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A B S T R A C T

Hydrogen peroxide (H2O2) is nowadays a commodity chemical, with a particularly relevant application in 
wastewater treatment. However, its industrial production is energy demanding, highly polluting and potentially 
dangerous. Lately, oxygen reduction reaction (ORR) conducted on a gas-diffusion electrode (GDE) has been 
explored to deploy a more sustainable synthesis route. In this work, a set of lignin-derived carbons, either metal- 
free or loaded with atomically dispersed transition metals (Fe, Co and Ni), was successfully synthesized for the 
electrogeneration of H2O2. For some electrocatalysts, the rotating ring-disk electrode (RRDE) analysis showed a 
peroxide selectivity (yH2O2 ) over 90% and a number of transferred electrons of ~2. Accordingly, the type of metal 
and the carbon porosity had a major influence on the performance of GDEs during bulk electrolysis. In galva
nostatic assays conducted in 0.05 M Na2SO4 medium at pH 5.9 and 10 mA cm− 2, the carbon obtained from direct 
lignin pyrolysis at 400 ◦C outperformed a commercial GDE, showing the highest H2O2 yield (13.8 mM after 360 
min), with a maximum current efficiency of 85% and relatively low energy consumption (~ 8 kWh kg− 1

H2O2
). Such 

optimum performance is related to its optimal porosity and hydrophobicity. Moreover, upon functionalization 
with Fe, an effective electro-Fenton (EF) catalyst was obtained, allowing a 97% removal of the drug lisinopril 
using only 0.1 g L− 1 of suspended catalyst. This work demonstrates the possibility of producing cost-effective 
electrocatalysts from waste for H2O2 production and wastewater treatment.

1. Introduction

Hydrogen peroxide (H2O2) is considered a green oxidant, which re
sults in its multiple applications ranging from medicine to water treat
ment. Being one of the key industrial chemicals, its global annual 
production is projected to exceed 6 million tons by 2031 [1,2]. 
Currently, the industrial H2O2 production is largely dominated by the 
anthraquinone auto-oxidation process devised by BASF [1]. However, 
this method involves expensive metals like Pd and toxic organic chem
icals, generates harmful waste, demands energy-intensive purification 
steps (i.e., 12–17 kWh kg− 1

H2O2
), and poses safety risks [3]. H2O2 pro

duction via two-electron oxygen reduction reaction (ORR, reactions (1) 

and (2)), needing only oxygen from air, water and electricity, is a 
greener and safer route. Furthermore, it is more suitable for environ
mental and medical applications, which entail the use of diluted H2O2 
solutions [1,2]. Note that, alternatively, ORR can proceed through a 
competing four-electron pathway (reactions (3) and (4)). 

O2 + 2H+ + 2e− ⇄H2O2
(
E0 = 0.695 V vs RHE

)
(1) 

O2 + H2O + 2e− ⇄HO−
2 + OH−

(
E0 = 0.760 V vs RHE

)
(2) 

O2 + 4H+ + 4e− ⇄2H2O
(
E0 = 1.230 V vs RHE

)
(3) 

O2 + 2H2O + 4e− ⇄4OH−
(
E0 = 1.230 V vs RHE

)
(4) 
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The alkaline media favor the ORR kinetics, but relevant drawbacks 
such as the carbonate formation, the product instability, and the high 
corrosivity limit their applicability [4]. Conversely, the use of acid and 
neutral pH values opens the door to extend the application of the 2e−

ORR to the electro-Fenton (EF) process, which allows the in-situ pro
duction of •OH radicals via reaction (5), being useful for wastewater 
treatment [5]. Since the high performance of conventional EF process is 
restricted to acidic media (pH ~3), the recent literature has encouraged 
the development of a heterogeneous EF process (i.e., HEF), aiming to 
reduce the issues related to iron sludge formation [6,7]. HEF can be 
fulfilled in an electrochemical cell equipped with a gas-diffusion elec
trode (GDE) for H2O2 generation, in the presence of a polluted solution 
containing a suspended transition metal catalyst [6]. 

Fe(II)+H2O2→Fe(III)+ •OH+OH− (5) 

With a GDE, a scalable quantity of H2O2 can be achieved at high 
current efficiency owing to the easy diffusion and permeation of oxygen 
through a porous catalyst layer interfaced with the solution [8,9]. 
Nonetheless, the slower kinetics associated to a larger overpotential, 
along with the possible reduction of H2O2 to water represent the major 
challenges in acidic and neutral environments, which can be overcome 
by proper material design. Such materials should be able to reduce the 
kinetic and thermodynamic limitations as well as avoid the cleavage of 
the O–O, thus suppressing the reduction of H2O2 to water [10]. Noble 
metals such as Pt or Au are well known for their high ORR electroactivity 
[11]. However, their scarcity, high cost and promotion of parasitic re
actions (e.g., H2 evolution) have fostered the research on cheaper ma
terials like those based on or supported on carbon, which show high 
conductivity, surface area and 2e− ORR selectivity [1,5]. Among them, 
atomically dispersed transition metal‑nitrogen carbons (TM-Nx-C) with 
Earth-abundant metals (such as Fe, Ni, Co) have shown high ORR ac
tivity. The high atomic efficiency of TM-Nx-Cs allows the production of 
H2O2 with competitive costs in the market [1,12]. Macrocyclic com
pounds containing transition elements could be foreseen as candidates 
for the production of H2O2 in acidic and neutral media, since they can 
suppress the conversion of OOH* to O* and OH* (eventually leading to 
H2O formation) under certain circumstances [3,4,13,14]. To develop a 
stable and robust TM-Nx-C electrocatalyst for GDEs, the organometallic 
compounds need to be integrated in a carbon matrix and heat-treated at 
high temperatures [12,15]. For instance, Guillet N. et al. [16] increased 
the stability and the conductivity of the cobalt tetramethoxyphenyl 
porphyrin (CoTMPP) by mixing it with commercial Vulcan XC72 and 
heat-treating the mixture at 900 ◦C. A GDE polarized at − 150 mV vs. 
saturated calomel electrode (SCE) and loaded with 0.9 μg cm− 2 of 0.2 
wt.% Co-based catalyst exhibited a H2O2 production rate of 300 μmol 
h− 1 cm− 2, i.e., fivefold higher than that measured with Vulcan XC72.

Low-cost carbons can be prepared via waste upcycling, thus saving 
the cost of the raw material and alleviating the waste accumulation in 
the environment [5,17,18]. In particular, up to 1300 million tons of 
biomass waste are generated annually by agricultural and industrial 
activities [19]. Its conversion into carbon through pyrolysis can be an 
effective way for waste upcycling. In the context of ORR, several carbons 
obtained from biomass waste were synthesized and tested for H2O2 
production. Some examples include soybean roots [20], ginkgo leaves 
[21], chitosan [22], agarose [23] and pitaya peels [24], among others. 
Recently, Q. Zhiyun et al. [25] designed a cobalt-coordinated 1D 
nanocellulose (CNF) rich in -OH and -COOH groups, obtaining a high- 
performance Co-CNF electrocatalyst that showed an outstanding H2O2 
production rate of 510.6 mg L− 1 cm− 2 h− 1 with high operation stability. 
This material benefited from the bio-based carbon matrix, which 
enhanced the electronic conduction and the stability, and Co, which 
notably increased the H2O2 production. Among the plethora of biomass 
waste, lignin stands out because it is discarded in high amounts (50–70 
million tons per year) by the pulp industry, generating brown color 
wastewater whose treatment cost can reach up to 1.12–2.07 USD per kg 
of chemical oxygen demand [26]. So far, different carbonaceous 

materials have been derived from lignin for different applications 
[27–29], including the electrosynthesis of H2O2 through 2e− ORR 
[30–32]. In a recent paper, N.P. de Moraes et al. [31] developed cellu
lose/Kraft lignin-derived carbon xerogels for H2O2 production. They 
reported up to 90% of H2O2 selectivity with a rotating ring-disk elec
trode (RRDE), attributed to the high surface area of the carbons and the 
presence of oxygenated functionalities. A GDE prepared from that ma
terial yielded a maximum of 700 mg L− 1 of H2O2 after 1 h of electrolysis 
at 100 mA cm− 2. Y. Li et al. showed an efficient approach to prepare a B, 
O-doped carbon electrocatalyst with lignin as the carbonaceous pre
cursor, reaching a 90% selectivity in RRDE analysis, alongside H2O2 
productivity of 11,812 mmol gcat

− 1 h− 1 and a Faradaic efficiency of 95.7% 
in alkaline conditions due to the moderated adsorption strength of the 
OOH* intermediate [33]. In another work, Ahn et al. [34] developed a 
carbon-based electrocatalyst by converting lignin into oxygen- 
functionalized carbons via a Friedel–Crafts reaction; the optimized 
catalyst exhibited >95% H2O2 selectivity, an electron transfer number 
~ 2.0, and H2O2 production rate of 575.5mmol gcat

− 1 h− 1 under practical 
operation conditions, thanks to the presence of carboxy and carbonyl 
groups. Ramírez et al. [32] also employed different lignocellulosic res
idues. The carbon obtained from Phragmites australis and activated with 
KOH yielded a maximum H2O2 accumulation of 313 mg L− 1 in an un
divided cell with 0.05 M Na2SO4 at natural pH of 6; the high perfor
mance was attributed to the high surface area and oxygenated groups, 
and outperformed the commercial carbon Vulcan XC72 to degrade 
Methylene Blue dye. This achievement might be due to the presence of 
heavy metals in the structure of the lignocellulosic residue, potentially 
favoring the decomposition of H2O2 into •OH, but the authors did not 
evaluate this phenomenon. Therefore, it could be interesting to develop 
lignin-derived TM-Nx-Cs for 2e− ORR, which have never been tested, 
and have not been implemented in GDEs for H2O2 electrosynthesis.

