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• One-pot pyrolysis–activation of urban 
green waste yields N-rich biochar 
electrodes.

• Optimized porosity and N-functional
ities enhance ORR, HER, and CO2 
electroreduction.

• Biochar-based cathodes boost current 
density and microbial CO2 fixation in 
MES.

• Developed electrodes advance CO2 
electroreduction in bioelectrochemical 
systems.
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A B S T R A C T

Bioelectrochemical systems (BES), including microbial electrosynthesis (MES), represent a sustainable route for 
carbon recycling through CO2 electroreduction driven by electroactive microorganisms. However, their perfor
mance is often limited by sluggish cathodic reactions and the high cost of efficient electrodes. Nitrogen-rich 
biochar obtained from biomass provides a low-cost, conductive, and porous matrix with abundant active sites, 
making it suitable for enhancing electron transfer and catalytic activity.

In this study, two biomass precursors with distinct nitrogen contents—hazelnut shells (HZS, low N) and urban 
green waste (UGW, high N)—were screened for biochar electrode production. Physicochemical and electro
chemical analyses identified UGW as the most promising feedstock. The pyrolysis and activation processes were 
optimized by tuning temperature, residence time, and activation strategies (KOH and CO2 flow) to maximize 
nitrogen retention up to 2.90 wt% and porosity in the 450–613 m2g− 1 range.

The resulting UGW-derived biochar exhibited partially graphitized, nitrogen-enriched structures with high 
activity for oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), and CO2 electroreduction 
under near-neutral conditions. When used as cathodes in MES cells, these materials promoted enhanced CO2 
fixation and supported microbial communities dominated by Clostridiaceae and Eubacteriaceae, achieving 
average current densities of around 0.20 mA cm− 2 over 21-day chronoamperometric tests, consistently higher 
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than those of the biochar-free control. These results highlight UGW-derived nitrogen-rich biochars as sustainable 
cathode materials enabling efficient CO2 electroreduction and MES for circular carbon utilization.

1. Introduction

Bioelectrochemical systems (BES), such as microbial fuel cells and 
microbial electrosynthesis (MES) systems, are emerging technologies for 
coupling waste treatment with energy recovery or the production of 
value-added compounds (Rinaldi et al., 2008; Caizán-Juanarena et al., 
2020; Palanisamy et al., 2019; Li et al., 2017; Bian et al., 2020). MES 
enables the electrochemical reduction of CO2 into multi-carbon com
pounds (i.e., organic acids, alcohols, and volatile fatty acids) mediated 
by electro-autotrophic microorganisms that accept electrons directly 
from the cathode or indirectly via hydrogen, allowing efficient product 
formation under low electrical energy input (Bakonyi et al., 2023; Li 
et al., 2024).

Electrode materials are central to both electron transfer efficiency 
and overall process sustainability (Li et al., 2017; Santoro et al., 2022; Li 
et al., 2025; Zhang et al., 2025; Aysla Costa De Oliveira et al., 2020; Zago 
et al., 2024). Biochar, a carbon-rich material obtained from biomass 
pyrolysis, has gained attention as a sustainable, low-cost alternative due 
to its renewable origin, conductivity, porosity, and environmental 
compatibility (Li et al., 2021; Li et al., 2025; Wang et al., 2024; Ramírez 
et al., 2024; Pepè Sciarria et al., 2020; Yu et al., 2024; Wang et al., 2024; 
Saisuwan et al., 2025; Chen et al., 2025). Its electrochemical perfor
mance depends strongly on feedstock type and pyrolysis conditions, 
which govern surface area, pore structure, conductivity, and surface 
chemistry (Cancelliere et al., 2025; Goglio et al., 2025; Hassan et al., 
2020; Ghodake et al., 2021; Ji et al., 2022; Ferraro et al., 2024; Wang 
et al., 2025; Chen et al., 2024; Zhang et al., 2025).

