal
spray dryer with an inlet temperature of 150°C.

The lignin powders were converted into porous carbons through a simple curing and KOH activation
method [27]. The lignin powders underwent curing at 300°C for 1 h, followed by immersion in KOH
solution with three different sample-to-KOH ratios (1:1, 1:2, and 1:3). The KOH-treated powders were
then dried and carbonized at 800°C for 2 h. They were then washed with a 1M HCI solution and
deionized water multiple times. After drying at 80°C for 12 h, three distinct porous carbon samples were
obtained and labeled as PC-1, PC-2 and PC-3, respectively.

2.3 Characterization

A JSM 7500F scanning electron microscope was employed to characterize the lignin powders and
porous carbons. The pyrolysis process of the KOH-modified powders was studied using a Netzsch STA
449F3 thermal analyzer-mass spectrometry system under an Ar atmosphere with a heating rate of
10°C/min. The porous carbons were characterized through X-ray diffraction (ADVANCE DS,
Saarbrucken, Germany), Raman spectroscopy (LAbRAMHR Evolution, Paris, France), high-resolution
transmission electron microscopy (JEM-2100, Akishima-shi, Tokyo, Japan), and nitrogen adsorption
analyses (ASAP 2460, Micromeritics, Atlanta, GA, USA). The electrochemical characteristics of the
porous carbons used as electrode materials in supercapacitors were evaluated using the same method as
reported in our previous work [27].

3 Results and Discussion

3.1 Morphology and Structure of Porous Carbons

Fig. 1 shows the SEM images of the lignin powder and porous carbons. As shown in Fig. 1a, the lignin
powder exhibits a unique shrunken dimple shape. It is related to the inlet temperature during the spray drying
process [27]. Porous carbons with varying morphologies have been prepared from the same lignin powder by
adjusting the ratio of the sample to KOH. Specifically, when the ratio of sample to KOH is 1:1, the obtained
porous carbon keeps the shrunken dimple shape of the lignin powder, but forms a porous structure on the
surface (Fig. 1b). Upon increasing the ratio to 1:2, the original particle morphology is completely altered,
transforming into a foam skeleton structure (Fig. 1c). Increasing the ratio to 1:3 results in the sample
transformation from a foam structure to nanosheets (Fig. 1d). The sudden shift in the morphology of
porous carbons is primarily due to the etching effect of KOH. KOH reacts with the carbon of lignin
molecules, resulting in the original three-dimensional amorphous structure of lignin being destroyed and
transformed into a layered carbon structure.

The pore structure of the porous carbons was analyzed through nitrogen adsorption and desorption
isotherm measurements, and the results are presented in Fig. 2 and Table 1. As shown in Fig. 2a, the
porous carbon samples, namely PC-1, PC-2 and PC-3, display a blend of type I and type IV isotherms. At
extremely low relative pressure (P/Py < 0.01), the adsorbed amount rises sharply, and a hysteresis loop is
observed between P/P0O = 0.45 and 0.9. The hysteresis loop is attributed to the capillary condensation of
nitrogen molecules in mesoporous pores. The characteristics of these isotherms indicate that all the
samples have micropores and mesopores. As shown in Fig. 2b, the pore size distribution of the three
samples is primarily composed of micropores and mesopores. With the increase of the KOH ratio, the
specific surface area gradually increases. The specific surface area of PC-1 is 1417 m® g ', while
PC-2 has a value of 2060 m* g ' and PC-3 reaches 2475 m? g '. The total pore volume is also
increasing, with values of 0.77 cm® g ! for PC-1, 1.11 em® g ' for PC-2, and 1.33 cm® g~ for PC-3.
PC-1 is dominated by micropores (Vmico = 0.62 cm’/g), with a small number of mesopores
(VMeso = 0.02 cm3/g). The increase in KOH ratio leads to an increase in the volume of mesopores, while
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simultaneously reducing the volume of micropores. PC-3 is dominated by mesopores (Vieso = 1.11 cm*/g),
with a drastic reduction in its micropore volume (Vipiero = 0.12 cm®/g). Generally speaking, KOH activation
includes radial activation and lateral activation. The former will lead to the formation of micropores, while the
latter will expand the space of micropores and form mesopores.