On the other hand, there exists an enormous interest in developing 
GDEs with dual function, i.e., O2-to-H2O2 conversion coupled to H2O2- 
to-•OH conversion for organics degradation, thus avoiding the addition 
of a metal catalyst into the solution to carry out the HEF process [35,36]. 
Recently, Cheng et al. [37] prepared an innovative bifunctional catalyst 
with abundant Fe/Fe3C and Fe-Nx-C sites. A synergistic tandem catalysis 
involving the Fe/Fe3C centers as ORR active sites for H2O2 and Fe-Nx-C 
centers for conversion of H2O2 into •OH radicals enabled the 95.6% 
degradation of tetracycline hydrochloride after 30 min at − 0.6 V vs SCE 
in 0.05 M Na2SO4 electrolyte at near-neutral pH. In another work, an 
Fe− N4-doped conductive carbon membrane synthesized by mixing 
chitosan, phenolic resin and ammonium ferrous sulfate as a Fe–N dopant 
achieved 88% removal of dimethylacetamide in a continuous flow- 
through membrane reactor fed with O2 gas at neutral pH [38]. The 
successful removal originated from the capability of the Fe− N4 centers 
to reduce O2 into H2O2 via *OOH intermediate, and the consecutive 
conversion of adsorbed H2O2 to •OH at the Fe sites. Although these 
works illustrate the potential use of TM-Nx-Cs materials as bifunctional 
catalysts, it seems appealing to prepare such electrocatalysts from waste 
upcycling.

By exploiting the chemical properties of lignin precursor and the 
benefits of the atomically dispersed transition metals, lignin-derived 
carbons containing Co, Fe or Ni sites were designed for H2O2 electro
synthesis via 2e− ORR at circumneutral pH. Due to the successful out
comes from RRDE analysis, as shown below, GDEs were prepared by 
coating the active material and further tested as cathodes for bulk 
electrolysis in potentiostatic (closer to RRDE conditions) and galvano
static (suitable for real applications) mode. The direct formation of •OH 
on the surface of the Fe-loaded GDE promoted the degradation of lisi
nopril (LSN), a common antihypertensive drug that cannot be removed 
by the current technologies in wastewater treatment plants [39].
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2. Materials and methods

2.1. Chemicals

Commercially available lignosulfonic acid sodium salt (a waste ob
tained from the Kraft process and commercialized by some pulp and 
paper industries) was purchased from Merck as the raw material. For the 
electrocatalyst synthesis, analytical grade potassium hydroxide (KOH) 
was bought from Merck while iron(II) phthalocyanine (C32H16FeN8), 
nickel(II) phthalocyanine (C32H16N8Ni), and cobalt(II) phthalocyanine 
(C32H16CoN8) from Acros Organics. For the preparation of the inks, the 
following reagents were used: Nafion (Sigma-Aldrich, 5 wt% in a 
mixture of lower aliphatic alcohols and water, 45% water content), 2- 
propanol dry (PanReac AppliChem, ≤ 0.01% water), and polytetra
fluoroethylene (PTFE, Aldrich, 56 wt%). For the analysis and pyrolysis, 
N2 and O2 were furnished by Air Liquid at the highest level of purity (>
99.99%). For the electrolyte preparation sodium sulfate of analytical 
grade was purchased from Merk (≥ 99.0%, anhydrous). For the H2O2 
detection Ti(IV) oxysulfate (Sigma-Aldrich, ≥ 29%) and sulfuric acid of 
analytical grade (96%–98% purity, from Merk) were used. Lisinopril 
(pharmaceutical secondary standard, certified reference material) was 
supplied by Merck. Formic acid (Optima LC/MS) purchased from Fisher 
Chemical and acetonitrile (reag. Ph. Eur. for UHPLC Supergradient, 
ACS) from PanReac Applichem were used for the mobile phase of HPLC. 
All the listed reagents were used as received with no purification, and 
the aqueous solutions were prepared with Milli-Q water (resistivity 
>18.2 MΩ cm), which was produced through a Synergy UV device from 
Merck Life Science.

2.2. Synthesis of the electrocatalysts

The preparation of the lignin-derived electrocatalysts was pursued 
by following three steps, as depicted in Fig. 1: pyrolysis of the raw 
material (i.e., lignin), activation, and functionalization. In the first step, 
waste lignin was pyrolyzed in a quartz tube furnace at three different 
temperatures, i.e., 400 ◦C, 600 ◦C and 800 ◦C, under 100 cm3 min− 1 of 
N2 flux for 1 h of dwelling time at each target temperature. Each of the 
as-obtained chars was chemically activated with a KOH/carbon (4:1 w/ 
w ratio) by firstly dissolving KOH in ethanol and then adding the char. 
This mixture was stirred at room temperature for at least 12 h. There
upon, the temperature was raised to 80 ◦C under stirring and N2 flux to 
allow the solvent evaporation under a dry atmosphere. Each dried 

mixture was thermally treated at 700 ◦C applying a heating ramp of 5 ◦C 
min− 1 and dwelling time of 1 h under a N2 flux of 100 cm3 min− 1. Before 
starting the heat treatment, the dried mixture was poured into an 
alumina boat covered with Ni strips and the quartz tube internally with a 
stainless-steel foil to prevent the corrosive action of KOH on both the 
alumina boat and the tube. Afterwards, an acid washing was carried out 
with 1 M HCl solution to remove the residual KOH or other potassium- 
based compounds (i.e., K2CO3, K2O) formed during the heat treatment of 
the carbon [40]. The acidic solution was repeatedly rinsed with milli-Q 
water under vacuum filtration until reaching pH neutrality. The func
tionalization was carried out by thoroughly mixing the activated char 
with 10 wt.% of MPc (M = Fe, Ni, Co), and the obtained mixture was 
heat-treated at 600 ◦C for 1 h under N2 flux of 100 cm3 min− 1 to create a 
stable atomically-dispersed structure without the presence of metal/ 
metal oxide aggregates [15]. To elucidate the effect of activation on the 
morphology and electrochemical performance, metal functionalized 
carbons were also prepared by skipping the activation step. All the 
prepared samples were labelled as reported in Table S1, Supplementary 
Material. Notation “L” and “LA” accounts for non-activated and acti
vated lignin, respectively.

2.3. RRDE characterization

An ink was prepared by suspending 5 mg of electrocatalyst in a 
mixture of 100 μL of isopropanol, 500 μL of milli-Q water and 30 μL of 
Nafion, then sonicating the content in a bath sonicator. For the elec
trochemical characterization, all the tests were carried out in a three- 
electrode cell (100 mL of 0.05 M Na2SO4 solution at pH 5.9 and 
20 ◦C, with specific conductivity of 8.5 mS cm− 1), using an Autolab 101 
N potentiostat. The cell was equipped with an RRDE, composed of a GC 
disk and a Pt ring employed as working electrodes and calibrated as 
described in Fig. S1 of the Supplementary Material), an Ag|AgCl (3 M 
KCl) as a reference electrode, and a graphite rod as the counter elec
trode. The solution pH was measured with Crison pH meter GLP 22 and 
the conductivity was measured with Crison conductometer Basic 30. The 
electrocatalyst was deposited on the GC disk via ink drop-casting 
(loading of 0.6 mg cm− 2). Before starting each measurement, the elec
trocatalyst was activated in N2 via consecutive cyclic voltammetries 
(CV) until signal stabilization. The potential window was selected 
moving from the open circuit potential (OCP) toward the hydrogen 
discharge in the cathodic scan, and toward the oxygen evolution in the 
anodic scan. Each sample was characterized by CV at 10 mV s− 1 without 

Fig. 1. Scheme of the synthesis of the electrocatalysts including the three main steps: pyrolysis, activation, and functionalization. Two sets of materials were 
prepared: (i) those pyrolyzed followed by functionalization (i.e., metal loading) without an activation step, and (ii) those pyrolyzed, activated and finally 
functionalized.
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rotation, keeping an N2 atmosphere over the solution. For the electro
chemical surface area (ECSA) calculation (see Eq. (6)), several cyclic 
voltammograms were recorded within the potential range of − 0.1 V vs 
OCP and +0.1 V vs OCP, at different scan rates from 1 to 100 mV s− 1. 