Recent studies have increasingly explored biochar-based electrodes 
specifically for MES, highlighting their potential to enhance both elec
trochemical performance and biocompatibility (Antic Gorrazzi et al., 
2023; Li et al., 2023; Hassan et al., 2019). Owing to their hierarchical 
porosity, surface functional groups, and carbonaceous structure, bio
chars promote microbial attachment, biofilm development, and efficient 
electron transfer at the bio–electrode interface, resulting in an overall 
performance comparable to or exceeding that of conventional carbon 
materials (Park et al., 2025; Soggia et al., 2024). In particular, enhanced 
current densities and higher faradaic efficiencies have been associated 
with high specific surface area, graphitic domains, and heteroatom 
functionalities, which facilitate charge transport and micro
bial–electrode interactions (Hassan et al., 2019; Langsdorf et al., 2024). 
More advanced electrode designs have further integrated biochar with 
functional modifiers (e.g., nitrogen doping, metal-based components, or 
conductive coatings), demonstrating that tailored surface chemistry and 
architecture can substantially improve catalytic activity and microbial 
electrosynthesis rates. At the same time, several studies underline that 
the benefits of such modifications depend strongly on the intrinsic 
properties of the pristine biochar and on how these properties translate 
into performance under realistic MES operating conditions (Park et al., 
2025; Soggia et al., 2024). Consequently, understanding and controlling 
the structural and chemical features of biochar through synthesis and 
post-treatment strategies remains a critical aspect for the rational design 
of efficient MES electrodes. Activation, either chemical (e.g., KOH) or 
physical (e.g., CO2 or steam), enhances porosity and accessibility of 
active sites, improving mass transport and electron transfer 
(Venkatachalam et al., 2023; Patra et al., 2021; Panwar and Pawar, 
2022; Guo et al., 2009; Sajjadi et al., 2019). Chemical activation pro
duces a higher surface area, mesoporosity, and oxygen-containing 
groups; however, it involves harsh reagents and presents challenges 
for scale-up (Venkatachalam et al., 2023; Patra et al., 2021). Physical 
activation generates micropores that can expand into meso- and mac
ropores while preserving structural integrity, offering a more 

sustainable and scalable route (Panwar and Pawar, 2022; Guo et al., 
2009; Sajjadi et al., 2019). The ability to develop a hierarchy of porosity 
can effectively guide the design of electrocatalysts across different 
structural scales (Chacón et al., 2020; Kumar Mishra et al., 2023; Leng 
et al., 2021).

Nitrogen functionalization further enhances biochar performance in 
electrochemical applications by introducing pyridinic-, pyrrolic-, and 
graphitic-N groups, which serve as active sites for the adsorption of 
gases, metals, and organics through Lewis acid-base interactions, 
hydrogen bonding, and electrostatic forces (Leng et al., 2020; Li et al., 
2023; Huang et al., 2023; Choi et al., 2025; Jiang et al., 2025; Zhang 
et al., 2023). N-doping enhances electrocatalytic activity for ORR, ox
ygen evolution reaction (OER), HER, and CO2 reduction, increasing the 
effectiveness of carbon-based materials as electrocatalysts, and can 
improve energy storage properties such as capacitance and wettability 
(Zhong et al., 2019; Tan et al., 2025; Fu et al., 2023; Escudero-Curiel 
et al., 2025; S. Dongre et al., 2025; Chen et al., 2025; Sangprasert 
et al., 2022; Yao et al., 2021) Nitrogen can be incorporated via wet 
impregnation of N-rich precursors or post-treatments, such as annealing 
under ammonia (Leng et al., 2020; Mecheri et al., 2018; W. da S. Freitas 
et al., 2021; Lai et al., 2025; Xue et al., 2025), although these add steps 
and increase cost. Self-doping with nitrogen-rich feedstocks enables 
intrinsic nitrogen incorporation during pyrolysis, with biomass type 
significantly affecting retention. Biochars derived from agricultural 
residues and urban green waste typically exhibit higher nitrogen levels 
than those from the organic fraction of municipal solid waste (Xue et al., 
2024; Ruan et al., 2025; Zhang et al., 2025; Singh et al., 2022; John
ravindar et al., 2021; Huang et al., 2021; Bartolucci et al., 2023).