Figure 1: SEM images of (a) lignin powders, (b) PC-1, (c) PC-2 and (d) PC-3
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Figure 2: (a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size distributions of PC-1, PC-2,
and PC-3 were generated through activation with varying ratios of sample to KOH

Table 1: Pore properties of the lignin-derided porous carbons

Sample SSA (m?/g) TPV (cm’/g) Vimiero (cm>/g) ViMeso (cm>/g) PSD (nm)
<0.7nm <2 nm

PC-1 1417 0.77 0.19 0.62 0.02 2.7

PC-2 2060 1.11 0.15 0.57 0.34 2.4

PC-3 2475 1.33 0.10 0.12 1.11 2.2

Note: SSA: specific surface area. TPV: total pore volume. V ;c;o: micropore volume. Vyes,: mesopore volume. PSD: pore size distribution calculated
by the formula PSD = 4TPV/SSA.



JRM, 2024, vol.12, no.7 1211

In Fig. 3a, the XRD patterns of the porous carbons activated with varying KOH ratios are presented. Both
PC-1 and PC-2 exhibit a minor peak at 26.6°, suggesting the existence of a limited amount of ordered structure
within the porous carbons. Upon increasing the ratio of sample to KOH to 1:3, the XRD pattern of the resulting
PC-3 sample displays a distinct peak at 26.6°, indicating a highly ordered and crystalline structure. The results
show that a higher concentration of KOH can promote the formation of more ordered carbon. In Fig. 3b, the
Raman spectra of the porous carbons are illustrated. Two significant peaks at approximately 1351 and
1585 cm™', identified as D band and G band, respectively, are evident. The D band is associated with the
defect and disorder of the carbon, while the G band corresponds to the in-plane bond stretching pattern of
the C-C bond in the graphite structure. The D and G bands of PC-1 and PC-2 are broad and overlapping,
indicating that they are predominantly amorphous. In comparison, PC-3 exhibits a weak D band, a sharp
and strong G band and a distinct peak at around 2714 cm ', which corresponds to the 2D band. These
features suggest that PC-3 has a graphite-like structure. The intensity ratio of the D band to the G band
(Ip/Ig) is commonly employed to assess the level of order of carbon materials. A lower Ip/Ig ratio signifies
a higher degree of order in the carbon materials. The Ip/Ig ratios of PC-1, PC-2 and PC-3 are 1.25,
1.19 and 0.21, respectively. The Ip/Ig value of PC-3 is the lowest, indicating the highest degree of order,
which is consistent with the XRD results. Fig. 4 shows the TEM/HRTEM images and SAED pattern of
PC-3. The layer structure of graphite can be clearly observed in the HRTEM image. It indicates that PC-
3 indeed has a high degree of structural order. The appearance of graphite-like structure in PC-3 has
further confirmed that KOH activation contributes to the improvement of the structural order of lignin-
derived porous carbon. There are similar reports in the literature [28], but the mechanism that how KOH
converts amorphous carbon into ordered carbon at a low temperature is still unclear.

(a) ——PC=3 (b) —PC-3
—PC-2 —PC-2
—PC-1 ,—— PC-1

_~ _~
= =
s o s
£ £
w w
= =
2 oo, 3
= =
Ll Lo

20 30 40 50 60 70 80 500 1000 1500 2000 2500 3000 3500
2Theta (degree) Raman shift (cm™)

Figure 3: (a) XRD patterns and (b) Raman spectra of the porous carbons

Figure 4: (a) TEM/HRTEM images and (b) SAED pattern of PC-3
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3.2 Reaction Mechanism of KOH Activation

Fig. 5 shows the TG/DTG curves of the cured lignin powder LP-300 and the KOH-modified LP-300 for
the preparation of PC-3. LP-300 exhibits a slight weight loss below 200°C, because it has been previously
cured at 300°C. LP-300 mainly undergoes two severe weight-loss stages, showing two peaks at about 413°C
and 708°C in the DTG curve. A residual mass of about 60% is obtained at 800°C, which indicates that lignin
has a relatively high carbonization yield. KOH-modified LP-300 starts weight loss at about 100°C. The
thermal weight loss process is complex, as can be seen from the TG and DTG curves, which can be
divided into many stages. KOH-modified LP-300 shows significant weight loss at about 750°C—800°C,
which is probably due to the volatilization of potassium [29].