ECSA =
Cdl

Cs
(6) 

where Cdl is the double layer capacitance calculated according to Eq. (7), 
and Cs is the specific capacitance, whose value is ca. 67.21 mF g− 1 

(which corresponds to 0.04 mF cm− 2 considering an electrocatalyst 
loading of 0.6 mg cm− 2) in 0.1 M Na2SO4 solution [41]. 

Cdl =
Slope (upper) + Slope (lower)

2
(7) 

where Slope (upper) and Slope (lower) are the slopes of the plot 
reporting the current recorded at the OCP vs the scan rate; the former 
slope refers to the positive value current at the OCP, whereas the latter 
refers to the negative current recorded at the OCP.

During ORR tests, O2 was flushed for at least 20 min prior to starting 
the analysis. Afterward, cyclic voltammograms were acquired in O2- 
saturated solutions at 10 mV s− 1 without rotation; finally, linear sweep 
voltammograms were recorded at 2 mV s− 1 under a rotation speed of 
1600 rpm, starting from OCP until a limiting current was achieved 
before hydrogen discharge. The electron transfer number (n) was 
determined as follows: 

n =
4Id

Id + Ir/N
(8) 

where Id is the disk current, Ir is the ring current and N is the collection 
efficiency factor, which is 0.278, as determined from the RRDE cali
bration (Supplementary Material). The hydrogen peroxide selectivity 
(
yH2O2

)
was determined according to the following equation: 

yH2O2 (in %) =
2Ir

NId + Ir
× 100 (9) 

2.4. Preparation of GDEs and bulk electrolysis for H2O2 production

9 mg of carbon electrocatalyst was dispersed in a mixture containing 
Milli-Q water and isopropanol (equal volumes) and 13.7 μL of 56 wt% 
PTFE aqueous suspension, and the resulting ink was sonicated for 30 
min. At the same time, a carbon cloth of 3 cm2 was immersed in ethanol 
and sonicated for 10 min to clean the surface. The electrocatalyst was 
deposited on the cloth via manual spray coating with a loading of 0.5 
mg cm− 2. Once all the ink was deposited, the modified carbon cloth was 
placed in a hot press at 210 ◦C at 6 ton for 2 h. The manufactured circular 
GDE was placed inside a plastic holder serving as a gas chamber through 
which O2 was supplied at a flux of 0.4 L min− 1 during the bulk elec
trolysis. For comparison, the performance of our GDEs was compared 
with that of a commercial GDE (ELAT LT 1400 W from FuelCell Store). 
The assays were performed under potentiostatic or galvanostatic con
ditions. The anode (IrO2-based dimensionally stable electrode, DSA 
plate) and cathode (the as-fabricated GDE) were separated by a distance 
of 1 cm and placed in an oblique position in 0.05 M Na2SO4 electrolyte at 
pH 5.9 (conductivity of 8.5 mS cm− 1). The electrodes were connected to 
an EG&G PARC Princeton Applied Research 273 A potentiostat/galva
nostat. To ensure good conductivity, a Ni wire was connected to a Ni 
mesh interposed between the carbon cloth and the gasket. A complete 
scheme for the GDE preparation illustrating the different GDE compo
nents is shown in Fig. S2. In the potentiostatic mode, an Ag|AgCl (3 M 
KCl) electrode (Metrohm) was employed as the reference electrode, 
whereas the GDE and DSA plate served as a working and counter elec
trode, respectively. A sketch of the three-electrode system is shown in 
Fig. S3. The electrolytic process was carried out with a constant stirring 
of 400 rpm to guarantee a homogenous mixture at 20 ◦C. Before starting 

the electrolysis, the electrodes were activated at 33 mA cm− 2 for 1 h and 
subsequently at 100 mA cm− 2 for 1 h. During the tests, the samples were 
collected every 10 min in the first hour, and every 30 min after that time. 
The accumulated hydrogen peroxide content was determined spectro
photometrically via the Ti(IV) method by employing a Specord 210 Plus 
UV/Vis spectrophotometer and using two calibration curves (Fig. S4 and 
related text). The galvanostatic measurements were performed by 
maintaining a constant current density (j) of 10 mA cm− 2, whereas 
potentiostatic operation was executed by applying a constant potential 
of − 1.15 V vs Ag|AgCl (3 M KCl), corresponding to − 0.61 V vs RHE. 
During the bulk electrolysis, the Faradic efficiency (FE) was calculated 
as follows: 

FE (in %) =
2F[H2O2]V

1000MH2O2 It
× 100 (10) 

where 2 is related to the number of transferred electrons for the 
reduction of O2 to water, F is the Faday constant (96,485C mol− 1), 
[H2O2] is the concentration of H2O2 in mol/L, V is the volume in L, MH2O2 

is the molecular weight of H2O2 in g mol− 1, I is the current in A, and t is 
time in s. It is worth mentioning that the term FE is used in potentiostatic 
mode [4,14], while in galvanostatic mode, it is more common to use the 
term current efficiency (CE) [12,22].

2.5. Degradation assays

To assess the HEF performance of the TM-Nx-C electrocatalysts, trials 
were conducted by monitoring the degradation of the drug LSN. The 
samples were collected every 30 min, and the LSN concentration was 
determined by reversed-phase high-performance liquid chromatography 
(HPLC), following a previous work [42]. The HPLC was equipped with a 
Waters 600 chromatograph coupled to a Waters 996 photodiode array 
detector set at 211 nm. A Kinetex 5 μm Biphenyl 100 Å (250 mm × 4.6 
mm) LC column was kept at 35 ◦C and employed for separating the 
target pollutant and the accumulated organic products. A mixture of 
acetonitrile (CH3CN) and 0.1% formic acid in Milli-Q water in a pro
portion of 15:85 (v/v) was used and eluted at 1.0 mL min− 1. The dura
tion of the chromatographic analysis was set to 5 min, since the LSN 
peak was found at a retention time of 3.0 min.

2.6. Physicochemical characterization

Powder X-ray diffraction (XRD) analysis was performed using a 
PANalytical X'Pert PRO MPD Alpha-1 powder diffractometer in Bragg- 
Brentano θ/2θ geometry with the following characteristics: Cu Kα1 ra
diation (λ = 1.5406 Å) and a Ge (111) Johansson type monochromator. 
The 2θ-scans ranged from 5 to 100

◦

, with a step size of 0.017◦ and a 
measuring time of 60 s. Raman spectra were acquired through a Horiba 
Jobin–Yvon LabRam HR 800 spectrometer equipped with a 532 nm 
diode-pumped solid-state laser, CCD detector cooled to − 70 ◦C, (spectral 
resolution of 1.6 cm− 1) and coupled to a BXFM Olympus microscope. 
The laser beam spot on the sample surface was focused with a 50×
objective lens. The data were collected with a laser power of 0.5 mW, 10 
s of exposure time and 2 accumulations in the Raman shift window of 
300–2000 cm− 1. The spectra were deconvoluted with Lorentz functions. 
The specific surface area was obtained through the Brunauer-Emmett- 
Teller (BET) method, where N2 was used as the adsorbate. The data 
were collected using a Micromeritics TriStar 3000 V6.04 A surface area 
analyzer within the 0.05 ≤ P/P0 ≤ 0.25 interval. Before starting the 
measurements, the sample outgassing was performed under vacuum at 
40 ◦C for 4 h. High-resolution transmission electron microscopy 
(HRTEM) was used to study the sample morphology. For this aim, a 
JEM-2100 (LaB6) JEOL microscope operated at 200 kV in STEM mode 
with a dark-field detector. The HRTEM images were analyzed by means 
of the Digital Micrograph software. X-ray photoelectron spectroscopy 
(XPS) analysis was carried out with a PHI 5500 Multitechnique System 
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from Physical Electronics with the following parameters: ultra-high 
vacuum (pressures range of 5 × 10− 9 - 2 × 10− 8 Torr), mono
chromatic X-ray source (Al Kα line of 1486.6 eV energy, 350 W) placed 
perpendicular to the analyzer axis. The calibration of the X-ray source 
was performed using the 3d5/2 line of Ag (FWHM = 0.8 eV); the analysis 
was performed on a circular area (diameter of 0.8 mm); the spectra 
resolution was 187.85 eV of Pass Energy (PE), 0.8 eV step− 1 for the 
survey spectra, and 23.5 eV of PE and 0.1 eV step− 1 for the high reso
lution analysis of the elements. The spectra were analyzed using 
Avantage software v. 5.9 and the deconvolution was performed with a 
Gauss-Lorenz function and Powell fitting algorithm. The elemental 
analysis (CHNS) was carried out with Elementar Vario Microcube De
vice. To determine the metal contents as well as the amount of the metal 
dissolved during the degradation assessment, inductively coupled 
plasma combined with mass spectrometry detection (ICP-MS) was per
formed by using a Nexion2000 Perkin Elmer analyzer. For solids, 0.02 g 
of sample was digested in 2 mL HNO3 at 260 ◦C. The morphological 
characteristics of the GDEs before and after use were assessed by scan
ning electron microscopy (SEM) using a JEOL JSM-7100F field-emission 
microscope equipped with an energy-dispersive X-ray spectroscopy 
analyzer. All images were obtained at a voltage of 20.0 kV. To investi
gate the surface wettability of the as-prepared GDEs, water contact angle 
measurements were performed using Edmund Optics Technospec 
58,970 M6x1 goniometer. Water drops of 10 μL were deposited on three 
different zones for both the new and used GDEs. The images were ac
quired and analyzed with ImageJ software.

