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A B S T R A C T

Electrooxidative depolymerization of lignin enables obtaining renewable value-added chemicals under soft 
operation conditions. However, current nickel foam electrodes do not fully utilize their active phase. In this 
study, non-woven mats consisting of metal-containing carbon nanofibers were prepared by electrospinning of 
lignin and Ni, Co and/or Pd solutions. These mats, without further processing and additives, were tested as self- 
standing electrodes in the electrooxidative depolymerization of alkaline kraft lignin solution using a filter press 
electrolyzer at room temperature. The fibrillar electrocatalyst containing 10 % wt of Ni (CFNi10) showed the 
most promising results, producing i) up to 77 % of oxygen-rich depolymerized lignin solid, ii) a water-soluble 
fraction yield up to 19.8 % wt iii) total vanillin yield of 1.1 % wt, using specific charges as low as 250 C/ 
glignin, outperforming the commercial nickel foam electrode, and iv) full reusability. Consequently, the activity of 
the process is improved, while the amount of nickel deployed on the electrochemical cell is notably decreased 
from 30 down to 0.3 mg/cm2. The results of the present paper also demonstrate that lignin electrochemical 
depolymerization needs to be promoted by reactive oxygen species and/or in-situ generation of hydrogen 
peroxide.

1. Introduction

Lignocellulosic biomass is considered as the most promising renew
able source of energy and added-value products. The sustainability of 
lignocellulosic-based industrial processes is highly reliant on full valo
rization of all biopolymers present in lignocellulosic biomass, i.e. cel
lulose, hemicellulose and lignin [1]. Lignin is a three-dimensional and 
heterogeneous macromolecule that is mainly composed of aromatic 
rings, making it the largest biobased feedstock for sustainable produc
tion of aromatic chemicals. Lignin polymeric structure enables direct 
uses in obtaining biobased materials as cement additives, polymeric 
blends or phenolic resins, among others [2]. In addition, value-added 
chemicals can be obtained from lignin through depolymerization [3,
4], while the high aromatic carbon content also allows obtaining 
advanced carbon materials such as carbon fibers, carbon molecular 
sieves, hierarchical porous carbons or activated carbons [5,6].

Lignin depolymerization is carried out through thermochemical, 
reductive and oxidative methods and the distribution of aromatic 

products vary according to the operating conditions. Generally, these 
depolymerization methods requires either high pressure and/or high 
temperature, involves the use of toxic chemicals, noble metals as cata
lysts and often are non-selective, producing a large collection of prod
ucts and leading to the development of greener depolymerization 
processes [7,8]. Novel sustainable strategies are needed to increase 
selectivity and decrease the requirement of critical elements.

Electrochemical treatment of lignin is a method with high potential 
for lignin depolymerization that is fully integrated with the green 
chemistry principles. Compared to traditional oxidative depolymeriza
tion of lignin, the electrochemical process stands out for its mild reaction 
conditions, i.e. atmospheric pressure and room temperature [9]. In a 
similar way to conventional methods, the electrochemical cleavage of 
lignin can be achieved via reductive treatment at cathode, oxidative 
treatment at the anode and even through the combination of both pro
cesses. Anodic oxidation is the most investigated and reported treatment 
in the literature for lignin conversion [10–18], but some literature can 
be also found about reductive and combined treatments [18–21]. In the 
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latter approach, three strategies can be followed, i.e., direct, indirect and 
electrical-chemical combination reactions [10,11]. In direct electro
oxidation, the electrode itself acts as a heterogeneous electrocatalyst, 
producing the so-called lignin or lignin model compounds oxidation on 
it [22,23]. For this purpose, transition metals such as nickel or cobalt, 
noble metals as Pd, Ru or Pb/PbO2 are usually used [24–26]. As for 
indirect electrooxidation, a homogeneous electrocatalyst or a redox 
mediator accepts the electrons from the lignin molecules. The reduced 
mediator is regenerated on the electrode surface after transferring the 
electrons (i.e. it is oxidized). The most used homogeneous electro
catalysts are polyoxometalates, laccases or TEMPO (2,2,6,6-tetrame
thylpiperidine-N-oxyl), with transition-metal complexes gaining more 
attention recently [27,28]. Finally, in the electrical-chemical combina
tion reaction, lignin can be oxidized both at the anode and within the 
solution by the effect of reactive oxygen species (such as radical oxygen 
species or H2O2) that can be produced at the cathode and/or at the 
anode [26]. The electrocatalytic oxidation of lignin generates the for
mation of aromatic monomers derived from the monomeric units found 
on the starting lignin, along with a decrease in the average molecular 
weight distribution [10]. Usually, a harsher applied voltage or intensity 
current during the treatment leads to stronger depolymerization degree 
of lignin and higher monomeric yield. However, excessive oxidation can 
not only lead to monomeric decomposition or even full mineralization of 
lignin, but under these extreme conditions in aqueous medium, it can 
also trigger other competing reactions such as the oxygen evolution 
reaction (OER) involving the oxidation of water to produce molecular 
oxygen, protons and electrons detracting from the efficiency and selec
tivity of lignin oxidation by diverting the electrochemical resources 
needed for the desired reaction [29].

The performance of the electrochemical cells is dominated by the 
efficiency of the electrodes, which must have high electrical conduc
tivity and a large electroactive surface area, in addition to high chemical 
and mechanical resistances [30]. In this sense, nickel foams and graphite 
felts and papers, which are composed by carbon fibers, fulfill these re
quirements. Therefore, they currently are the electrode of choice for a 
large collection of commercial electrochemical applications. However, 
nickel is regarded as a critical mineral [31], whereas carbon fibers are 
mostly prepared from polyacrylonitrile, which has a non-renewable 
origin, and the carbonized fibers are prepared by wet or melt spin
ning, showing sizes well over the micron scale. The limitation of the 
current methods for the preparation of carbon fibers can be overcome by 
electrospinning, a top-down and scalable technique that allows the 
production of nanofibers, with a high surface-to-volume ratio, by sub
jecting a polymeric solution of certain viscosity and electrical conduc
tivity to an electric field [32]. Such carbon fibers have been identified as 
promising electrocatalysts for different applications, such as energy 
storage or electro-adsorption [33,34]. In addition, lignin is an ideal raw 
material for the preparation of carbon fibers due to the high carbon 
content and aromatization degree [5]. Indeed, lignin can be processed 
into carbon fibers using electrospinning [5] and it has been successfully 
used for the preparation of flexible porous carbon mats with high elec
trical conductivity and porosity [35], showing outstanding performance 
as electrodes of supercapacitors [36], redox flow batteries [37] or so
dium metal batteries [38]. Moreover, fibrillar carbon catalysts and 
electrocatalysts containing heteroatoms and metals can be easily ob
tained by dissolving small quantities of inorganic salts and/or acids in 
the lignin solution for electrospinning. Following this one-pot proced
ure, the preparation of P-containing acid catalysts, cobalt-containing 
porous carbon fiber catalysts and platinum containing electrocatalysts 
have been reported [39,40]. On the other hand, the main problems 
related to the electrooxidative depolymerization of lignin are strongly 
related to the low lignin conversion per unit of catalyst specie, the low 
stability of the catalysts at the reaction conditions and the associated 
high cost of catalyst preparation [41]. Several studies have tackled these 
challenges by generating reactive oxygen species, such as H2O2, through 
the use of anodes made from noble metals like Ru, Ir, or Pt, as well as 

carbon-based materials such as graphite felt or glassy carbon [26,
42–47]. These anodes, when employed in different electrolytes, have 
shown effectiveness in promoting lignin depolymerization. However, to 
our knowledge, electrodes made of electrospun carbon nanofibers 
loaded with metals remain unexplored as electrocatalysts for lignin 
electrooxidation. Herein, the authors present, for the first time, the use 
of carbon fibers prepared by electrospinning of lignin for the electro
oxidative depolymerization of lignin. This dual valorization of this res
idue, transforming it into industrially interesting carbon fiber-based 
electrocatalysts and producing high-value compounds from its electro
oxidation, represents a pioneering approach that could greatly improve 
not only the sustainability of the process, but also solving the problems 
mentioned above. Hence, metal loaded electrospun carbon fibers have 
shown high stability and activity as catalysts for different reactions 
owing to a well-dispersed and accessible active phase, high porosity and 
outstanding heat and electrical conductivity [35,40,48]. In addition, the 
use of lignin, a lignocellulosic residue, as a feedstock helps to circumvent 
the high costs typically associated with catalysts.

