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A B S T R A C T   

Sustainable materials are attracting a lot of attention since they will be critical in the creation of the next 
generation of products and devices. In this study, hydrogels were effectively synthesized utilizing lignin, a non- 
valorised biopolymer from the paper industry. This study proposes a method based on utilizing lignin to create 
highly swollen hydrogels using poly(ethylene) glycol diglycidyl ether (PEGDGE) as a crosslinking agent. The 
influence of different crosslinker ratios on the structural and chemical properties of the resultant hydrogels was 
investigated. Pore size was observed to be lowered when the amount of crosslinker was increased. The inclusion 
of additional hydrophilic groups in the hydrogel network decreased the swelling capacity of the hydrogels as the 
crosslinking density increases. These precursor materials were carbonised and electrochemically tested for 
application as electrodes for supercapacitors with capacitance characterized as a function of crosslinker ratio.   

1. Introduction 

In the quest to develop sustainable materials, society faces a number 
of scientific challenges around biobased precursor materials [1–4]. With 
research focusing on renewable materials from waste/by-products to 
promote the circular economy. Recent years have seen a growing in
terest in lignocellulosic wastes, particularly cellulose [5–9]. However, 
lignin remains underutilised despite its enormous potential as a pre
cursor for yet to be discovered advanced sustainable materials. 

Lignin, the most abundant aromatic natural polymer, has a three- 
dimensional structure composed of three kinds of phenolic units called 
monolignols [10,11]. These three monomers are p-coumaryl alcohol, 
sinapyl alcohol, and coniferyl alcohol [12,13]. Approximately 50 
million tons of lignin are produced by pulp and paper mills every year, 
but only 2 % of that lignin is separated from black liquor for industrial 
use [14]. The remaining 98 % is burned as low-grade fuel or discarded 
directly as waste. These practices are harmful to the environment and 
generate persistent organic pollutants. Therefore, the efficient valor
isation of lignin has become an urgent global concern, which has led to 
the development of new lignin-based applications in emerging areas 

such as biomedical, composite materials and energy storage/generation. 
There are significant number of phenolic groups and aliphatic hy

droxyl groups present in lignin, which act as active sites for chemical 
reactions and modification [15]. Moreover, the presence of these func
tional groups facilitates the association of lignin with other molecules to 
create new functionalities in its structure [16]. One of these chemical 
functionalisations can lead to hydrogels which are three-dimensional 
networked materials with a high-water content. They are normally 
derived from homopolymer or copolymer chains with chemical or 
physical crosslinking [16,17]. They can be used for a wide variety of 
applications owing to their viscoelastic properties. This includes drug 
delivery [18], tissue scaffolds [19], absorbents [20], agriculture [21], 
and wastewater treatment [22]. Lignin is widely used as a backbone 
framework for hydrogel formulations owing to its unique properties 
including its non-toxicity, renewability, biodegradability, and biocom
patibility [23–25]. 

Porosity in hydrogels can be created by different approaches like 
porogens leaching (chemical additives that generate pores), gas foam
ing, cryogelation, fiber bonding, and lyophilization [26,27]. One of the 
most common methods for tailoring microstructure of hydrogels is the 
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latter mentioned technique (lyophilisation or freeze draying), which is 
simple, versatile, environmentally friendly, and widely used. Lyophili
zation of crosslinked hydrogels results in porous honeycomb-like 
structures as discussed in previous studies [28,29]. Since freeze-dried 
lignin-based hydrogels are porous and lignin is an excellent precursor 
to porous carbon because of its similarity to bituminous coal [30–32]. 

Therefore, carbon materials derived from lignin-based hydrogels are 
becoming increasingly popular for supercapacitor electrodes [33–37]. 