3. Results and discussion

Fig. 1 shown above highlights the essential steps for the synthesis of 
the carbonaceous samples. In particular, the activation step was aimed 
at developing a highly porous material (LA_400), including a final acid 
washing to remove the residual K. To study the effect of the activation on 
morphology, surface chemistry and ORR performance, metal-loaded 
carbons were also prepared without the KOH activation step (i.e., 
Fe600_L400, Ni600_L600, Co600_L400, Table S1). Considering the po
tential scalability of the materials preparation, the mass yields of L_400, 
L_600, L_800 and LA_400 are reported in Table S3. In the case of ma
terials derived from lignin pyrolysis, the yield decreased from 57% to 
26% upon temperature increase, in good agreement with other works 
[43]; regarding LA_400, the mass yield was 29%, as described in the 
Supplementary Material. Regarding the metal-loaded samples, no ma
terial loss was observed during the functionalization. The achieved mass 
yields are promising for a scalable synthesis from a biomass waste source 
[44].

3.1. Physicochemical properties of the synthesized carbons

Fig. S5 shows the detailed analysis of the XRD spectra of the carbons 
directly obtained from lignin pyrolysis (Fig. S5a), as well as those of the 
activated carbon LA_400 (Fig. S5b) and the metal-loaded non-activated 
carbons (Fig. S5c). All the spectra show the typical peaks related to 
amorphous carbon centered at 23–26◦, 41–44◦, and 79–80◦, which arise 
from the (002), (110) and (112) planes of graphite (hexagonal structure, 
ICDD: 01–079-1471, 00–001-0640), respectively. In addition to the 
carbon peaks, L_400 and L_600 show numerous well-defined peaks that 
can be ascribed to Na2SO4 (orthorhombic, ICDD: 01–079-1553), at 
18.9◦, 19.6◦, 22.6◦, 23.6◦, 25.5◦, 31.8◦, 33.9◦, 37.7◦, 46.1◦, 52.1◦, 58.0◦, 
58.9◦, 63.9◦, 82.0◦ and 86.0◦ (Fig. S5a) [45]. Na2SO4 comes from the 
raw material, i.e., lignin, and is usually introduced during the Kraft 
pulping process [45]. In L_800, the Na2SO4 signals are absent, while the 
other four peaks appear in the diffractogram at 30.4◦, 34.1◦, 34.4◦ and 
43.4◦. Reflections related to hexagonal sodium carbonate were found at 
34.1 and 34.4◦ (ICDD: 01–086-0306), whereas cubic calcium carbide 
signals were detected at 30.4◦ and 43.4◦ (ICDD: 01-074-2044), where Ca 
might come from the Kraft pulping process [46]. Conversely, the spectra 

of LA_400 in Fig. S5b and those of the metal-loaded carbons in Fig. S5c 
only show C peaks. Variations in C peak position and sharpness are 
evidenced among the samples in Fig. S6, and a detailed description is 
provided in the Supporting Material. It is worth highlighting the dis
cussion about the sharper and more intense peak in LA_400 as compared 
to L_400.

To determine the carbon structure of the as-prepared electro
catalysts, Raman spectroscopy was performed, and the results of non- 
activated and activated carbons, as well as those of Fe-loaded carbons, 
are displayed in Fig. S7. The obtained spectra show two bands: the D 
band centered at 1350 cm− 1, which arises from out-of-plane vibrations 
of A1g symmetry attributed to the presence of structural defects, and the 
G band centered at 1600 cm− 1, which originates from in-plane sp2 

carbon bond stretching of E2g symmetry [47,48]. The carbon defectivity 
was calculated from the intensity ratio of the D and G band (ID/IG) 
(absolute intensity), as illustrated in Fig. S8a and 8b. Moreover, the 
spectra have been deconvoluted into 4 bands: D1 at ca. 1350 cm− 1, D3 at 
ca. 1530 cm− 1, D4 at 1200 cm− 1 and the G band, according to Sadezky 
et al. [48]. D3 band comes from the amorphous carbon fraction of the 
material, while the D4 band is attributed to sp2-sp3 bonds or C–C and 
C––C stretching vibrations of polyene-like structures [48]. The D3 area 
can be used as a descriptor of the amorphousness degree of the material. 
Interestingly, the temperature pyrolysis, the activation and the func
tionalization affect the ID/IG (i.e., defectivity) and D3 area, as also evi
denced in Fig. S8a and S8b. By increasing the temperature (Fig. S8a), the 
ID/IG rises but the D3 area declines, in good agreement with other bio
masses pyrolyzed at temperatures below 1000 ◦C [43]. On the other 
hand, the activation does not modify the ID/IG ratio but mostly affects 
the D3 area, which dramatically decreases (Fig. S8b). Finally, the 
functionalization enhances the ID/IG ratio (especially when switching 
from L_400 and Fe600_L400) and decreases the D3 area (Fig. S8b).

Fig. S9 shows the N2 adsorption/desorption isotherm, whereas 
Table S4 summarizes the results achieved with the BET method (i.e., 
surface area and the pore volume) and the BJH desorption method (i.e., 
average pore size). Fig. S9a-c compare the profiles for samples from 
lignin pyrolysis, the non-activated metal-functionalized carbons and the 
activated carbons. L_400 shows a III-type isotherm, typical of macro
porous materials [49] (Fig. S9a) with specific surface area (SSA) and 
total pore volume (Vtot) of 9.3 m2 g− 1 and 0.063 m3 g− 1, respectively, 
whereas the average pore size (dp) of 33.6 nm is in the range of meso
pores. The behavior of non-activated metal functionalized materials 
(Fig. S7b) agrees with a IV-type isotherm, with an initial little micropore 
uptake (at low P/P0) and H4 hysteresis loop, indicative of a micro- 
mesoporous carbon [23,49]. The mesoporosity of these materials is 
confirmed from the values summarized in Table S4 (dp > 2 nm). 
Although different from the metal-based catalyst, L_600 shows a similar 
isotherm profile as well as SSA and Vtot. This results from the use of high 
pyrolysis temperature (i.e., 600 ◦C), which favored the volatilization 
phenomena (including the evolution of CO and CO2 gases) [50,51]. Note 
that the omission of L_800 sample is attributed to technical issues in the 
acquisition of the isotherm, which led to an inaccurate interpretation of 
the BET analysis. In contrast, the activated carbons i.e., LA_400, i.e., 
Fe600_LA400, Co600_LA400, Ni600_LA400 display a I-type isotherm 
with H4 hysteresis and an elevated micropores uptake at low P/P0 [49]. 
The SSA and the Vtot of the activated carbons are ca. ~ 3–4 times higher 
than those of the non-activated, reaching surface areas of 1200–1800 
m2 g− 1, and their dp is close to 2 nm, meaning that these materials are 
mostly microporous. According to previous works, such high values in 
pore volumes arise from the micropores (Vμ), which contribute more 
than half to the total pore volumes (Table S4), and presumably originate 
from the KOH activation. The heat treatment applied for the activation 
step led to the development of CO2, CO and H2 gases, which enhanced 
the porosity, especially microporosity due to the low sizes of these 
volatile molecules [40,52]. In contrast, L_400 was synthesized via direct 
lignin pyrolysis at low temperature, without preliminary activation, 
which ensured carbonization but limited the development of internal 
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micro/mesoporosity. This justifies the low values of SSA and Vtot re
ported in Table S4, in agreement with the absence of a microporous 
structure.

Fig. 2 depicts the TEM images of L_400 and LA_400, to compare the 
morphology of non-activated and activated carbons. Both materials 
appear in irregularly shaped particles at low magnifications (Fig. 2a, b, 
d and e), whereas at higher magnifications, LA_400 reveals some crys
talline structures (Fig. 2f), absent in L_400 (Fig. 2c). The results obtained 
from LEED diffraction analysis confirmed that the crystalline domains 
observed in Fig. 2f correspond to (002) planes of graphite with an 
interplanar distance d of 0.316 ± 0.001, similar to what is reported in 
the literature [53,54]. The appearance of graphitic domains in LA_400 
could be attributed to the thermal treatment step performed during the 
KOH activation at 700 ◦C, which leads to a more graphitized material 
[40]. The occurrence of graphitic domains with stacked graphene layers 
could probably justify the massive fraction of micropores in LA_400, 
along with the sharper and more intense (002) C reflection (Fig. S6b) 
and the lower D3 area (i.e., amorphousness degree).