This work analyzes the electrooxidation of Kraft lignin using anodic 
electrodes derived also from lignin and prepared by electrospinning 
technique. The optimization of the preparation conditions of the lignin 
fibers and the metal-containing lignin fibers, as well as the performance 
of transition or noble metal-containing carbon fibers as electrocatalysts 
have been studied. Special attention has been paid to the yields toward 
different electrooxidation products, and also to characterize the 
composition of the liquid products and the solid fraction generated by 
the electrochemical oxidation of lignin.

2. Materials and methods

2.1. Chemicals

Indulin-AT (IND), a pine wood Kraft lignin, was produced by West
vaco Chemical Division. Organosolv lignin was supplied by American 
Science and Technology Corp (AST). Polyvinylpyrrolidone (PVP) (Mw 
= 1,300,000 g/mol), acetic acid (glacial, ≥ 99 %), Nafion® (5 % wt 
perfluorinated resin solution), nickel (II) acetate tetrahydrate (98 %), 
cobalt (II) acetate tetrahydrate (reagent grade, 98 %) and palladium (II) 
acetate (reagent grade, 98 %) were provided by Sigma-Aldrich. NaOH 
(98 %) was purchased from PanReac AppliChem. N2 5.0 quality (purity 
of 99.999 %) was provided by Linde.

2.2. Catalysts synthesis

Lignin fibers were prepared by electrospinning technique using co
axial configuration as reported elsewhere [49,50]. In that way, a solu
tion of AST-PVP with acetic acid as solvent flows through the inner 
injector, while additional acetic acid is pumped through the outer needle 
to avoid solidification of the Taylor cone. AST concentration was varied 
between 27 and 40 % wt, whereas PVP concentrations between 1 and 5 
% wt were used. In a typical synthesis, 0.55 g of PVP and 5 g of AST were 
loaded into a 50 mL glass flask. Then, 12.3 mL of acetic acid was poured 
into the glass flask, which was stopped and kept under constant stirring 
at 200 rpm overnight. The resulting lignin-PVP solution was fed through 
the inner needle of the coaxial spinneret at 2 mL/h using a syringe pump 
(Cole Palmer®, Vernon Hills, Illinois). Acetic acid was added through 
the outer needle using a flow rate of 0.4 mL/h. The applied electrical 
potential difference between the needle and the collector electrodes, 
which were set at 20 cm of distance, was 26 kV.

Nickel-, cobalt- and palladium-containing lignin fibers were pre
pared by the addition of the corresponding acetate salt, i.e. Ni 
(CH3CO2)2⋅4H2O, Co(CH3CO2)2⋅4H2O or Pd(CH3CO2)2 to the initial 
solution, in order to obtain a metal content on the final carbon fiber of 
10 % wt for Ni and 3 % wt for Ni, Co and Pd. In addition to 
monometallic-containing carbon fibers, bimetallic Ni-Co and Ni-Pd 
carbon-based fibrillar electrocatalysts were prepared using nominal 
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weight ratios of 1:4 and 1:3, respectively.
In order to avoid the softening and melting of the lignin fiber during 

the subsequent thermal treatment, an oxidative thermostabilization 
process was necessary due to the low glass transition temperature (Tg) of 
lignin. In this line, air oxidation is widely known and used method of 
stabilization due to its cost-effectiveness [51]. Thus, all the lignin fibers 
were oxidized in a programmable oven (J.P. SELECTA, s.a., Barcelona, 
Spain), being heated from 50 ◦C to 200 ◦C with a heating rate of 
1.8 ◦C/h, similar to previously reported [52]. The stabilized samples 
were heat treated at 900 ◦C in a horizontal furnace (CARBOLITE GERO, 
Hope Valley, United Kingdom) with a N2 flow of 150 mL STP/min using 
a heating rate of 10 ◦C/min, as previously reported [53]. The carbonized 
samples were cooled to room temperature keeping the N2 flow. The 
resulting electrocatalysts consist of non-woven mats of carbon fibers 
containing different metals. In this way, 7 different electrocatalysts were 
obtained and labelled as CF followed by the metal and the amount of it 
they contain. CFNi10 was used for the specific case of carbon fiber with 
10 % wt of Ni.

2.3. Characterization of the samples

The composition of IND and AST lignins were analyzed in terms of 
moisture (ASTM E− 949), volatile matter (ASTM E− 872) and ash (ASTM 
E− 1755) contents, while fixed carbon was obtained by difference. Ul
timate analysis was carried out in order to assess the chemical compo
sition of lignin using a CNHS EA3000 (Eurovector), which measured the 
C, H, N and S concentration simultaneously, while the amount of O was 
calculated by difference. Gel permeation chromatography (GPC) ana
lyses were performed on samples with a 1260 Infinity II LC System 
(Agilent) equipped with three 300 × 7.5 mm PLgel 3 μm MIXED-E col
umns in series and a refractive index detector. THF was used as eluent 
with a flow rate of 1 cm3/min. The operating conditions were 14 Mpa of 
pressure and 42 ◦C of temperature in the columns. The injection was 
carried out using 20 μL of a 10 mg/cm3 lignin solution in THF. Poly
styrene samples with different molecular weight (ranging from 
70,000–266 Da from Sigma Aldrich) were used as calibration standard 
and toluene was used as a flow marker. Differential scanning calorim
etry (DSC) was performed on a METTLER TOLEDO differential scanning 
calorimeter equipment, DSC 1 model, with a 50 cm3/min air flow. Prior 
to analysis, the AST was dried in an oven for 12 h at 60 ◦C. Then the 
sample was first heated from room temperature to 90 ◦C for 1 h, cooled 
to room temperature and heated again to 150 ◦C in order to determine 
the glass transition (Tg) of the sample.

The morphology and texture of the carbon fibers were studied by 
scanning electron microscopy (SEM) and transmission electron micro
scopy (TEM), respectively. SEM images were taken in a JSM 6490LV 
(JEOL) microscope working at 20 kV, whereas TEM ones were recorded 
in a Talos F200X (Thermo Fischer Scientific) microscope at 200 kV. The 
average size of the carbon fibers was estimated from SEM and TEM 
images, using imageJ program, after the analysis of more than 120 cases 
for each different fiber. Similarly, the average metal particle size in the 
carbon fibers was determined with 100–200 particles presented in the 
TEM images using the imageJ software. The X-ray diffraction (XRD) 
patterns of the carbon fibers were registered in an EMPYREAN diffrac
tometer (PANalytical) equipment, with 45 kV over a 2θ range of 5-80 ◦, a 
CuKα1 (1.5406 Å) monochromatic radiation and 40 mA. The average 
crystal size was calculated using the Scherrer equation. The leaching of 
nickel onto the lignin solution was checked in the EAT unit of SCAI by 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in a NEXION 
300D (PerkinElmer) attached to a single quadrupole mass spectrometer 
detector and He gas collision cell.