Graphitization is another key factor influencing conductivity, sta
bility, and durability. High-temperature treatments enhance graphitic 
domains, addressing the low conductivity of amorphous biochars, but 
require careful optimization to balance porosity, surface chemistry, and 
process sustainability (Zhang et al., 2023; Huang et al., 2021; Chen 
et al., 2025; Schmies et al., 2023; Yameen et al., 2024).

In this study, we developed a pyrolysis–activation approach to pro
duce nitrogen-rich biochar from urban green waste, maximizing 
intrinsic N retention while enhancing porosity, surface area, and 
graphitization. The resulting materials were evaluated as cathodes in 
microbial electrosynthesis systems for the electroreduction of CO2 into 
multi-carbon compounds. Electrochemical characterization and micro
bial community analysis at the cathode were performed to assess the 
capability of biochar electrodes to support electron transfer and mi
crobial growth in MES, highlighting their potential as sustainable bio- 
derived materials for bioelectrochemical applications.

2. Experimental Section

2.1. Materials

Hazelnut shells (HZS) were supplied from Assofrutti S.r.L. (Viterbo, 
Italy) Urban green waste (UGW) was collected from the autumn garden 
cuttings in the green areas of the Science Macroarea at the University of 
Rome Tor Vergata. Before being subjected to pyrolysis, UGW were dried 
in a static oven for 12 h at 70 ◦C, while HZS did not undergo any further 
drying. All the feedstocks were then sieved to obtain a particle size be
tween 300–500 µm. Melamine (98 %) and imidazole (98 %) were sup
plied by Sigma-Aldrich. Nafion solution (5 wt% in lower aliphatic 
alcohols and water, 15–20 %), 2-propanol (99.9 %), Polytetrafluoro
ethylene (PTFE, 60 wt% dispersion in H2O) were purchased from Sig
ma–Aldrich. Carbon Vulcan XC 72R was supplied by the CABOT 
Corporation (Boston, MA, USA). Commercial carbon cloth (CeTech 
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Carbon Cloth without MPL − W0S1011, Fuel Cell Store) was used for 
electrode preparation, and Millipore water (18.2 MΩ cm@25 ◦C) was 
used for material preparation and experiments.

2.1.1. Biochar synthesis and activation
HZS_550 and UGW_550 were obtained HZS and UGW biomass under 

N2 at 550 ◦C, with a heating rate of 10 ◦C min− 1 and a residence time of 
60 min.

Chemical activation: HZS_550 and UGW_550 were dispersed in 1.2 M 
KOH at room temperature for 60 min to produce HZS_550_KOH and 
UGW_550_KOH. The samples were then subjected to a second pyrolysis 
at 700 ◦C for 60 min under N2.

Physical activation and impregnation: CO2-activated biochars were 
prepared following either a one-step or multi-step activation route. The 
term one-step refers to a continuous pyrolysis/CO2 activation process 
carried out within the same thermal treatment, whereas multi-step acti
vation routes involve intermediate material processing, chemical 
impregnation, washing, and/or additional thermal treatments (see 
Supplementary Material).

UGW_CO2_30 and UGW_CO2_60 were synthesized through a one- 
step, continuous pyrolysis/activation route: UGW biomass was heated 
under N2 (10 ◦C min− 1) to 110 ◦C for 30 min, then to 550 ◦C for 30 min, 
and finally activated under CO2 at 800 ◦C for either 30 min 
(UGW_CO2_30) or 1 h (UGW_CO2_60). UGW(N)_CO2_60 was obtained 
via a two-step synthesis process combining pyrolysis, impregnation, and 
activation. After initial pyrolysis (110 ◦C → 550 ◦C), the cooled biochar 
was impregnated with 20 wt% imidazole or melamine ethanol solution, 
then re-heated under CO2 (800 ◦C, 1 h, 20 ◦C min− 1). UGW(N) 
_CO2_60_P followed a three-step route. UGW(N)_CO2_60 (1 g) was 
washed with 50 mL HNO3 and subjected to a second pyrolysis in N2 at 
900 ◦C (20 ◦C min− 1, 2 h).