After understanding the main structural and morphological differ
ences between the materials, the discussion follows with insight into the 
materials chemistry. The elemental compositions of the pristine and 
modified lignin-based materials are summarized in Table S5. The raw 
lignin exhibited 60.0% C, 5.2% H, 0.6% N, and 2.2% S. Upon pyrolysis, 
the carbon content increased progressively with temperature, reaching 
96.2% in L_800, while hydrogen decreased to 1.3% in L_800. Sulfur 
content was reduced by half to 1.2% in L_400 and remained nearly 
constant at higher temperatures. Functionalization of L_400 with MPc 
without activation resulted in materials containing 80.0–84.1% C, 
2.2–2.4% H, 0.8–1.2% N, and 1.1–1.3% S. KOH activation of L_400 
further enhanced the carbon content (from 73.6% to 81.9%) and 
reduced both hydrogen (from 3.8% to 1.5%) and sulfur (from 1.2% to 
0.5%). The MPc-functionalized activated carbons showed C contents 
between 77.3% and 89.6%, H between 0.8% and 1.7%, N between 0.9% 
and 1.4% (comparable to non-activated materials), and S around 0.3%, 
approximately half that of their non-activated counterparts. The amount 
of the metal present in the non-functionalized and functionalized sam
ples was determined via microwave digestion followed by ICP-MS 
analysis. The values reported in Table S5 show a metal content of 

~0.7–0.9 wt%. Fig. S10 shows the survey spectrum obtained from XPS 
analysis of the most representative materials, i.e., L_400, L_600, L_800, 
Fe600_L400, and Fe600_LA400. The resulting quantitative analysis is 
reported in Table S6. C 1 s and O 1 s peaks appear in all the samples in 
variable concentrations (82.1 at.% < C < 92.7 at.% and 8.9 at.% < O <
17.9 at.%), with the highest C content and lowest O amount in the 
activated samples. N 1 s was observed only in Fe600_L400 and 
Fe600_LA400 (i.e., 3.9 at.% and 0.9 at.%, respectively), while Fe 2p was 
detected only in Fe600_L400 (ca. 1 at.%). In some samples (L_600, L_800 
and Fe600_L400), traces of Na were also detected (Table S6). Interest
ingly, the C1s peak shows some shift in the binding energy (BE), which 
can be associated with the changes in surface chemistry (see Fig. S11a 
and 11b, and the related description in the Supplementary Material). 
The quantification upon C1s deconvolution was carried out according to 
other studies [55–57], and it is depicted in Fig. S12 and summarized in 
Table S7, while the binding energy (BE) is shown in Table S8. Graphitic 
carbon increases with the pyrolysis temperature, from 45.8 rel. at.% to 
55.3 rel. at.%, whereas disordered carbon C content declines from 44.6 
rel. at.% to 26.9 rel. at.% for L_400 and L_600, respectively. Therefore, 
the Cdisordered: Cgraphitic proportion is ~1:1 for L_400 and ~ 1:2 for L_600 
and L800. These changes can be ascribed to the increase in C=C bonds of 
aromatic structures [58]. The 1:1 proportion is maintained in 
Fe600_L400, while it drastically changes after the KOH activation (~ 1:4 
and ~ 1:12, for LA_400 and Fe600_LA400, respectively). This variation 
can be due to the higher graphitization degree of these carbons. The 
oxygenated carbon components C− O, C=O, and COOH appear at 
284.8–286.8 eV, 286.4–288.0 eV, and 288.5–289.5 eV, respectively, in a 
variable percentage among the samples, while C − N appears at 284.7 
eV and 285.5 eV in Fe600_L400 and Fe600_LA400. Finally, C shake 
components can be found at BE >291 eV, which can also be related to 
the π-π* electronic transitions of the sp2-hybridized C=C bonds. The 
deconvolution of the N 1 s spectrum is illustrated in Fig. S13, while the 
quantitative results are reported in Table S9 and the related BE in 
Table S10. The high-resolution N 1 s spectrum was deconvoluted in 8 
components according to previous papers [55,59–61]: N pyridinic, 
N–Fe, N pyrrolic, N graphitic, N quaternary and Nox1 and Nox2 (nitro
gen oxides) at 397.0–398.0, 398.4–399.7, 400.4–400.7, ~ 401.5, ~ 
402.7, 404.0–405.4 and 406.7–408.0 eV, respectively. The most 

Fig. 2. TEM images of: (a–c) L_400, and (d–f) LA_400, at different magnifications.
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abundant component is the Npyridinic followed by N–Fe. Regarding the 
other moieties, Fe600_L400 shows a higher amount of Ngraphitic whereas 
Fe600_LA400 displays a higher amount of Nquaternary and Npyrrolic. 
Finally, the amount of the oxide components (Nox1 + Nox2) is similar in 
both carbons.

3.2. Electrochemical characterization of non-activated carbons

3.2.1. RRDE tests
To gain a first insight into ORR performance and selectivity, the 

electrocatalysts were tested via the RRDE technique in 0.05 M Na2SO4 at 
natural pH 5.9. First, the voltametric profiles of metal-free and metal- 
loaded non-activated carbons were compared. Fig. S14 depicts the cy
clic voltammograms performed in N2- and O2-saturated electrolyte. As 
detailed in the associated text in the Supplementary Material file, this 
type of electrocatalysts were active toward ORR. The quantitative re
sults are summarized in Table S11.

The LSV curves obtained at the disk (Id) and the ring (Ir) are depicted 
in Fig. 3a, while the potential-dependent yH2O2 and n are shown in 
Fig. 3b. From the disk measurements, the onset (Eon) and half-wave 
potential (E1/2) were calculated by extrapolating at − 0.1 mA and via 
the second derivative method, respectively, as previously reported [62]. 
The values of the characteristic parameters (yH2O2 and n at − 0.96 V vs 
RHE, along with Eon and E1/2) are listed in Table S11. As can be 
observed, the addition of a transition metal to L_400 brings about several 
effects: (i) it raises the activity in the case of Fe600_L400 (more positive 
Eon and E1/2); and (ii) increases the H2O2 selectivity for all metal-loaded 
materials. The superior ORR activity of Fe-Nx-C electrocatalyst 
compared to Co- and Ni-loaded materials may be due to the optimal 
binding of O2 to the metal centers, as previously reported [63–65]. The 
yH2O2 is higher than 90% for the three atomically dispersed catalysts and 
follows this order: Fe600_L400 > Co600_L400 > Ni600_L400.; L_400 
shows inferior values (~ 80%). Accordingly, n values for metal-loaded 
carbons are close to 2. Note that the two-peak profile in Fig. 3a might 
be associated with the occurrence of a two-step reduction process, as 
previously reported [23,66]; the first peak at ca. -0.1–0 V vs RHE can be 
related to the O2 reduction to H2O2, whereas the second at larger 
cathodic overpotential is due to subsequent reduction of H2O2 to water. 
This could also explain why the yH2O2 of L_400, where the 2-peak profile 
is more remarkable, is slightly lower as compared to the other materials 
and slightly declines at large overpotentials. On the contrary, in the case 
of Fe600_L400, where the two-peak profile is absent, the yH2O2 is the 
highest recorded among the materials and remains constant over the 
whole potential window.

3.2.2. Bulk electrolysis
To quantify the H2O2 produced, an initial electrolysis was performed 

in conditions similar to the RRDE measurements by applying a constant 

potential of − 0.61 V vs RHE, which is located in the diffusion limiting 
regime (see Id profile in Fig. 3a), where the selectivity was maximum and 
the hydrogen discharge was absent. By using a three-electrode undi
vided cell with 75 mL of 0.05 M Na2SO4 electrolyte at pH 5.9, the H2O2 
was quantified spectrophotometrically and the results obtained are re
ported in Fig. 4a and b. The usage of an undivided setup allows for 
reducing the cell voltage needed for electrolysis [67,68]. It should be 
noticed that the accumulation of H2O2 and the Faradic efficiency can be 
negatively affected due to partial destruction at the anode, as shown in 
reactions (11) and (12) [67], but in such configuration, the anode can 
contribute to the degradation of pollutant molecules (see Section 3.5): 

H2O2→HO•
2 +H+ (11) 

HO•
2→O2 +H+ + e− (12) 

Additionally, in all the trials with GDE, a slightly different loading as 
compared to the RRDE tests was employed, i.e., 0.5 mg cm− 2 instead of 
0.6 mg cm− 2. While the latter value guarantees reliable results when 
determining yH2O2 and n from RRDE analysis [12], the GDE loading is 
justified by recent findings in our recent work. Indeed, 0.5 mg cm− 2 was 
optimal to reduce the flooding favored by too low catalyst loadings and 
avoid the adverse effects of too high loadings, such as promotion of H2O2 
reduction and the partial obstruction of pores of the gas diffusion layer 
due to an excess of catalyst [12]. Therefore, 0.5 mg cm− 2 was adopted to 
guarantee optimal O2 mass transport properties and limit flooding. The 
H2O2 concentration accumulation can be seen in Fig. 4a: after 3 h, the 
highest values were achieved using Co600_L400 (2.7 mM H2O2), fol
lowed by L_400, Ni600_L400 and Fe600_L400 (only 0.8 mM H2O2). The 
differences among the electrocatalysts can be explained by the specific 
ability of each material to generate H2O2, and the reactivity of each 
metal to promote the subsequent decomposition of this oxidant (further 
explanations will be provided below). In Fig. 4b, it can be noticed that 
the initial Faradic efficiency in the system with L_400 was similar to that 
employing Ni600_L400 (> 90%), twice as compared to that with 
Co600_L400 (48%), and four times greater than that with Fe600_L400 
(20%). In all cases, a decline in FE was observed over time, more 
remarkable for the best performing materials (from 90% to 53%). The 
decrease of FE can be due to the slow penetration of the electrolyte in the 
catalytic layer (i.e., electrode flooding) [20] and the decomposition of 
H2O2 by anodic oxidation, which progressively flattens the H2O2 con
centration curve [69].