The porosity of the carbon fibers was analyzed by N2 adsorption- 
desorption at − 196 ◦C and CO2 adsorption at 0 ◦C, with a Micro
meritics ASAP2020 equipment. All the samples were subjected to 
degasification for at least 8 h at 150 ◦C. The specific surface area (ABET) 
was obtained from N2 adsorption-desorption isotherm using the BET 

equation. In addition, micropore volume (Vs) were assessed with the αs 
method. Moreover, the volume of mesopore (Vmes) was calculated as the 
difference between the adsorbed volume at relative pressure of 0.98 and 
Vs. In order to determine the narrow micropore volume (VDR), the 
Dubinin-Radushkevich method was applied to the CO2 adsorption. To 
calculate those mentioned textural parameters from the N2 isotherms at 
− 196 ◦C and CO2 at 0 ◦C, the IUPAC recommendations have been fol
lowed [54]. With the objective of obtaining the pore size distribution, 
the 2D-NLDFT heterogeneous surface model combining both the N2 and 
CO2 adsorption isotherms was used [55]. The X-ray photoelectron 
spectroscopy (XPS) was used to analyze the surface chemistry of the 
carbon fibers. This analysis was carried out with a PHI 5000 VersaProbe 
II equipment working with a monochromatic Al Kα radiation source 
(1486.6 eV). The maximum of the C1s peak has been positioned to the 
XPS photoemission energy of the C-C and C=C bonds (284.5 eV) as the 
internal reference to correct the position of the other peaks. The bulk 
inorganic composition of all the samples was determined by X-Ray 
Fluorescence (XRF) analysis in an atomic fluorescence wavelength 
dispersive spectrometer THERMO ARL PERFORM’X equipment.

The electrochemical characterization of the electrocatalysts was 
carried out using a Biologic SP-200 potentiostat in a standard three 
electrode cell equipped with a Pt wire as counter electrode and a com
mercial Ag/AgCl/KCl 1 M electrode (HI5313, Hanna Instruments) as the 
reference one. The electrocatalysts were cut into rounded slices (Ø: 3 
mm, specific weight of 2–3 mg/cm2) with a puncher. The slices were 
fixed to the tip of glassy carbon rod (diameter of 3 mm) using 3 μl of 
Nafion® (5 % wt perfluorinated resin solution), and the resulting as
sembly was used as the working electrode. A 1 M NaOH aqueous solu
tion was used as supporting electrolyte. N2 was bubbled in the cell for 5 
min before the analysis. The electrochemical properties of the electro
catalysts were studied by cyclic voltamperometry under a potential 
window of − 0.5 to 0.8 V at 10 mV/s of scan rate. The electrochemical 
response of the electrocatalysts for IND lignin oxidation reaction was 
also evaluated under the same conditions by adding 5 g/L of lignin into 
the NaOH solution.

2.4. Electrooxidation experiments and product characterization

The electrooxidative depolymerization of lignin was carried out in a 
batch electrolyzer using an electrochemical filter-press cell. A scheme of 
the experimental setup is shown in Fig. S1. The electrolyte, which was 
always circulating in a close loop, was supplied to the filter-press cell by 
a Multifix peristaltic pump attached to a 100 mL tank. Either nitrogen or 
oxygen were bubbled in the tank to control the possible contribution of 
the electrochemical reduction of oxygen into hydrogen peroxide to the 
lignin depolymerization process. As for the electrode assembly, a 4 cm2 

square slice of the electrocatalyst mats were cut and attached to the 
current collector through a SS-304 mesh, which enhanced the contact by 
decreasing the ohmic drop between the collector and the electrodes. The 
metal-containing electrocatalysts were placed as positive electrode, 
whereas the metal-free carbon fibers served as negative electrode. 
Commercial nickel foam (1 mm thickness) and Toray carbon paper 
(0.37 mm thickness) were also used as positive and negative electrodes, 
respectively, for benchmarking purposes. In order to avoid short circuits 
in the system, the electrodes were physically separated using a Nylon 
membrane (0.45 μm, Millipore). In a typical run of electrooxidation 
reaction, 100 mL of a 1M NaOH solution with 25 g/L of IND lignin were 
added to the electrolyzer tank and pumped through the filter-press cell 
at a flow rate of 360 mL/min. Sample aliquots were extracted at 
different reaction times between 0 and 4 h to determine the concen
tration of the different products. The residual lignin and the corre
sponding liquid products were recovered and analyzed at the end of the 
run.

M. García-Rollán et al.                                                                                                                                                                                                                        Biomass and Bioenergy 193 (2025) 107560 

3 



2.4.1. Direct electro-oxidation, electrical-chemical ROS-assisted and 
electrical-chemical H2O2-assisted lignin depolymerization experiments

Fig. S1B shows the batch electrolyzer configuration used for studying 
the direct electrooxidation of lignin. To ensure that the oxidation pro
cess only proceeded from the oxidative effect of the positive electrode, 
the solution was previously deoxygenated with a constant bubbling of 
N2. The potential of the positive electrode was fixed in order to achieve a 
potential of 0.6 V vs the standard hydrogen electrode (SHE), i.e. the 
onset potential to enable the direct lignin electrooxidation process, by 
placing a calomel reference electrode (HI5412, Hanna Instruments) in 
the electrolyte tank.

The same configuration was used for the study of the assisted elec
trooxidation of lignin by radical oxygen species (ROS) Fig. S1C. For this 
purpose, the formation of ROS on the positive electrode was promoted 
by working under galvanostatic mode, setting the current intensity at 
values of 100, 200 and 400 mA, based on geometric current density 
values previously reported in the literature [56].

Finally, the electrooxidation of lignin through the combined forma
tion of ROS at the anode and hydrogen peroxide produced by oxygen 
reduction at the cathode was also studied. The 10 % wt. nickel fibrillar 
electrocatalyst was set as anode and the metal-free carbon fibers as 
cathode as depicted in Fig. S1D. In this experiment, O2 was bubbled at 
50 ml/min STP in the electrolyte tank. The oxygen-saturated electrolyte 
solution containing the IND lignin at concentrations of 25 g/L or 100 g/L 
was forced to circulate from both sides of the cell, while the electrical 
current was set to 100 mA.

Using the last setup, the performance of commercial nickel foam and 
Toray paper electrodes was assessed for the sake of comparison. The 
reusability as electrocatalyst of the lignin-based carbonized mats was 
also evaluated in this configuration by cleansing the filter-press elec
trodes by pumping 100 mL of 1 M NaOH solution for 10 min and 
replacing the 100 g/L lignin solution in the tank with a fresh one before 
running a second test.

2.4.2. Reaction products analysis
The concentration of the monomers produced by the depolymer

ization of IND lignin during its electrooxidation was monitored by 
sampling at different time intervals following the protocol depicted in 
Scheme S1. Briefly, 1 mL of reaction liquid was taken from the lignin 
tank, acidified with concentrated HCl in order to remove the lignin, and 
extracted with ethyl acetate (EtAc), with a reaction liquid to EtAc ratio 
value of 10 (v:v), until the aqueous phase showed negligible amounts of 
lignin depolymerization products. The EtAc phase is diluted 1:100 in 
EtAc for the qualitative identification of the monomeric products, using 
a gas chromatograph coupled to a mass spectrometer Agilent 7000 D 
GC/MS Triple Quad (GC-MS), equipped with a 30 m DB-624 column. 
The chromatographic method started at 60 ◦C, with a final temperature 
of 240 ◦C and a heating rate of 8 ◦C/min and holding time of 20 min. 
Calibration curves in the 1–50 ppm range, using dodecane as external 
standard, were established for the determination of the concentration of 
the most abundant monomers.