Herein, a lignin-based hydrogel was synthesized by chemically 
crosslinking it with poly (ethylene) glycol diglycidyl ether (PEGDGE) at 
different lignin:crosslinker ratio. The obtained hydrogel exhibits excel
lent swelling degrees and ability to tailor structures for optimum per
formance levels. Furthermore, lignin-derived porous carbon materials 
were synthesized by carbonization of the lyophilized lignin hydrogel 
structure. The obtained carbon materials were composed of tailored 
microporous honeycomb-like structures ranging from a few micrometers 
to several hundred nanometers. The electrochemical performance of 
optimised materials exhibits a specific capacitance of 18.7 F/g at 1 A/g. 
These results open a new avenue for lignin as a prominent candidate for 
innovative porous carbon materials for high-performance electrode 
materials at low production costs and they offer a sustainable alternative 

Table 1 
Summary of hydrogel formulations.   

NaOH Lignin PEGDGE 

Control 2 ml 0.8 g None 
Sample 1 2 ml 0.8 g 0.4 g 
Sample 2 2 ml 0.8 g 0.6 g 
Sample 3 2 ml 0.8 g 0.8 g  

Fig. 1. Schematic representation of hydrogel synthesis.  

Fig. 2. Storage modulus, loss modulus and complex viscosity as a function of the oscillation strain, the shear rate, and the angular frequency.  
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to current materials. 

2. Experimental section 

2.1. Materials 

Alcell organosolv hardwood lignin (TCA) [Mw of 4000 g/mol] was 
sourced from Tecnaro GMbH in Germany. Sodium hydroxide (NaOH) 
pellets was acquired from AppliChem GMbH in Germany [98 % purity]. 

Poly (ethylene) glycol diglycidyl ether (PEGDGE) crosslinker [Mw 500 
g/mol], sulfuric acid (H2SO4, 99.9 % purity), and phosphate buffer sa
line (PBS solution, 10 concentrate) was acquired from Sigma-Aldrich in 
the United States of America. 

2.2. Preparation of lignin-based hydrogels 

The organosolv solutions (TCA) were produced by mixing 0.8 g 
(28.57 wt%) of TCA with 2 ml of a 3.3 mol⋅L− 1 NaOH solution. These 
formulations can be seen in Table 1. The solution was magnetically 
stirred and left overnight (for 24 h) at 60

◦

C to allow the complete 
dissolution of the TCA in the NaOH solution. 

The three lignin samples were loaded with varying PEGDGE cross
linking densities (0.4 g, 0.6 g and 0.8 g). These solutions were 
magnetically stirred for 15 min to form a homogeneous mixture. After 
this, the lignin solutions were evenly poured into three 5 cm Petri dishes 
and again left overnight for 24 h. This was to ensure the solution would 
have a gel-like constituency (to form stable hydrogels) and be 
completely crosslinked. Lastly, the now crosslinked hydrogels were cut 
out of the Petri dishes via a 1 cm circular cutter, placed into three 
different labeled beakers (0.4 g, 0.6 g, and 0.8 g), and rinsed several 
times with deionized water to remove the excess NaOH. Washed samples 
were freeze-dried for 24 h under a vacuum to remove all solvent, see 
conditions below. Freeze-dried samples were initially stabilized at 
250 ◦C followed by carbonization at 900 ◦C in tube furnace under ni
trogen environment for 30 min to produce porous carbon. The ramp rate 
was 10 ◦C/min during carbonization. Schematic representation of the 
experimental process is shown in Fig. 1. 

Fig. 3. FTIR spectra for (a) pristine lignin, (b) 0.4HG, (c) 0.6HG and (d) 0.8HG 
after freeze drying. 
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2.3. Freeze-drying of hydrogels 

The three varying groups of lignin hydrogels were freeze-dried using 
a Eurotherm freeze-dryer under the following conditions: at − 20 ◦C and 
− 70 ◦C for the duration of a week. However, before these hydrogels 
underwent the process of freeze-drying, the synthesized hydrogels were 
stored in a − 80

◦

C freezer overnight. This overnight process had three 
steps, firstly for the beginning 8 h the hydrogels were kept in − 30

◦

C at 
atmospheric pressure. Secondly, the primary drying stage lasted for 16 h 
and was carried out at − 10

◦

C at 0.1mBar. Lastly, for the remaining 2 h 
the temperature was kept at − 20

◦

C at 0.1mBar. 