Generally speaking, potentiostatic electrolysis is not suitable for 
large-scale electrosynthesis since the current flow can oscillate signifi
cantly to maintain a constant potential; moreover, the related current 
density values are usually modest, insufficient to ensure a high mass 
production rate. Therefore, galvanostatic electrolysis was carried out for 
H2O2 production at 10 mA cm− 2 in 150 mL of 0.05 M Na2SO4 electrolyte 
at pH 5.9. The results are illustrated in Fig. 4c and d. The use of L_400 led 

Fig. 3. RRDE results of metal-free and metal-loaded non-activated carbons: (a) disk and ring current. (b) H2O2 selectivity and number of transferred electrons 
obtained with RRDE at 1600 rpm; v = 2 mV s− 1; catalyst loading of 0.6 mg cm− 2; O2-saturated 0.05 M Na2SO4 electrolyte (pH 5.9); Ering = 1.5 V vs RHE.
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to the highest H2O2 concentration (8.1 mM), followed by Ni600_L400, 
Co600_L400, and Fe600_L400, respectively. The current efficiency (CE) 
(a term that is preferred in galvanostatic conditions), which is repre
sented in Fig. 4d, slightly decreased during the electrolysis; for example, 
from 85% to 70% when L_400 was employed.

3.3. Experimental results of activated materials

3.3.1. RRDE tests
Carbons with higher surface area are expected to exhibit higher 

electrochemical performance due to larger exposure of the active sites to 
reactant species. A direct confirmation of this statement is the higher 
electrochemical surface area (ECSA) of the activated carbons, as re
ported in Table S12. The ECSA increased by 4 orders of magnitude, from 
10− 5 to a maximum of 0.405 cm2 when moving from non-activated to 
activated carbons, somehow resembling the BET trend of the SSA. The 
ECSA values of the activated materials are in the same order of magni
tude (0.1 cm2) as those calculated for other carbons in literature under 

similar conditions (i.e., 0.05 M Na2SO4) [69]. Another interesting effect 
of the activation on the electrochemical behavior concerns the cyclic 
voltammogram of Fig. S15a and S15b, where the high capacitive current 
covers the ORR peaks in O2-saturated electrolyte at 0.6 mg cm− 2 and 
hence, lower loadings are needed to unveil the ORR peaks (Fig. S15c). A 
thorough discussion about this trend is provided in the Supplementary 
Material.

The LSV curves obtained at the disk (Id) and the ring (Ir) are reported 
in Fig. 5a, while yH2O2 and n are shown in Fig. 5b. The values of Eon and 
E1/2, along with those of yH2O2 and n at − 0.96 V vs RHE are provided in 
Table S11. For the sake of comparison, we report the RRDE results 
achieved with commercial carbon Vulcan XC72 in Fig. S16 and 
Table S11.

In Fig. 5a the LSV curves show a higher limiting current compared to 
the non-activated materials of Fig. 3a (i.e., − 1.2 vs − 0.4 mA). In 
Table S11, the Eon and E1/2 values follow this trend: Fe600_LA400 >
Co600_LA400 > LA_400 > Ni600_LA400, and, again, the Fe-loaded 
carbon was the most active electrocatalyst. The ring current (Ir) in 

Fig. 4. Time course of (a) H2O2 concentration and (b) current efficiency for the potentiostatic electrolysis of 75 mL of 0.05 M Na2SO4 medium at pH 5.9 and − 0.61 V 
vs RHE, using metal-free and metal-loaded non-activated carbons. In plot (c) and (d), same measurements but under galvanostatic conditions (10 mA cm− 2) and with 
a solution volume of 150 mL. The electrocatalyst loading in the GDEs was 0.5 mg cm− 2.

Fig. 5. RRDE results of the Co600_LA400, Ni600_LA400, Fe600_LA400 and LA_400: a) disk and ring current, b) peroxide yield and number of transferred electrons 
obtained with RRDE at 1600 rpm, v = 2 mV s− 1 with catalyst loading: 0.6 mg cm− 2 in O2-saturated 0.05 M Na2SO4 electrolyte (pH 5.9), Ering = 1.5 V vs RHE.
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Fig. 5a reached a maximum value of 0.4 mA for the Co600_LA400 at 
− 0.96 V vs RHE, while slightly lower values around 0.3 mA were ob
tained using Fe600_LA400, Ni600_LA400 and LA_400. Such high current 
leads to a selectivity greater than 90%, which follows this trend: 
Co600_LA400 > Ni600_LA400 ≈ Fe600_LA400 ≈ LA_400. The number 
of electrons n was very close to 2 (≈ 2.03–2.12), confirming a 2-electron 
transfer mechanism.

By comparing these activated carbons with the non-activated ones, 
an improvement in the electrochemical activity is observed. The over
potential decreased by more than 500 mV and drastically shifted the 
onset potential and the half-wave potential to much more positive 
values. These changes could be first attributed to the higher ECSA, in 
line with SSA changes (higher values) and the presence of a more 
conductive carbon matrix due to the higher graphitization of the acti
vated carbons, as observed by XRD, Raman, TEM and XPS analysis (low 
Cdisordered:Cgraphitic ratio). While the activity was significantly altered by 
activation, the selectivity almost remained the same (i.e., 80%–90%). 
Comparison with commercial Vulcan XC72 (Fig. S16 and Table S11) 
shows that LA_400 is more active (higher Eon, E1/2 and limiting current) 
and more selective to H2O2 selectivity (yH2O2 of Vulcan is almost 75% 
and n is ca. 2.5).

3.3.2. Bulk electrolysis
Bulk electrolysis with GDE as the cathode and DSA as the anode was 

carried out for the activated materials at 10 mA cm− 2 in 0.05 M Na2SO4 
electrolyte at pH 5.9. The results are compared in Fig. 6 with those of the 
non-activated materials. At first glance, the non-activated materials 
perform better. Starting from the metal-free material LA_400, Fig. 6a 
makes in evidence that a much lower H2O2 concentration is achieved 
after 3 h (3.5 vs 8.5 mM). Similarly, Co600_L400 outperformed the 
Co600_LA400 (4.3 and 1.7 mM), whereas in the case of Ni-loaded car
bons, the difference was much less pronounced. Conversely, 
Fe600_LA400 was the sole activated material that behaved better than 
its non-activated counterpart (2.1 and 1.4 mM). Regarding the current 
efficiency (Fig. 6b), it was more than twice when using L_400, as 
compared to LA_400 (71% vs 31% after 3 h); the same trend was 
exhibited by Co-loaded carbon (37% and 15%).

Based on the obtained results, the porous activation with KOH 
generally decreased the production of peroxide, despite the similar 
selectivity of both types of materials. The difference in H2O2 production 
employing the GDEs might be attributed to their type of porosity. During 
RRDE analysis, O2 is dissolved in the solution and the O2 molecules react 
at the active sites present in a thin catalyst layer of the disk. As soon as 
H2O2 is produced, the product is immediately expelled from the disk due 
to the centrifugal force produced by the RRDE rotation and immediately 
detected at the ring surface, where it decomposes to H2O and O2. In such 
a configuration, the internal porosity does not significantly affect the 
selectivity. Instead, during electrolysis with a GDE, O2 diffuses as a gas 

from the back to the front side of the catalyst layer in contact with the 
solution. If the pore diameter is too small (micropores), the produced 
H2O2 might remain for a longer time in the pores, where it may be 
reduced to water. On the other hand, if the pores are larger (meso/ 
macropores), H2O2 might easily escape from the porous channels to the 
solution. In this sense, the meso/macroporous architecture might 
determine the performance of the GDE [12,23]. Hence, being GDE more 
sensitive to the catalyst texture, the porosity could affect the H2O2 
production, explaining the different results between the non-activated 
(macro/mesoporous with SSA ~ 9–300 m2 g− 1) and activated mate
rials (microporous with SSA > 1000 m2 g− 1). To correlate the H2O2 
production with porosity, focused analyses could be made in future 
studies.