The remaining lignin along with the organic compounds were 
precipitated from the solution by adding concentrated HCl for the 
determination of the solid and the corresponding total monomers and 
oligomers yields. The Total Organic Content (TOC) of the liquid phase 
was determined in a multi N/C 3100 + HT 1300 (Analytik Jena) using a 
1:50 dilution in distilled water. The solid fraction was washed with 
distilled water to remove salts, dried at 60 ◦C overnight, weighted and 
submitted to different characterization analyses to evaluate the changes 
in composition and structure.

Finally, the lignin conversion and the selectivity and yield to the 
different oxidation products were calculated as follows: 

Conversion (%)=
Initial lignin (wt)-residual lignin (wt)

Initial lignin (wt)
x 100 (1) 

Selectivity (%)=
Producti (wt)
∑

Producti(wt)
x 100 (2) 

Product yield (%)=
Producti (wt)

Initial lignin (wt)
x 100 (3) 

Where initial and residual lignin are the weight of the lignin at the 
beginning of the reaction and the weight of the solid remaining at the 
end of the reaction, respectively, while Producti is the weight of vanillin, 
guaiacol, acetovanillone or the rest of the identified and quantified 
monomers by GC-MS.

3. Results and discussion

3.1. Lignin characterization

The most relevant physicochemical properties of the AST and the 
IND lignins are compiled in Table 1. The elemental composition shows 
that both lignins have a similar carbon and hydrogen content. Their high 
carbon amount indicates their promising potential to prepare carbon 
materials with a high yield. In addition, the presence of nitrogen in AST 
lignin could make it a interesting raw material for the preparation of 
carbon fibers with nitrogen functionalities, which are known to improve 
wettability and electrical conductivity in carbon materials and generates 
catalytic active sites for electrochemical reactions [57]. In contrast, the 
high content of sulfur in the IND lignin disables any potential use as 
carbon precursor for the preparation of Pd, Ni and Co electrocatalyst, 
since sulfur poisons noble metal catalysts and it would form sulfides 
with transition metals during the carbonization of the metal-containing 
lignin fibers. Proximate analyses show lower amounts of impurities in 
the organosolv lignin, AST (i.e. ash content) compared to Kraft lignin, 
IND, due to the use of NaOH and Na2S during the extraction of the latter.

The molecular weight and the polydispersity of the lignins have been 
studied by GPC. Table 1 collects the molecular weight (MW) and the 
polydispersity (PD) of the lignin and Fig. S2 represents the corre
sponding molecular weight distribution. Traditionally, the production of 
fibers by electrospinning requires the preparation of a solution with high 
enough viscosity to balance the surface tension of the solvent. For this 
reason, polymers used in electrospinning usually have a high molecular 
weight. However, AST lignin shows a molecular weight of 1611 mol/g 
and a polydispersity of 2.33 (Table 1), which makes it very difficult to 
produce a solution with the appropriate rheological properties for 
electrospinning.

Moreover, DSC Curve in Fig. S3 reveals glass transition temperature 
(Tg) of 60 ◦C and low melting point (Tm) for the AST lignin. To increase 
Tg and prevent softening during heat treatment process to produce the 
carbonization of the lignin fibers, an oxidative stabilization treatment at 
low heating rates prior the carbonization, which favors polymer cross- 
linking reactions, is required [51]. Further methods for minimizing 
the thermostabilization time of lignin fibers can be found in literature, 
such as spinning with small amounts of phosphoric acid [58], or adding 
a copolymer in the spinning solution [59]. The latter approach was 
chosen in this case by adding PVP to the electrospinning solution.

The preparation of AST lignin fibers by co-axial electrospinning was 
studied at different AST lignin (24–41 % wt) and PVP (1–5 % wt) con
centrations. The best conditions to produce fibers were obtained with 27 
% wt of AST lignin and a 9:1 lignin:PVP mass ratio. The corresponding 
SEM micrographs of the fibers obtained at the different experimental 
conditions can be found in Fig. S4A-G, confirming that, under these 
conditions, continuous lignin fibers with high aspect ratios and smooth 
surfaces are obtained even when the NiAc2⋅4H2O content is increased up 
to 5 % wt to the electrospinning solution, Fig. S4F, enabling the 
obtention of the metal-containing carbon fibers in just one preparation 
step.
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3.2. Carbon fibers production and characterization

Electrospinning of PVP-lignin solutions produces flexible non-woven 
mats that can be easily shaped or cut into the desired geometry to be fit 
into the electrolyzer filter-press cell. However, these mats need to be 
carbonized in order to decompose the metal precursor, produce the 
metal nanoparticles that serve as catalytic sites and generate carbonized 
fibers with enhanced electrical conductivity. As stated before, the elec
trospun mats require pretreatment to increase the glass transition tem
perature before carbonization, avoiding partial fusing or melting of the 
fibers in the process. For this purpose, they are submitted to an air 
stabilization step [35].

Fig. 1 shows SEM images of the metal-free and metal-loaded carbon 
mats. The fibers have retained fibrillar morphology after carbonization, 
with no signs of total or partial melting during carbonization. Most fibers 
seem to show smooth surfaces and to be continuous, thus presenting a 
high aspect ratio. The average carbon fiber diameters, determined from 
SEM images, are also represented in Fig. 1G. The diameters are in the 
range of 0.8–0.9 μm, exception made of the fibers without metallic 
phase, which shows a larger size, and the CFNiPd sample. The smaller 
sizes obtained in metal-containing CFs are mostly explained by the so
lution conductivity, which needs to be compensated by increasing the 
lignin solution feed rate and the applied potential difference in elec
trospinning process. The obtained diameters are far below those ob
tained with other spinning techniques, such as melt or thermal spinning 
[60], being ten times smaller than the carbon fibers of gas diffusional 
layers used for supporting electrocatalysts, such as Toray’s carbon fiber 
paper [61].

The thermostabilization, carbonization and overall treatments yields 
of different carbon fibers production are also summarized in Table 2. 
The air stabilization stage resulted in a significant loss of mass, which 
might be related to the evaporation of occluded acetic acid (≈30 % wt) 
and to the evolution of H2O from condensation and dehydration re
actions involved in the crosslinking process, which increases the Tg of 
the lignin fibers [52]. The relatively low yield observed in the CFs after 
the stabilization process, compared to those obtained by the stabiliza
tion of electrospun Alcell lignin fibers (61 vs 76–77 % wt) [53,58], is 
probably connected to the high sugar content of the AST lignin studied 
in this work (18 % wt of holocellulose content, measured according to 

ASTM D-1104).
The presence of metal in the polymeric fiber slightly increases the 

yield in the stabilization step, probably due to the formation of metal 
oxides and catalytic oxidation of lignin. A similar behavior has been 
recently observed during the air stabilization step of electrospun cobalt- 
loaded Alcell lignin fibers [40]. Carbonization yields are between 40 and 
50 % wt, Table 2. The loss of volatile matter, the decomposition of 
surface oxygen groups and metal acetate salts and the carbothermal 
reduction of the resulting metal oxides take part during carbonization of 
metal-containing lignin fibers, with different extends depending on the 
nature of the involved metal [40].

The structure of the carbonized fibers has been studied by TEM, 
Fig. 2A-F. The lack of defects is a common feature of all the analyzed 
carbonized fibers. However, the distribution and sizes of metallic 
nanoparticles greatly depends on the nature of the metallic phase, as 
depicted by the average size values reported in Fig. 2G. The micrographs 
reveal that CFNi3 have discrete and large-sized nanoparticles, while 
CFPd micrographs show smaller and well distributed nanoparticles 
(average size of 7.3 nm vs 17.2 nm for the former sample), which sug
gests a greater sintering of Ni during carbonization. The size of nickel 
nanoparticles increases from 17.2 up to 19.4 nm with metal loading, as 
denoted by the formation of particles as large as 50 nm on the surface of 
CFNi10, Fig. 2D. Differently, Co is capable to be finely dispersed on the 
surface of the fiber, presenting the smallest nanoparticle sizes and a 
narrower particle size distribution than those of CFPd and CFNi3 
counterparts (see inset on Fig. 2B). Similar trends are observed for the 

Table 1 
Physicochemical properties of raw lignins.