2.4. Characterization 

Morphological analysis was carried out by scanning electron mi
croscopy (SEM) in a Hitachi TM-1000 (Tokyo, Japan). Prior to analysis, 
samples were freeze-dried, fractured, and mounted on the SEM sample 
holder. In order to avoid charging and obtain better resolution images, 
gold layers were coated on samples with a sputter coater. The acceler
ating voltage during SEM observation was 15 kV. 

Structural analysis of lyophilized samples was carried out by Fourier 
transform infrared spectroscopy (FTIR) utilizing a PerkinElmer Spec
trum 100 Spectrometer (Waltham, Massachusetts, USA) with an atten
uated total reflectance (ATR) accessory. In total, ten scans were 
conducted for every test in a range between 4000 and 650 cm− 1. 

Rheological testing was carried out on control solution using TA 
Instruments Discovery HR-2 rheometer [Houston, USA]. Testing was 
performed with disposable stainless-steel plates measuring 25 mm and a 
loading gap of 25 mm. Flow sweep and strain sweep tests were per
formed at room temperature on the non-crosslinked samples (control) at 
a frequency of 1.6 Hz. The viscosities were measured as a function of 
shear rate from 0.5 to 500 s− 1. Samples were subjected to frequency 
sweeps from 0.1 to 100 Hz keeping the strain at a constant value of 2 %. 
Time sweep tests were carried out for crosslinked samples to monitor the 
evolution of viscoelastic properties. All solutions were magnetically 
stirred for 10 min before undergoing testing. 

The swelling capabilities of the hydrogels were evaluated by 
weighing them (Wd), placing them in Phosphate-buffered saline (PBS) 
solution and at regular intervals, before each weighing, the gels were 
dried with filter paper to eliminate excess surface water and weighed 
(Ws). A Gallenkamp [United Kingdom] was used to dry the gels over
night at 50 ◦C under vacuum before testing. The dry weight of samples 
was recorded prior to immersing them in PBS solution using a Sartorius 
balance. The hydrogel weight was measured periodically over the course 
of 26 h. The percentage swelling was calculated by eq. 1: 

%Swelling =
Ws − Wd

Wd
× 100 (1)  

where, Ws is the weight of the sample at each time point and Wd is the 
dry weight of the sample. 

The electrochemical behaviour of the lignin derived tailored porous 
carbons were studied using two electrochemical techniques, cyclic vol
tammetry (CV) and charge discharge, allowing characterization of the 
reversibility of the electron transfer process and the charge transfer 
resistance at the electrode–electrolyte interface, respectively. Porous 
carbon samples were mounted on a gold collector using quick set epoxy 
and left to dry overnight before measurement in a solution of H2SO4 at 1 
mol⋅L− 1. The data was collected in a two electrodes mode using an 
IVIUM n-stat potentiostat (Eindhoven, Netherlands). 

The values of the specific capacitance were calculated using the 
following equation: 

Cp =
I⋅Δt

ΔV⋅m
(2)  

where I is the constant charge current, Δt/Δ V is the inverse of the slope 
of the galvanostatic curves and m is the total active mass of the porous 
carbon electrodes. 

3. Results and discussion 

Organosolv lignin shows excellent solubility in 3.3 M NaOH due to 
the presence of phenolic groups [38]. Three series of samples were 
crosslinked with 0.4 g, 0.6 g and 0.8 g of PEGDGE (0.4HG, 0.6HG and 
0.8HG, respectively) and gelation proceeded over a 24 h period. 

Rheology was used to characterise the viscoelastic response of the 
hydrogel precursor solutions. Complex viscosity shows a near linear 
behaviour up to 3 % strain, with storage modulus G′ higher than loss 
modulus G′′, consistent with a solid-like behaviour at low strain rates. As 
the strain is increased, the moduli and complex viscosity all decrease. G′

and G′′ cross over just above 10 % strain as the lignin intermolecular 
interactions are disrupted and break down by the high rate of strain. 
Fig. 2 shows the dependence of the shear viscosity on the shear rate. The 
shear viscosity decreases rapidly below 0.1 Pa⋅s as previously reported 
[18]. Finally, the frequency sweep shows that the hydrogel solution has 
a liquid-like behaviour at low frequency, below 0.05 rad⋅s− 1, before 
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Fig. 5. Swelling test for (a) 0.4 HG, (b) 0.6 HG and (c) 0.8 HG freeze dried 
hydrogels during 26 h in PBS. 
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after stabilisation. 
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gaining a solid like behaviour, as the lignin chains movement become 
restricted and possibly aligned at higher frequency. The complex vis
cosity reaches a maximum at the crossover and decreases for higher 
frequency range. 