3.4. Optimizing L_400 performance by pyrolysis and comparison with the 
literature

The results described above allow concluding that L_400 is the best 
material to produce H2O2 due to its ideal properties to be employed in a 
GDE. To optimize its performance, the pyrolysis temperature was eval
uated as a potentially key variable. Therefore, lignin was pyrolyzed at 
600 and 800 ◦C, obtaining L_600 and L_800 samples. The electro
chemical results obtained with RRDE in 0.05 M Na2SO4 at pH 5.9 are 
depicted in Fig. S17 and S18, and the relevant parameters are summa
rized in Table S11. Fig. S17 reports the cyclic voltammograms recorded 
in O2- and N2-saturated electrolyte for non-activated carbons. L_400 and 
L_800 show an ORR peak between 0.1 and 0.2 V vs RHE in the O2- 
saturated electrolyte (solid lines), whereas no peaks were observed in N2 
(dashed lines). In Table S11, the ORR peak potentials (Epeak) of L_400, 
L_600 and L_800 are around 0.13, 0.12 and 0.19 V vs RHE, respectively. 
The peak intensity (Ipeak) of L_400 was the highest (0.012 mA), followed 
by that of L_800 (0.008 mA). In the case of L_600, the peak intensity is 
below the error. Fig. S18 shows the LSV curves of non-activated carbons, 
obtained at pH 5.9, while the activity (Eon and E1/2) and selectivity 
(yH2O2 and n) descriptors are reported in Table S11. L_600 shows the 
most negative Eon and E1/2 values and, therefore, it is the worst elec
trocatalyst. Moreover, L_600 exhibits the lowest selectivity and the 
highest n and thus, it is the less appropriate material for H2O2. On the 
contrary, L_400 and L_800 show similar yH2O2 (79.1% and 85.8%, 
respectively) and n (2.42 and 2.28, respectively). The results from the 
bulk electrolysis with GDE, obtained under analogous conditions to 
those of Fig. 4c and Fig. 6a, are reported in Fig. 7a and b. The H2O2 
concentration and the CE curves of the three materials overlapped 
within the first three hours of electrolysis, showing a H2O2 accumulation 
of ~8.3 mM and CE of 67% at that time. Beyond that, L_400 surpassed its 
counterparts, achieving 13.8 mM with 60% CE at 360 min. Considering 
these results, the change in the temperature of pyrolysis could not 
improve the H2O2 production and, especially at long electrolysis time, 

Fig. 6. Time course of (a) H2O2 concentration and (b) current efficiency for the galvanostatic electrolysis of 150 mL of 0.05 M Na2SO4 medium at pH 5.9 and 10 mA 
cm− 2, using metal-free and metal-loaded activated carbons. The electrocatalyst loading in the GDEs was 0.5 mg cm− 2.
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the performance worsened.
To figure out how close the performance of the lignin-derived carbon 

is to that of the commercial carbon, the profile of CE vs H2O2 yield is also 
shown for the commercial GDE in Fig. 7c and d. L_400 behaved similarly 
to the commercial GDE, which showed a slightly higher H2O2 concen
tration at 6 h (15.2 vs 13.8 mM, Fig. 7a) and a CE (65.8% vs 60.0%, 
Fig. 7b). In Table S13, the performance of L_400 is compared with that of 
the state-of-the-art GDEs fabricated from biomass-derived carbons, also 
in terms of the mass rate production, H2O2 yield, and electrical energy 
consumption (EEC) determined by the equations described in Supple
mentary Material. Fig. 7c and d is thus a graphical representation of such 
data. In Fig. 7c, the most performing materials (i.e., high CE and H2O2 
yield) have been highlighted by a green circle, whereas in Fig. 7d, the 
most performing materials are characterized by low EEC and high H2O2 
yield. L_400 and commercial GDE are placed inside the green circle, 
since they yield H2O2 with a high CE (~85% at 30 min) and relatively 
low EEC (~8 kWh kg− 1

H2O2
), which is lower than that needed via the 

anthraquinone method (12–17 kWh kg− 1
H2O2

). In conclusion, L_400 is 
competitive as compared to the current state of the art; its performance 
does not reach that attained by the commercial GDE, but its natural 
origin from waste pyrolysis at relatively low temperature (i.e., 400 ◦C) 
makes it cost-effective and very appealing for future upscaling. More 
specifically, the economic viability of L_400 stems from the synergy 
between sustainable sourcing and process optimization. The usage of 
zero-cost waste, the good pyrolysis yield of 57%, and the use of low 
temperature pyrolysis (i.e., 400 ◦C) allows minimizing the cost of elec
trocatalyst production and the carbon footprint. By combining these 
features with its high performance in H2O2 electrogeneration, a sus
tainable production of H2O2 can be achieved.

3.5. Degradation experiments

As explained in the introduction, one of the applications of the in-situ 
electrogeneration of H2O2 is the degradation of organic pollutants 
coming from industrial, agricultural or urban activities. Although H2O2 
can act as an oxidant, its oxidizing power is milder than that exhibited 
by oxygen radicals, e.g., •OH, which can be obtained via Fenton's re
action, as shown in reaction (5). As discussed above, the amount of H2O2 
detected using Fe600_L400 was much lower compared to that attained 
with the other materials (e.g., less than 1/5 of the amount reached using 
L_400). Nonetheless, Fe600_L400 demonstrated a high selectivity for 
2e− ORR (RRDE trials). Excluding any contribution to the HER, 
considering the experimental conditions and the catalyst nature (single- 
atom Fe) [73], one can suspect that Fe2+ centers can favor the occur
rence of Fenton's reaction [74]. This hypothesis was tested by per
forming degradation trials employing solutions of the pharmaceutical 
LSN, which is difficult to remove by conventional wastewater treatment 
[55]. According to our recent publication, the production of •OH could 
degrade LSN degradation until mineralization to CO2 and H2O [42]. 
Since elucidating the LSN degradation pathway goes beyond the scope 
of our paper, we invite the reader to go over that work for further details.

As a first attempt, we tried to monitor the degradation of 16.1 mg L− 1 

LSN in a cell containing 150 mL of 0.05 M Na2SO4 (initially at pH 5.9), 
equipped with a GDE cathode loaded with 0.5 mg cm− 2 of active ma
terial and a DSA plate. The degradation experiment was carried out in 
galvanostatic conditions, at 10 mA cm− 2. In Fig. S19, the GDE loaded 
with different electrocatalysts shows similar degradation results with 
slightly better performance using the GDE loaded with Fe600_L400, 
which exhibited up to 37% LSN degradation after 3 h. The LSN degra
dation is still modest due to the small surface-to-volume ratio (i.e., GDE 
area of 3 cm2 in an electrolyte volume of 150 mL), which limits the 
amount of active species that can degrade the organic pollutant. To 
exclude an unintentional homogeneous Fenton's reaction caused by 

Fig. 7. a) Time course of (a) H2O2 concentration and (b) current efficiency for the galvanostatic electrolysis of 150 mL of 0.05 M Na2SO4 medium at pH 5.9 and 10 
mA cm− 2, using metal-free non-activated carbons obtained from pyrolysis at 400, 600 and 800 ◦C, along with a commercial GDE. The electrocatalyst loading in the 
GDEs was 0.5 mg cm− 2. In addition, comparison of the performance of L_400 and commercial GDE (red and blue star, respectively) with respect to that of biomass- 
derived GDEs reported in the literature [21–24,31,32,70–72] in terms of: c) current efficiency vs H2O2 yield and b) electrical energy consumption vs H2O2 yield. The 
green circle on top right in plot c and on bottom right in plot d highlights the desired performance. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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metal leaching from the electrode to the electrolyte, the solutions were 
analyzed with ICP-MS. As deduced from the data collected in Table S14, 
for all the solutions, Fe2+ is inferior to the limit of quantification (LOQ), 
Co2+ is slightly superior to the LOQ (i.e., 1.82 ppb) when Co600_L400 
electrode was employed and, finally, Ni2+ is close to the LOQ (i.e., 
maximum of 2.9 ppb). Anyway, by considering the initial metal content 
in the materials (Table S5), the metal leaching is practically negligible.

To increase the LSN degradation, we attempted to decrease the 
volume of the solution to 40 mL, thus enhancing the surface-to-volume 
ratio. In Fig. 8a, the degradation curve resulting from the electrolysis 
with the GDE loaded with Fe600_L400 overlaps with that obtained with 
L400 and Co600_L400 in the first 90 min; however, at the end of the 180 
min, up to 63% of LSN removal was achieved, whereas L400 and 
Co600_L400 only yielded 44% and 50, respectively. Ni600_L400 led to a 
faster degradation than Fe600_L400 in the first 90 min but attained a 
lower final removal of 57%. To investigate the actual contribution of 
oxygen radicals to LSN degradation, we assessed other possible contri
butions to LSN degradation, i.e., electro-oxidation (EO) and the mild 
oxidation by H2O2; the latter is produced gradually during the run, in 
contrast to the continuous action of DSA since the beginning of the 
electrolysis, which makes it difficult to accurately discriminate each 
contribution. Hence, we conducted separated experiments to charac
terize each effect. The EO contribution was evaluated by substituting the 
GDE by a Pt plate during the electrolysis, in the same conditions of those 
tested with GDEs. Instead, to verify the H2O2 oxidative action, we added 
the amount of peroxide achieved in the electrolysis with L_400 after 3 h 
(Fig. 4) and ran the chemical treatment for 3 h, without performing any 
electrolysis. In Fig. 8a, EO and H2O2-mediated oxidation degraded up to 
33% and 40% of LSN, respectively, after 3 h. According to our findings, 
it can be inferred that the degradation achieved with metal-free L_400 
was mainly due to H2O2, whereas the role of DSA was comparatively 
minor. Using the metal-loaded GDEs, less peroxide was accumulated 
(Fig. 4), which can then be attributed to Fenton's reaction, especially in 
the case of Fe600_L400, which attained the highest degradation per
formance. A complete degradation of LSN was not accomplished even at 
low solution volumes, probably due to the limited amount of free Fe(II) 
active sites on the GDE surface, which can also be occupied by the O2 for 
ORR.