Sample Ultimate analysis (% wt) Ash (%wt) XRF (% wt) GPC

C H N S O Na Others MW (g/mol) PD

AST 64.9 6.7 2.5 0.3 25.6 <0.1 <0.1 <0.1 1611 2.3
IND 62.3 6.0 0.8 1.2 29.7 2.7 0.3 0.9 6549 9.9

Fig. 1. SEM images of the different electrospun carbonized fiber & average fiber diameter of the carbon fibers.

Table 2 
Thermostabilization, carbonization and overall treatments yields of the prepa
ration of the carbon fibers.

Sample Yield (% wt)

Stab. Carb. Overall

CF 61 43 26
CFNi3 72 41 30
CFNi10 73 40 29
CFCo 70 39 28
CFPd 68 50 34
CFNiCo 74 39 29
CFNiPd 69 46 32
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bimetallic electrocatalysts, where the addition of Ni to Co- and Pd- 
catalysts results in a small size increase, Table 2.

The crystalline dispersion of the active phase of the electrocatalysts 
have been also tracked by XRD. The diffraction patterns of the different 
carbon fibers (Fig. S5A) show as a shared feature a broad peak at 43◦, 
corresponding to the (10) peak of graphite. The development of this 
peak is related to the lateral size of the graphene-like layers composing 
the CFs, a desirable feature that increases the electrical conductivity of 
the carbon fibers [35]. The presence of metals in the CFs provides an 
additional positive outcome, since the (10) peak gets narrower and 
better defined. Only the peaks corresponding to crystalline metallic 
nickel (at 44.5 and 51.9◦) in the CFNi3 and CFNi10 samples are 
observed. From these results, average crystal sizes of 18.2 and 23.7 nm 
can be derived for these two samples, respectively, which seem to agree 
well with TEM results. No other signals have been detected for the rest of 
the samples, ruling out the presence of crystal sizes larger than 5 nm (i.e. 
the lower detection limit of the XRD device).

The porosity and apparent surface area are key parameters for the 
performance of electrocatalysts. Table 3 summarizes the main textural 
parameters derived from N2 adsorption-desorption isotherm and CO2 
adsorption isotherm obtained at − 196 ◦C and 0 ◦C, respectively. The 
results show that microporosity is developed during carbonization of the 
CF sample, achieving a Vs of 0.20 cm3/g and apparent surface area 
(ABET) of more than 500 m2/g. These values are lower than those re
ported for carbonized pure Alcell ® lignin fibers [52]. The similar 
micropore volume derived from the N2 and CO2 adsorption isotherms 
suggests the presence of narrow porosity, with micropore sizes around 

0.7 nm [54]. For most of the metal-containing carbon fibers, the 
adsorption of N2 was almost negligible. However, these samples retain 
the same micropore volume determined by CO2 adsorption as that of the 
CF. These differences can be associated with diffusional problems inside 
narrow micropores (<0.7 nm), which are not easily accessible for N2 at 
such a low adsorption temperature (− 196 ◦C), but available for CO2 at 
0 ◦C. Particularly, CFNi3, CFNi10, CFPd and CFNiCo presented larger 
metal nanoparticle sizes, which could be blocking the access to pores 
larger than 0.7 nm. In the case of CFCo and CFNiPd, which have the 
finest distribution of the metallic phases, these pores may be partially 
accessible, showing almost half of the micropore volume determined by 
N2 adsorption than that of the metal-free carbon fibers.

Table 3 also contains the surface and bulk concentrations measured 
by XPS and XRF, respectively. Bulk concentrations are close to the 
nominal metal concentration values for each electrocatalyst. However, 
the discrepancy between XRF and XPS results suggests that the distri
bution of nickel on the surface of CFNi3 and CFNi10 is not homoge
neous, being this concentrated on the inner surface of the carbon fibers. 
To verify that the nickel has been homogeneously distributed 
throughout the carbon fiber radius, an XPS depth profile analysis with 
Ar sputtering was performed (Fig. S5B). Nickel mass concentration in
creases with the sputtering time, suggesting that the concentration of 
nickel inside the fiber is higher than that on the fiber external surface. 
The same conclusion can be made for CFCo sample. Differently, the Pd- 
containing carbon fiber catalysts, which showed some roughness in SEM 
images that were identified as surface metal nanoparticles in TEM, have 
a larger Pd XPS surface concentration, Table 3, reaching values three 

Fig. 2. TEM images of the electrospun metal-containing carbon fibers & average particle size of the metallic phase.

Table 3 
Porosity parameters, surface (XPS) and bulk (XRF) mass concentration of the carbon fibers.

Sample CF CFNi3 CFNi10 CFCo CFPd CFNiCo CFNiPd

N2 ads-desorp isotherm
ABET (m2/g) 505 5 5 350 5 5 350
Vmeso (cm3/g) 0.01 <0.01 <0.01 0.03 0.01 0.01 0.03
Vs (cm3/g) 0.20 <0.01 <0.01 0.13 0.01 <0.01 0.13
​ ​ ​ ​ ​ ​ ​ ​ ​
CO2 ads isotherms
VDR (cm3/g) 0.22 0.21 0.21 0.21 0.21 0.20 0.22
XPS (% wt)
​ C 90.9 93.1 91.6 83.2 87.8 87.4 86.9
​ O 6.0. 4.3 5.7 13.3 7.0 9.5 6.6
​ N 3.1. 1.9 1.5 2.2 1.8 1.7 1.8
​ Ni <0.1. 0.7 1.2 <0.1 <0.1 0.2 1.6
​ Co <0.1. <0.1 <0.1 1.3 <0.1 1.2 <0.1
​ Pd <0.1. <0.1 <0.1 <0.1 3.4 <0.1 3.1
XRF (% wt)
​ Ni – 3.8 9.3 – – 1.1 1.1
​ Co – – – 3.9 – 4.3 –
​ Pd – – – – 2.9 – 2.9

M. García-Rollán et al.                                                                                                                                                                                                                        Biomass and Bioenergy 193 (2025) 107560 

6 



times higher than those of Ni and Co. In the case of the bi-metallic 
catalyst, two different behaviors are observed, i) Ni and Co in CFNiCo 
are mainly concentrated inside the fiber, ii) CFNiPd presents similar Ni 
& Pd mass concentrations determined by XPS and XRF, evidencing a 
homogeneous distribution for the metallic particles in them.

On the other hand, all the samples present N surface functional 
groups, mainly in the form of pyrrole and pyridone (ac. 400.7 eV) and 
pyridine (398.5 eV) [62], derived from the use of PVP as additive 
(Fig. S5C). Fig. S6 shows the oxidation states of the metals present in the 
carbon fiber-based electrocatalysts. It is worth noting that both Ni and 
Pd present in the carbon fibers are totally reduced to Ni0 and Pd0 

respectively due to the carboreduction produced during carbonization at 
900 ◦C [63,64]. However, Co shows a more oxidized state probably due 
to its homogeneous distribution in the fiber, which facilitates its rapid 
oxidation to CoO and Co3O4 after exposure to an oxidizing atmosphere 
[40].

The striking advantages of using electrospun fiber mats as electrodes 
become evident during the electrochemical characterization. For this 
purpose, the samples do not need to be processed through multiple steps, 
such as preparing an ink or slurry, adding conductivity-enhancing ad
ditives or binders, and conducting deposition and controlled drying 
processes. Simply, the sample mats are cut to an appropriate size to fit 
into the electrical contact, as described in the experimental section. In 
this way, cyclic voltammetry (CV) experiments were carried out to 
evaluate the performance of the electrocatalysts for electrochemical 
lignin oxidation at room temperature.