FTIR spectra of the pristine lignin and the freeze-dried hydrogels in 
the range from 4000 cm− 1 to 650 cm− 1 is shown in Fig. 3. The spectrum 
of the pristine lignin shows resonance bands characteristic to lignin 
[38]. The freeze-dried hydrogels spectra show additional bands at 3372 
cm− 1, 2921, 2868 cm− 1 and 1087 cm− 1. The O–H stretching band at 
3372 cm− 1 indicates the presence of hydroxyl groups generated when 
the propylene oxide ring is opened during the crosslinking process [39]. 
The bands centered at 2921 and 2868 cm− 1 correspond with the sym
metrical and asymmetrical C–H stretching of the methyl and methylene 
groups. Additionally, the C–O deformation in secondary alcohols and 
aliphatic ethers was observed at bands centred at 1087 cm− 1, being 
more intense as function of PEGDGE content. Finally, the presence of 
C––O and C–O stretching in ether linkage is evidenced at 1240 cm− 1 

[39]. 
The crosslinking process is carried out through the hydroxyl groups 

of lignin and the propylene oxide groups from PEGDGE as it described in 
[39]. The propylene oxide groups open in presence of the phenolate ions 
in lignin as they undergo hydroxymethylation, forming OH groups. This 

Fig. 7. SEM micrographs of the hydrogels after freeze drying, stabilisation and carbonization for 0.4HG, 0.6HG and 0.8 HG.  
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Fig. 8. Cyclic voltammetry of (a) 0.4 HG, (b) 0.6 HG and (c) 0.8HG at a scan 
rate of 200 mV⋅s− 1. 
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reaction derives in a highly interconnected structure with hydrophilic 
regions due to the presence of multiple ether linkages from the cross
linker. In a similar manner, the other extremity of the crosslinker links to 
other hydroxyl groups on the lignin chain forming both inter and 
intramolecular bonds with the overall outcome being a highly cross
linked hydrogel network. The reaction scheme is shown in Fig. 4. 

The capacity of the hydrogels to retain water is evaluated via a 
swelling test. The swelling degree for the 0.4HG samples reach over 
1600 %, as shown in Fig. 5, which is far above previously reported 
swelling capacities [39,40]. The increasing concentration of crosslinker 
decreases the swellability of the hydrogels, as expected with crosslink 
density increases [39,41,42]. In this reaction, we speculate that the 
generation of secondary alcohols which are linked to long ether chains 
may play a role in increased water uptake. Therefore the crosslinker 
content needs optimisation to allow these materials reach their potential 

Fig. 9. Cyclic voltammetry scans as a function of scan rate (50 to 200 mV⋅s− 1) 
for (a) 0.4 HG, (b) 0.6 HG and (c) 0.8HG. 

Fig. 10. Charge discharge plot for (a) 0.4 HG, (b) 0.6 HG and (c) 0.8HG at 1 A⋅g− 1 (cycle 500).  
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as next generation sustainable platforms for energy storage applications. 
Post stabilisation as shown in Fig. 6, the resonance bands at 1087 

cm− 1 are extinguished, suggesting a breakdown of the ester bonds by 
oxidation. This is further proven by the formation of a strong resonance 
band at 1710 cm− 1, characteristic of carboxylic acid formed from the 
oxidation of the ester. As the crosslinker concentration increases, the 
resonance due to OH stretching fades, which is consequent to a reduc
tion in the amount of hydroxyl groups eaten up by the proceeding 
crosslinking of the lignin, as the stabilisation process allows for low 
kinetic reactions to occur. 