To overcome this limitation, we carried out an experiment using a 
GDE loaded with 0.5 mg cm− 2 of L_400, adding 0.1 g L− 1 of either L_400 
or Fe600_L400 powder to 40 mL of the same electrolyte and applying 10 
mA cm− 2. Fig. 8b illustrates the results obtained. In addition, to figure 
out the possible contribution due to the adsorption of LSN on the cata
lytic powder [42,75], we run an experiment to monitor the concentra
tion decay for 180 min, with Fe600_L400 powder without a current 
supply. The curve reported in Fig. S20 shows a little contribution of the 

adsorption within the 3 h (maximum of 10% drug degradation). 
Therefore, in Fig. 8b, after 20 min of pre-electrolysis time (grey area), 
the electrochemical trial started (time 0 min). In the electrolysis per
formed with Fe600_L400 powder, almost complete degradation of the 
contaminant was achieved after 3 h, while only a partial degradation of 
68% was achieved with L_400 powder. Since L_400 curve does not result 
from EF reaction (there is no metal catalyst present in the system), the 
degradation power in that case may arise from two contributions: the 
adsorption effect of the powder and the H2O2-mediated oxidation on 
LSN. It can thus be concluded that the removal revealed by the curve of 
Fig. 8b (i.e., L_400 GDE and addition of L_400 powder) mostly derives 
from the H2O2-mediated oxidation. In light of all these considerations, 
we can plausibly hypothesize that Fe600_L400 behaves as a potential EF 
catalyst for both, H2O2 production and its in-situ upgrade for wastewater 
treatment. Note that, while these results allow us to infer the occurrence 
of EF process, detection of •OH radicals via electron paramagnetic 
resonance (EPR) analysis or scavenging trials (e.g., using methanol, tert- 
butanol), as well the determination of Fe(II)/Fe(III) couple, could be 
performed to gain further insights into the reaction mechanism 
[32,69,76].

Although efficient degradation has been achieved in this work, the 
next step would be the assessment of the long-term viability, which 
would require further optimization. A primary concern could be the 
local alkalinization arising upon H2O2 production at the GDE, thereby 
hindering the EF performance. Typically, homogeneous EF requires a pH 
of ~3, though heterogeneous systems can operate at near-neutral con
ditions [12]. In undivided systems, local pH rise does not necessarily 
alter the bulk pH; in this study, the undivided cell configuration allowed 
the bulk pH to drop from 5.9 to ~3. While metal leaching remained 
negligible in this study (Table S14), it may become a critical factor 
during extended catalyst reuse. Finally, note that system durability de
pends heavily on balancing the surface properties of the GDE; hydro
philicity is needed to ensure contact between the aqueous pollutants and 
generated radicals, whereas hydrophobicity is essential to maintain the 
triple-phase boundary and prevent electrode flooding. Future research 
should investigate this balance alongside long-term GDE and catalyst 
stability.

3.6. Evolution of GDE properties

To show and compare the morphology of the as-prepared GDE, 
before and after its use the SEM images of GDE loaded with LA_400 are 
shown in Fig. 9. Both the new and used GDEs show a fibrous structure 
due to carbon cloth support and some particles interposed between the 
fibers, attributable to the electrocatalyst or PTFE agglomerates (Fig. 9b 
and e). Thanks to the hot-pressing step, PTFE seems homogeneously 

Fig. 8. Time course of the normalized LSN concentration during the treatment of 40 mL of solutions with 16.1 mg L− 1 LSN + 0.05 M Na2SO4 at pH 5.9 and 25 ◦C, at 
10 mA cm− 2, using an undivided cell with a GDE as the cathode (loading of 0.5 mg cm− 2) and a DSA-O2 plate as the anode. (a) The cathode was a GDE prepared with 
a non-activated metal-free or metal-loaded carbon fed with air at 0.4 mL min− 1. In the same conditions, the electro-oxidation (EO) was performed replacing the GDE 
by a Pt plate; the effect of the H2O2-mediated oxidation was studied in the absence of supplied current. (b) The GDE was prepared with metal-free non-activated 
carbon, and two different catalyst powders (0.1 g L− 1) were added to the target polluted solution.
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mixed in the GDE structure, as the F regions (green color) cover both the 
carbon cloth fibers and the particles. The thin filaments appearing in 
Fig. 9c and f might be attributed to PTFE. In Fig. 9e, the elemental 
mapping of the used GDE shows Na, O, S and Ca, which are absent on the 
surface of the new GDE in Fig. 9b. Very likely, Na, O, S derive from the 
deposition of the Na2SO4 salt on the GDE surface.

To assess the hydrophobicity of GDE, the water contact angle of the 
new and used GDEs was measured, as can be seen in the values reported 
in Table S15. Hydrophobicity plays a vital role in preventing electrode 
flooding, which can significantly reduce the electrode performance and 
obstruct the pores, thus affecting the mass transport properties [77,78]. 
Nevertheless, an excessively hydrophobic surface obtained with a PTFE 
content greater than 40 wt% decreases the number of free active sites, 
thus exerting a detrimental effect on the performance [79]. In our case, 
the contact angles are generally higher than 100◦ for both new and used 
GDEs, and therefore, the surfaces are predominantly hydrophobic owing 
to a homogeneous dispersion of PTFE on the electrode surface (Fig. 9b 
and e). Worth noting, the used GDEs show lower values than the unused 
ones (i.e., generally around 110◦ vs. values ≥120◦), probably due to the 
deposition of Na2SO4 salt on the GDE surface, as in Fig. 9b, which might 
increase the surface hydrophilicity [77]. Other reasons could be attrib
uted to the increase in polar oxygenated groups created after GDE 
electrode activation, or the loss of PTFE content, both of which enhance 
the hydrophilicity of the electrode, as previously reported [80]. Any
way, since the contact angle does not dramatically decrease below 100◦, 
it can be stated that the GDEs designed in this work, on the whole, 
maintain their surface physical properties upon use. In addition to that, 
the contact angle measurements can explain the difference in perfor
mance between the carbons obtained at different pyrolysis tempera
tures. Probably, L_400 provides superior hydrophobicity to the GDE 
surface (138◦ ± 5◦ the new GDE and 122◦ ± 8◦ the used one) with 
respect to L_600 and L_800 (126◦ ± 8◦ the new GDEs and ~ 110◦ the 
used ones), preventing the flooding and keeping the H2O2 production 
higher at long times (Fig. 7a and b). Whilst literature provides evidence 
that the H2O2 production at GDE is influenced by the electrode hydro
phobicity [78,81], to corroborate this statement the oxygen mass 
transport and permeability on GDE should become object of future 
studies [82].

4. Conclusions

In this work, lignin-derived carbons were successfully synthesized 

and integrated in gas-diffusion electrodes for H2O2 electrogeneration. 
Whilst the RRDE results proved high selectivity (yH2O2 > 90% and n ~ 2) 
for many materials, the bulk electrolysis conducted with GDEs showed 
different performance depending on the synthesis and the operation 
conditions. In potentiostatic mode, Co600_L400 was the best H2O2 
producer, whereas under galvanostatic conditions, L_400 outperformed 
the metal-loaded catalysts, probably due to parallel reactions occurring 
in metal-loaded carbons, especially Fenton's reaction. The activation 
with KOH negatively impacted the H2O2 production due to the excessive 
microporosity, which impedes the release of H2O2 and favors its 
reduction to water; in contrast, improvements were observed in RRDE 
analysis because of the higher ECSA that leads to enhanced ORR activity. 
Based on these findings, the metal-free non-activated carbon was the 
best H2O2 producer under applicable conditions, owing to its optimal 
porosity and hydrophobicity; in fact, its performance was closer to 
commercial GDE (CE of ca. 85%, H2O2 yield of ca. 5.3 mg h− 1 cm− 2). In 
conclusion, the use of lignin waste can be cost-effective and environ
mentally friendly, especially considering the low EEC (~ 8 kWh kg− 1

H2O2
) 

as compared to the conventional industrial methods (12–17 
kWh kg− 1

H2O2
). The functionalization of L_400 with Fe metal created an 

effective Fenton's catalyst (Fe600_L400), which could degrade 63% of a 
selected drug at 10 mA cm− 2 when deposited on a GDE. The Fe(II) 
centers on the electrode surface act not only as selective O2-to-H2O2 
reduction sites, but also as H2O2-to-•OH conversion sites, achieving an 
optimum tandem catalyst. Therefore, the route utilizing a GDE for H2O2 
production and heterogeneous EF process becomes favorable for the 
abatement of organic pollutants.
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Images b) and e) show the elemental mapping performed with the EDS detector.
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