Fig. 3 shows the third cycle of the voltammograms recorded on 
CFNi10, CFPd, CFNiPd and CFCo electrodes. In the absence of lignin, the 
CFNi10 electrode shows a square-box CV at potentials between − 0.6 and 
− 0.1 V related to the formation of the electrical double layer capaci
tance on the narrow microporosity of the electrode, which is known to 
enhance the capacitive response of carbon materials [65]. When po
tential increases, the surface of the carbon fibers is positively polarized, 
and the capacitive response is suppressed due to the so-called ion sieving 
effect on the solvated anions, which cannot fit into the narrow micro
pores of these samples [66]. Nickel electrodes are known to form a Ni 

(OH)2 layer at the electrode surface under alkaline conditions that acts 
as electrocatalyst for lignin oxidation [67]. The CV points out that 
reversible nickel oxidation is feasible on CFNi10, as indicated by the 
presence of redox peaks at − 0.1/0 V (oxidation of Ni to NiOH) and 
0.2/0.3 V (Nickel hydroxide is oxidized to NiO), as well as a shoulder at 
0.7 V related to the oxyhydroxide nickel formation. When potential gets 
closer to 0.8 V, a strong oxidation current corresponding to the oxygen 
evolution reaction is found. In this process an intermediate nickel 
peroxide (NiOO2) is formed from NiOOH, releasing oxygen radicals such 
as hydroperoxides [68] and molecular oxygen [69].

As shown in Fig. 3, an irreversible anodic current is found at po
tentials higher than 0.3 V, when lignin is added to the solution, which 
has been either associated to the direct electrooxidation of lignin [70] or 
to the electrooxidation of the products derived from its depolymeriza
tion [71]. All the electrochemical processes observed in the experiment 
with CFNi10 as working electrode, are also found in the CFNi3 sample, 
but to a lesser extent (CV not shown). Similarly, the CV of the CFPd 
electrocatalyst shows the redox processes associated with the electro
activity of Pd, and it also delivers an irreversible oxidation current at 
potentials higher than 0.4 V in the presence of lignin, Fig. 3B. However, 
the intensity of the electrooxidation process is attenuated with respect to 
that of CFNi10. The bimetallic CFNiPd electrode presents a similar 
electrochemical response, Fig. 3C, although the intensity of the elec
trooxidation process increases, while the onset potential of the process is 
improved. Finally, the voltammograms of CFCo shows no changes in the 
electrochemical response when lignin is added to the solution, sug
gesting that this material is not active for the electrooxidation of lignin 
at these operating conditions. Consequently, the CFNi10 and CFNiPd 
samples have been selected to be tested as electrocatalysts for the lignin 
electrooxidation studies in the electrolyzer reactor.

3.3. Electrooxidation experiments

3.3.1. Direct electrooxidative depolymerization of lignin
Direct electro-oxidative depolymerization should be performed at 

potentials higher than those observed in the cyclic voltammetry when 

Fig. 3. Cyclic voltammetry of A) CFNi10, B) CFPd, C) CFNiPd and D) CFCo electrodes in 1 M NaOH, at 10 mV/s of scan rate and room temperature. Dashed line: no 
lignin in the solution; solid line: IND Lignin concentration of 5 g/L.
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lignin is added to the alkaline solution (see oxidation peaks in Fig. 3) 
[72,73]. Previous studies have shown that electrochemical depolymer
ization of lignin using nickel-based catalysts is very promising, in view 
of the ability of these materials to selectively cleave specific bonds, such 
as the β-O-4 ones, and to improve lignin oxidation kinetics, while 
facilitating more energy-efficient integration with hydrogen production 
compared to conventional water electrolysis [74–76]. A first attempt 
was made to study direct electro-oxidative depolymerization of IND 
lignin in 1 M NaOH. To this end, the experimental setup was set as 
depicted in Fig. S1B, using the CFNi10 and CFNiPd mats as positive 
electrode and bare CF mat as negative electrode. The potential of the 
latter electrode was set to 0.6 V vs SHE in accordance with the CV 
recorded in the electrochemical characterization of the electrocatalysts.

Liquid samples were taken from the solution tank at different times 
and analyzed by GC-MS. The corresponding GC-MS chromatogram of 
the sample obtained after 30 min is shown in Fig. S7. The main mono
meric products obtained were vanillin (39.154 min) and guaiacol 
(13.521 min). Acetovanillone (21.478 min), isovanillic acid (32.666 
min), homovallinic acid (37.325 min), 4-Acetyl-2-methoxyphenyl ace
tate (41.772 min), 4-(4-hydroxy-3 methoxyphenyl)-2-butanone (45.220 
min) and ethyl vanillyl ether (48.651 min) could be also identified with 
phenyl ether (59.984 min) as the only identified dimer, although in a 
less extent.

Fig. 4 summarizes the vanillin, guaiacol and total monomer con
centrations observed for the CFNiPd and CFNi10 electrocatalysts under 
different reaction times at 0.6 V vs SHE. For the sake of comparison, it 
also includes the concentration of the compounds obtained without 
applying any current after 1 h at room temperature. These compounds 
are produced by the cleavage of the three-dimensional and cross-linked 
structure of lignin caused by the alkalinity of the reaction medium, a 
process known as alkaline homolysis. Vanillin yield increases from 0.4 % 
wt in the homolytic process up to 0.7 % wt for CFNi10 after 5 min. 
Longer oxidation times up to 120 min did not render any net gain on 
yield. The promoted vanillin formation along with the suppressed pro
duction of guaiacol notably enhances vanillin selectivity from a SVanillin 
= 55 % wt for the homolytic reaction to SVanillin = 83 % wt with CFNi10. 
CFNiPd sample shows similar catalytic activity to that of CFNi10, being 
slightly more selective to vanillin (SVanillin = 86 % wt). Finally, the solid 
recovered at the end of the reaction accounted for 96–97 % wt of the 
initial lignin weight, being insoluble in deionized water.

These results suggest that, under the studied conditions, lignin is not 
depolymerized by promoted cleavage of lignin linkages by electro- 
oxidation. Alternatively, lignin alkaline homolysis seems to drive the 
depolymerization rate. Any yield increase is probably related to the 
oxidation of β-O-4 bonds of oligomeric G-containing fragments into 
guaiacol and vanillin that are likely formed by homolytic breakup of the 
lignin structure. These oligomers, likely dimers and trimers, can effec
tively diffuse to the electrode surface and adsorb into the active sites, 
enabling the catalytic breakage of the bond. Indeed, some of the results 
that reports direct lignin electrooxidation are focused on model dimer 

molecules [72]. The linkages allocated within the complex 
three-dimensional structure of the lignin polymer is not accessible to be 
cleaved by the metal nanoparticles on the surface of the electrocatalysts 
due to the obvious steric hindrance. Under such considerations, if lignin 
depolymerization is to be promoted, the only viable pathways would be 
those based in mediated mechanisms [26,56], where oxidants are either 
formed or regenerated in the solution, cleaving lignin bonds at faster 
rate.

3.3.2. Electrical-chemical ROS-assisted depolymerization of IND lignin
Given that homolysis of lignin at room temperature is not sufficient 

to promote lignin depolymerization, a second lignin depolymerization 
attempt was made in the same experimental setup by using higher 
currents during the galvanostatic treatment. For this study, CFNi10 was 
chosen, since it showed the most promising results on the previous 
electrooxidation test. Fig. 5 compiles the time evolution of the yield to 
vanillin and other monomers achieved at 100, 200 and 400 mA.