——LP-300
604 —— KOH modified LP-300

TG

100 200 300 400 500 600 700 800
Temperature/°C

Figure 5: TG/DTG curves of LP-300 and the KOH-modified LP-300 for preparation of PC-3 in Ar
atmosphere

To elucidate the reaction mechanism of KOH activation, mass spectrometry (MS) was employed to
detect the gases released during TG analysis. Four gaseous products with mass-to-charge (m/z) ratios of
2, 18, 28 and 44 were detected and assigned to H,, H,O, CO and CO,, respectively.

As shown in Fig. 6a, LP-300 initiates hydrogen release at about 369°C, while the KOH-modified LP-
300 starts to release hydrogen at around 317°C. KOH has significantly promoted the low-temperature
dehydrogenation reaction, which is mainly due to the reaction of KOH with carbon (Eq. (1)) [30-32].
When the temperature exceeds 500°C, the hydrogen released by LP-300 gradually decreases, while the
hydrogen released by the KOH-modified LP-300 remains stable and even increases after 750°C. The
high-temperature dehydrogenation reaction may be attributed to the removal of hydrogen atoms at the
edge of lignin-derived amorphous carbon [33]. This process is essential for the transformation of
disordered amorphous carbon into ordered graphite-like carbon. Fig. 6b displays the MS curve of H,O
with an m/z of 18 for LP-300 and KOH-modified LP-300. It is evident that the KOH-modified LP-
300 shows a peak at about 369°C, which occurs earlier than that of the unmodified LP-300. This suggests
that the addition of KOH may promote the dehydration of lignin molecules. In addition, KOH undergoes
thermal decomposition at about 400°C, resulting in the formation of H,O and K,O (Eq. (2)) [26]. Fig. 6¢
depicts the MS curve of CO for LP-300 and KOH-modified LP-300. There is a significant difference in
these MS curves above 700°C. The release of CO from LP-300 begins to decrease significantly, and
tends to stabilize at 800°C, suggesting that the carbonization process of LP-300 concludes at this
temperature. In contrast, the release of CO from KOH-modified LP-300 continues to increase after
700°C, which is attributed to the reaction of K,O and carbon (Eq. (6)) [34]. The MS curve of CO, for
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LP-300 and KOH-modified LP-300 is shown in Fig. 6d. LP-300 begins to release CO, at about 130°C, which
may be attributed to the decarboxylation reaction and the desorption of CO, absorbed in lignin. In contrast,
KOH-modified LP-300 does not exhibit a CO, signal before 330°C, which is probably due to the reaction
between CO, and KOH (Eq. (3)). The released CO, was absorbed and reacted by KOH. KOH-modified
LP-300 displays two new CO, peaks at 550°C and 790°C, which may be caused by the decomposition of
KHCOj3; and K,COs;, respectively (Egs. (4) and (5)).

4KOH + C — K,CO; + K,0 + 2H, (1)

2KOH — K,0 + H,0 )

KOH + CO, — KHCO; 3)

2KHCO; — K>CO3 + H,0 + CO, (4)

K>,CO3 — K>,0 + CO, (%)

K;0 +2C — 2K + CO (6)
(@) (b)
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Figure 6: MS curves of released gases (a) H,, (b) H,O, (¢) CO, (d) CO,

As can be seen from the above TG-MS results, KOH significantly promotes the removal of H, and CO
from lignin-derived carbon at high temperatures. The release of a substantial quantity of gaseous molecules
not only generates numerous micropores, but also facilitates the formation of ordered carbon structures. The
dehydrogenation reaction enables the conversion of more sp> hybridized carbon into sp* hybridized carbon.
CO is a product of the reaction between K,O and amorphous carbon. An increase in CO indicates that more
amorphous carbon is etched and consumed, which in turn preserves more ordered carbon structures.
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3.3 Electrochemical Performance of Porous Carbons