Fig. 7 shows the morphology of the freeze-dried hydrogels with the 
three differing amounts of PEGDGE utilised in this study. All samples 
show a similar macro porous structure with interconnected channels in a 
3D arrangement. This morphology is characteristic of porous carbon 
materials derived from lignin [39,43,44]. For lignin based hydrogels, 
the pore structure changes and pore size decreases as a function of cross- 
linker content. The structure remains intact after thermal stabilisation. 
Stabilisation is necessary to avoid the fusion of lignin during heat 
treatment [13,45]. Finally, the carbonised material presents a 3D, 
interconnected and complex structure with voids and pores. The size of 
the voids is also dependent on crosslinker content with smaller voids at 
higher crosslinker concentrations. 

The electrochemical performance of the hydrogels was evaluated 
using cyclic voltammetry (CV) and the results are shown in Fig. 8. The 
0.4HG presents a wide, symmetrical boat-like shape that is typical of 
pseudocapacitive charge storage behaviour. While the overall shape is 
not dependent on the scan rate as shown in Fig. 9, the capacitive current 
increases with increasing scan rate [46]. Despite its high porosity, 0.8HG 
shows lower capacitance than 0.4HG. 

The charge-discharge behaviors of the 0.4 HG, 0.6 HG and 0.8HG at 1 
A.g− 1 in the potential window of 0 to 1 V are presented in Fig. 10. All 
samples present a curve distortion from linear behaviour, typical of 
pseudocapacitor behaviour and attributed to faradaic surface reactions 
[47]. The longest discharging time is noted for 0.4HG suggesting a su
perior capacitive performance. The repeated charge-discharge curves 
for 0.4 HG at different current densities in the potential window of 0 to 1 
V are shown in Fig. 11, showing good repeatability. 

Fig. 12 shows the evolution of the specific capacity of the hydrogels 
at 1 A⋅g− 1 and as a function of the charge-discharge cycles at 0.25 A⋅g− 1, 
0.5 A⋅g− 1 and 1.0 A⋅g− 1. Samples display excellent capacity retention up 
to 500 cycles. Taking 0.4HG at 0.25 A⋅g− 1, the specific capacitance in
creases, then decreases back to 14.12 F⋅g− 1 after 500 cycles. At 0.5 
A⋅g− 1, its specific capacitance decreases slightly from 19.30 F⋅g− 1 to 
15.72 F⋅g− 1 after 500 cycles. And at 1.0 A⋅g− 1, the specific capacitance 
decreases slightly from 19.84 F⋅g− 1 to 18.25 F⋅g− 1 after 500 cycles 
indicating an overall good behaviour of these platforms. As expected, 
1.0 A⋅g− 1 has the highest specific capacitance values and 0.25 A⋅g− 1 has 
the lowest values for the same sample. These results correlate with the 
results shown in Fig. 11 (Galvanostatic curves of 0.4HG at 0.5 A⋅g− 1, 1.0 
A⋅g− 1 between 0 and 1 V) as capacitance and the length of time to charge 
discharge is inversely proportional. The average capacitance obtained 
for the 0.4HG, 0.6HG and 0.8HG is 18.7 F⋅g− 1, 0.02 F⋅g− 1 and 0.18 F⋅g− 1 

respectively, measured at 1 A⋅g− 1. 

4. Conclusion 

This study presents a novel method for the preparation of porous 
carbon using organosolv lignin. The precursor hydrogel of lignin/ 
PEGDGE was synthesized via chemical crosslinking. A high swelling 
degree of over 1600 % is observed for the synthesized hydrogels. It was 
found that lignin precursor materials can be modulated via tailoring of 
crosslinker content in order to modify their structure, properties, and 
performance. Porous carbon aerogels are produced by carbonizing 
freeze-dried lignin hydrogels. The synthesized porous carbon materials 
were tested as electrode materials for supercapacitors. In a symmetrical 
electrode assembly, 18.7 F⋅g− 1 specific capacitance was obtained at 1 
A⋅g− 1 for the 0.4 G sample. Consequently, these results demonstrate that 
lignin is a promising material to be used for next-generation sustainable 
and high-performance electrodes for supercapacitors. 
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