The evolution of the monomeric yield with time at 100 mA, Fig. 5A, 
reveals that the ROS-assisted depolymerization can increase the vanillin 
up to 1 % wt and total monomer production to 1.4 % wt. These results 
confirm that depolymerization must be promoted to release additional 
oligomers and monomers that can be converted into aromatic monomers 
by the active sites of CFNi10 catalyst. Both the yields of vanillin and total 
monomers increased initially, reaching a maximum of 0.95 and 1.40 % 
wt after 105 min, respectively, Fig. 5A. Thereafter, a steady decrease in 
the concentration of monomers, other than vanillin, was observed [70]. 
Consequently, vanillin selectivity (g of vanillin per g of quantified 
monomers in solution) ranges from 55 to 72 % wt, increasing with time 
due to the higher degradation rate of the other monomers, especially 
guaiacol.

The degradation of the lignin monomers is related to the over
oxidation towards organic acids and/or even their total mineralization 
(i.e CO2 formation). Decomposition takes places preferentially with 
guaiacol and other marginal guaiacol-derived monomers, since they 
have been reported to be more easily degraded under anodic oxidation 
than vanillin [56]. These results show that the compounds of interest 
should be extracted from the solution to avoid their degradation, a 
viable approach that has been explored, elsewhere, by coupling ultra
filtration membranes to flow-through electrochemical cells [12]. Note 
that vanillin selectivity has decreased from the 85 % wt value obtained 
under the use of softer operation conditions, Fig. 4, stressing the rele
vance of selecting operating conditions that matches the downstream 
separation process. The absence of leaching of nickel from the CFNi10 
fiber was analyzed by measuring the Ni content in the reaction medium 
after 6 h of electrooxidation by inductively coupled plasma mass spec
trometry (ICP-MS), where the presence of Ni was not detected (detection 
limit of 1.3 mg/kg), and by XRF analysis of the electrocatalyst after the 
reaction, obtaining a value of nickel content similar to the initial one, i.e. 
9.2 % wt of Ni after reaction vs. 9.3 % wt of Ni in the fresh electrocatalyst 
(Table 2).

Fig. 4. Yields to vanillin (blue), guaiacol (orange) and total monomers (green) during the depolymerization of lignin in 1 M NaOH without working electrode 
(Homolysis), and with CFNiPd and CFNi10 as working electrode at different electrochemical reaction times. Electrode potential: 0.6 V vs SHE. IND Lignin con
centration: 25 g/L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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When the intensity of the applied current is increased, the vanillin 
production is speeded up, achieving the maximum vanillin production at 
shorter times, 70 min at 400 mA vs 120 min at 100 mA (Fig. 5B). 
Although the rate of vanillin production increases with the applied 
current, the maximum value reached at 100 mA cannot be exceeded, 
evidencing that, by simply raising the applied current, vanillin pro
duction cannot be promoted. On the other hand, Fig. 5B also shows the 
stability of the process in terms of vanillin production, which does not 
decrease even at the highest applied current after 200 min.

The yields obtained at different currents and expressed in terms of 
specific charge are plot together in Fig. 5C and D. Vanillin yield stops to 
increase beyond 300C/g, no matter the intensity current used, while 
total monomeric yield decreases at dosing charges higher than 400C/g. 
These results suggest an optimum of specific charge between 300 and 
400C/g, when the electrochemical process is focused on the production 
of monomers of interest, rather than on lignin depolymerization. Spe
cifically, Fig. 5D shows that the reaction carried out at 100 mA reaches 
the maximum vanillin yield at lower dosing charges compared to those 
at 200 and 400 mA, meaning that a lower energy input requirement is 
needed at 100 mA to reach the optimal reaction yield. This could be 
attributed to the likely increase in the formation of reactive oxygen 
species through competitive reactions at higher current intensities, 
which would consume part of the applied energy. In addition, the 
increased presence of ROS could not only promote further depolymer
ization of lignin, but also contribute to a slight degradation of vanillin 
[77]. The generation of additional monomers by the latter reactions 
would partially compensate for the higher monomeric degradation rate, 
which would explain the slightly higher total monomeric yield, when 
compared to the evolution of yields at 200 mA.

3.3.3. Electrochemical H2O2-assisted depolymerization of IND lignin
It is worth noting that hydrogen peroxide-mediated oxidation has 

been previously explored using Ni-based materials, achieving satisfac
tory results in lignin depolymerization without the use of anodic 
oxidation. Thus, recent studies have shown that the combination of Ni 
with other catalysts under mild oxidation conditions with H2O2 can 
significantly enhance the scission of lignin bonds, resulting in the pro
duction of specific monomeric phenols [78,79]. Following this line, the 

electrochemical depolymerization of lignin can be also promoted via the 
formation of hydrogen peroxide from oxygen reduction at the cathode, 
an approach that has been already reported in the literature with suc
cessfully results [26]. A commercial Nickel foam and Toray carbon fiber 
paper were used as positive and negative electrodes, respectively, for the 
sake of comparison.

Bearing this idea in mind, the tank containing the lignin solution was 
bubbled with O2 in order to saturate the solution with oxygen and the 
lignin solution was forced to physically pass through the vicinity of the 
negative electrode, where metal-free lignin-based carbon fibers were 
used as electrode, as depicted in Fig. S1D. It is known that bare carbon 
surface as well as carbon felts consisting of carbon microfibers (similar 
to those present in the CF carbon mats but having larger diameters) are 
consistently used to implement electrochemical generation of H2O2 for 
oxidation processes because they catalyze the 2 e− ORR pathway 
through the following reaction: O2 +2H2O+2 e− → H2O2. + 2OH [80,
81]. CFNi10 was again used as positive electrode. Given the stronger 
oxidative conditions expected on this cell configuration and the lower 
power consumption, the current intensity was set to 100 mA.

The evolution of the monomer yields with time and specific charge 
are reported in Fig. 6. The injection of oxygen during the treatment has a 
strong impact on the kinetic rate of the process, enhancing the formation 
of monomers at short times, with vanillin and total yields increasing by 
63 %, after 45 min of reaction. Vanillin yield reaches a maximum value 
of 1.10 % wt after 135 min, showing a turnover rate of 38.75 molVanillin/ 
molNi surface/h. A higher improvement is observed for total monomeric 
yield, 1.41 % wt, due to the severe depolymerization conditions. A 
slightly larger and broader product distribution at short reaction times 
(vanillin selectivity of 55 % wt) is obtained, due to the unselective 
oxidation reactions promoted by H2O2 [26]. However, the degradation 
rate of monomers different from lignin is much faster, as exemplified by 
the significant decline in guaiacol yield with reaction time observed in 
Fig. 6A. The oxidation of these monomers leads to an increase in vanillin 
selectivity, reaching a value of 78 % after 2 h.

In addition, the optimum specific charge value is obtained at 325 C/ 
g, in agreement with the 300–400 C/g window observed in the ROS- 
assisted treatment (absence of O2). Although the yield towards 
vanillin is comparable to those previously reported under similar 

Fig. 5. A) Vanillin, guaiacol and total monomer produced during electrooxidation treatment of lignin using CFNi10 | CF electrodes as a function of time. B) Effect of 
current intensity on vanillin yield. C, D) Evolution of the total monomeric and vanillin yields, respectively, with the specific charge dosed during electrooxidation of 
lignin. Current intensity: 100 mA, IND lignin concentration: 25 g/L.
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conditions using IND lignin and Ni, Co, Fe, or Ti electrodes, the elec
trocatalysts presented in this study are more sustainable, have lower 
metal loading and are obtained by a simpler and cost-reduced synthesis 
process [12,71,82].