The porous carbon was used as a working electrode for a supercapacitor, and its electrochemical
performance was evaluated in a three-electrode system using a 6M KOH electrolyte. In Fig. 7a, the cyclic
voltammetry (CV) curves of PC-1, PC-2, and PC-3 at a scanning rate of 50 mV s ' are displayed. The
CV curves of the three samples exhibit a quasi-rectangular shape with no obvious redox peak, behaving a
typical electric double-layer capacitor (EDLC). Subsequently, the galvanostatic charge-discharge (GCD)
curves were recorded to further analyze the capacitive performance of the samples. As depicted in
Fig. 7b, all the samples exhibit nearly triangular GCD curves, highlighting substantial electrochemical
reversibility. Notably, PC-2 exhibits the longest charge and discharge duration, suggesting the highest
specific capacitance among the samples. In Fig. 7c, the specific capacitance of PC-1, PC-2, and PC-3 is
depicted at various current densities. At current densities of 0.2, 0.5, 1, 2, 5, 10 and 20 A gfl, PC-
2 shows specific capacitance values of 256, 214, 199, 188.2, 177, 167 and 160 F gfl, respectively, while
PC-3 exhibits values of 172, 139, 130, 123, 114.5, 106 and 96 F gfl, respectively. Both of them are
significantly higher than that of PC-1. Even at a current density of 20 A g ', the specific capacitance of
PC-2 and PC-3 retains 60.6% and 55.8%, respectively, relative to the values at 0.2 A g '. It indicates that
the two samples have good rate performance.The excellent capacitance performance of PC-2 in the three-
electrode system is mainly attributed to its exceptional pore structure. The synergistic effect of
micropores and mesoporous pores makes it an excellent electrode material for supercapacitors.
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Figure 7: Electrochemical performance of the PC-1, PC-2 and PC-3 electrodes assessed in a three-electrode
system using a 6 M KOH aqueous electrolyte. (a) CV curves at a scan rate of 50 mV s~ '; (b) GCD curves at a
current density of 0.5 A g™ '; (c) Specific capacitance at varying current densities; (d) Nyquist plot
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Electrochemical impedance spectroscopy (EIS) was employed to further investigate the electrochemical
properties of the porous carbons [35]. The Nyquist diagram and equivalent circuit diagram are shown in
Fig. 7d. The experimental data from EIS were fitted using ZView software, and the results are presented
in Table 2. As shown in the figure, the Ry values of PC-1, PC-2 and PC-3 are 0.89, 0.25 and 0.14 Q
respectively, indicating that the PC-3 sample has the best electrical conductivity in the system. Compared
to PC-1, the Nyquist curves of PC-2 and PC-3 are nearly vertical in the low frequency region, indicating
a faster charge transfer rate. The 45° diagonal line in the enlarged image is described as the Warburg
impedance, which reflects the magnitude of the ion diffusion resistance. The relatively low Wol-R value
of PC-3 indicates its good ion diffusion ability. In the mid to high frequency region of the EIS, the charge
transfer resistance (R.;) magnitude is observed. PC-3 displays a small R, indicating a minor interfacial
migration resistance. The low resistance and high ionic mobility of PC-3 are attributed to its more
ordered structure.

Table 2: The impedance data of PC-1, PC-2 and PC-3

Sample R, (Q) Ry (Q) Wol-R (Q)
PC-1 0.89 0.191 2.85
PC-2 0.25 0.169 1.12
PC-3 0.14 0.085 0.50

Note: Ry: solution resistance. R, charge transfer resistance. Wol-R: diffusion resistance of electrolyte ions.

4 Conclusion

In this work, lignin was converted into porous carbons by spray drying and KOH activation. The
thermochemical conversion process was investigated using thermogravimetric mass spectrometry (TG-
MS). With the increase of the KOH ratio, the specific surface area and structural order of the resulting
porous carbon continued to increase. At a sample-to-KOH ratio of 1:3, the resulting porous carbon (PC-
3) exhibited a specific surface area of 2400 m*/g and a distinct graphite-like ordered structure. TG-MS
confirmed that KOH facilitated the removal of hydrogen and CO. The dehydrogenation reaction made
more sp° hybridized carbon be converted into sp? hybridized carbon. The released CO was derived from
the reaction between K,O and amorphous carbon. As more CO was removed, a greater amount of
amorphous carbon was consumed, and a more ordered carbon structure was left. PC-3 exhibited a higher
specific surface area, more ordered structure, and lower resistance. However, its capacitance performance
was not optimal. The porous carbon (PC-2) possessed a larger quantity of both micropores and
mesopores, resulting in a higher capacitance of 256 F g™' at a current density of 0.2 A g '. The pore
structure had a more pronounced impact on the electrochemical performance of the porous carbon
compared to the carbon structure. This study offered valuable insights into the preparation of lignin-
derived porous carbons for high-performance supercapacitors.
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