Furthermore, CFNi10 electrocatalyst presents a similar activity to 
that observed for an activated Ni foam anode, but requires much lower 
energy consumption (around 5 times lower C/glignin) [82], while using a 
two orders of magnitude lower amount of nickel (ca. of 1 mg of Ni in 
CFNi10 self-standing electrode vs 110–130 mg of Ni in Ni foam catalyst). 
Moreover, although some studies have used expensive deposition 
methods to synthesize Ni-based electrocatalysts on carbon supports, 
these approaches result in significantly lower vanillin production, with 
mass yields of less than 1 % [83]. The total yield of aromatics is also in 
line with those reported in the literature, where typically mass yields for 
this technical lignin are under 2 % wt [84].

The solid yield and total amount of water-soluble depolymerized 
products obtained after 4h at 400 mA under N2 and after 4h at 100 mA 
under O2 has been determined as described in section 2.4.2. Solid yields 
of 72.5 % wt and water-soluble depolymerized products yield of 19.8 % 
wt have been determined via ROS-assisted depolymerization, while 77.2 
% wt and 13.7 % wt, respectively, were obtained under the H2O2- 
assisted approach. Initially, these results suggest that H2O2-assisted 
approach is more effective for promoting lignin depolymerization, since 
this technique uses 4-times less charge. However, additional experi
ments would be needed to optimize the operating conditions that restrict 
potentially excessive mineralization of the lignin feedstock.

The performance of the electrospun electrocatalysts has been 
compared against that of commercial electrodes, i.e. Nickel foam as 
positive electrode and Toray Carbon Paper as negative electrodes, 
showing a superior performance in terms of vanillin yield (blue vs purple 
dots in Fig. 6B). The nickel surface area reported by the Nickel foam 
supplier is 2.2 m2/g, while the estimated surface area of nickel nano
particles on CFNi10, supposing spherical particles and attending to the 
Ni loading obtained by XRF and the average Ni nanoparticle from TEM 
images, is 3.2 m2/g, suggesting that the surface area is comparable be
tween these samples (although using 100 times lower amount of nickel 

in CFNi10 electrode). Note that the nickel specific loading in the cell has 
been decreased from 30 mg/cm2 (Ni Foam) down to 0.3 mg/cm2 

(CFNi10), notably decreasing the need of using a critical mineral as 
active phase.

The improved vanillin yield might be related to a better distribution 
of nickel in CFNi10, which renders a localized ROS production for lignin 
depolymerization, while enabling selective oxidation of dimer and 
oligomer β-O-4 bonds, demoting the overoxidation processes. CFNi10 
electrode seems to be the responsible for the improved vanillin selec
tivity attained during the process, as pointed out by the similar catalytic 
performance when the CF cathode was replaced by Toray Carbon Paper, 
(Fig. 6B, black dots). In fact, when the total monomer yields are 
compared, Fig. 6C, the pair CFNi10 | Toray Carbon Paper achieves 
higher values than CFNi10 | CF, showing an increase of almost 0.2 % wt, 
indicating that CF likely fosters the overoxidation of monomers due to a 
higher H2O2 production.

As a final test, the lignin concentration on the tank was increased to 
100 g/L. The higher lignin concentration seems to hinder vanillin pro
duction, Fig. 6D, showing a vanillin yield of 0.69 % wt at 100C/g vs 0.85 
% wt for the same specific charge, but using 25 g/L. The reusability of 
the electrodes was tested on this experiment by cleansing the cell with 
100 mL of 1 M NaOH and refreshing the 100 g/L lignin solution After 
cleaning of the electrochemical cell and replacing the lignin solution in 
the tank, the electrospun electrocatalysts were able to successfully 
produce vanillin and monomers at similar rates in the second cycle, 
Fig. 6D, evidencing the stability and reusability of the electrodes at the 
operating conditions studied.

3.4. Residual lignin characterization

After the electrooxidation reaction using Ni loaded carbon fiber 
based electrocatalyst at 200 mA for 2 h, the electrooxidated lignin (EOL) 
was isolated and recovered as previously described in section 2.4.2.

Fig. 7A shows the GPC data of EOL. The final lignin product shows an 
average molecular weight of 840 Da, being eight times lower than that of 
the starting sample, Table 1, proving that the electrochemical treatment 

Fig. 6. A) monomer yields as a function of time for the electrochemical oxidation of lignin in the presence of O2. Current intensity: 100 mA, lignin concentration: 25 
g/L. B,C) vanillin and total yields, respectively as a function of specific charge for the electrochemical oxidation of lignin in the presence of O2 using CFNi10 | CF, 
CFNi10 | Toray Paper, Ni foam | CF and Ni foam | Toray Paper as positive and negative electrodes: 100 mA, IDN lignin concentration: 25 g/L. D) Vanillin yield as a 
function of specific charge for the electrochemical oxidation of lignin in the presence of O2, with a lignin concentration of 100 g/L and the reutilization of the CFNi10 
| CF electrodes for a second lignin batch. Current intensity: 100 mA, O2-saturated electrolyte.
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leads to a strong decrease of average molecular weight. In addition, the 
polydispersity of the lignin is also altered by the electrochemical treat
ment, decreasing from roughly 9.9 to 1.9, pointing out that the product 
solid phase is mainly composed of small size oligomeric compounds. The 
ultimate analysis results reveals that a large amount of oxygenated 
groups are inserted into the molecular structure of the solid product, 
showing an increase on the oxygen content from 29.7 % wt in the fresh 
IND lignin (Table 1) to 36.1 % wt for the EOL.

The EOL was further analyzed to understand the nature of the new 
oxygenated groups. Fig. 7B shows the FTIR spectrum of lignin before 
and after electrooxidation. A strong increase in the intensity of the re
gion between 3700 and 3200 cm− 1 for EOL is observed [85], associated 
with the stretching of the O-H bond (hydrogen bonded), suggesting that 
hydroxyl groups have been introduced during the electrooxidation 
treatment. Likewise, EOL shows a more accentuated peak at 1700 cm− 1 

due to the presence of C=O bonds in the non-conjugated species, while 
no clear difference between the lignin before and after reaction can be 
appreciated in the region related to the stretching in the carbonyl groups 
in aromatic or conjugated species, 1590 cm− 1 [86]. This effect can be 
associated with the oxidation of side chains under the mild reaction 
conditions, which prevails over the oxidation of aromatic units.

The decrease in the average molecular weight and the generation of 
hydroxyl and carbonyl functional groups on the residual lignin might 
allow its use in different applications such as the production of poly
urethanes, where raw technical lignins are usually subjected to oxy
propylation, etherification and depolymerization treatments to obtain a 
material with low molecular weight and high content of oxygenated 
hydroxyl and carbonyl groups [2]. In this sense, Conde et al. recently 
demonstrated that Organosolv lignin can be electrochemically oxidized 
to produce a decrease on their molecular weight, allowing the use of the 
modified lignin as bioadhesive precursor, although boron-doped dia
mond electrodes were utilized as electrocatalysts [87]. This result vali
dates the complete valorization of the feedstock and open the door to 
fine tune the electrochemical oxidation conditions in order to modify the 
lignin by grafting new functional groups, rather than favoring the 
depolymerization process.

4. Conclusion

Non-woven mats consisting of metal-containing lignin nanofibers 
were obtained by electrospinning of lignin/PVP and Ni, Co or Pd solu
tions in only one step. These mats were tested as self-standing elec
trodes, without additives and further processing, for the first time in the 
electrochemical depolymerization of kraft lignin. The catalyst prepared 
with 10 % wt Ni showed the highest activity, in a filter-press electrolyzer 
cell, operating at room temperature and using specific currents of 
25–100 mA/cm2, for 0–4 h, with 25–100 gLignin/L of O2-saturated 
alkaline solutions. The electrospun CF10Ni catalyst showed higher 
yields towards aromatic production than commercial nickel foams, 
while using 100 times lower amount of the active phase. The charac
terization of the residual depolymerized lignin solid suggested a high 
potential as raw material for different value-added polymeric material 
applications.
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