2.1.2. Electrode preparation
Electrodes were classified as control or biochar-based.
Control electrodes: (i) bare carbon cloth (E0); (ii) carbon cloth 

coated with ~3 mg cm− 2 Vulcan XC-72R + 20 wt% PTFE (E0a); (iii) 
carbon cloth coated only with 20 wt% PTFE (E0b). Coatings were 
applied by air-spraying, followed by heat treatment and hot pressing at a 
pressure of 2.5 MPa. Biochar-based electrodes were prepared using 
either brush painting (BP) or spray coating (SC) techniques, adapting 
and further developing electrode preparation methods previously opti
mized in our laboratories (Nisa et al., (2023) 1319.; Nisa et al., 2024).

For BP, an ink consisting of 20 mg UGW_CO2_60, 10 µL PTFE (40 wt 
%), and 20 µL H2O was brushed over a 4 cm2 substrate, air-dried, and 
then heat-treated at 370 ◦C for 20 min, yielding the BP_UGW_MPL 
sample. Here, MPL denotes the microporous layer, which, in the elec
trode architecture, typically consists of high-surface-area carbon parti
cles (biochar in this work) and PTFE to impart controlled 
hydrophobicity.

For SC, biochar and PTFE (20 wt% with respect to the solid content) 
were dispersed in an isopropanol/water mixture (2:1 v/v) to obtain a 
homogeneous ink with a biochar loading of 1 mg mL− 1. The suspension 
was sonicated for 40 min prior to deposition. The ink was spray-coated 
onto a preheated carbon cloth substrate at 80 ◦C using a 0.3 mm airbrush 
(Iwata HP-SBS Eclipse) supplied by a compressor (Stanley 1.0 HP 6 L 8 
bar) at an operating pressure of 0.3–0.5 bar, with a nozzle-to-substrate 
distance of 10 cm.

After deposition, the coated samples were hot-pressed (2.5 MPa, 
90 ◦C, 15 min) and subsequently heat-treated at 350 ◦C for 30 min, 
yielding the SC_UGW_MPL sample. Complete electrodes consisting of an 
MPL and a catalyst layer (CL) were prepared using the same procedure. 
In this electrode architecture, the CL serves as the electrochemically 
active layer, with the biochar providing catalytic sites for interfacial 
electron transfer. For the CL, the inks contained Nafion as the binder (22 
wt% relative to the solid content), which provides ionic conductivity, 
whereas the MPL used PTFE to impart hydrophobicity. The electrodes 

were finally hot-pressed (2.5 MPa, 80 ◦C, 10 min) to obtain E1_UGW, 
E2_UGW(N), and E3_UGW(N)_P.

2.1.3. Physicochemical characterization of biochar and electrodes
Elemental analysis for CHNS(O) was conducted using the Vario 

MACRO-cube analyzer (Elemental Macro). Calibration of the instrument 
was achieved using a sulfanilamide standard, as specified in ISO 
16948:2015. Fourier Transform Infrared Spectroscopy (FTIR) measure
ments were performed using a PerkinElmer FTIR 100 spectrometer in 
transmittance mode. Sample pellets, prepared by compressing 150 mg of 
potassium bromide (KBr) using a Specac manual hydraulic press under 7 
tons of pressure for 5 min, had a diameter of 13 mm. Powder X-ray 
diffraction (XRD) patterns were acquired using a Philips PW1730 
diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å). Surface 
morphology was investigated through field-emission scanning electron 
microscopy (FE-SEM) using a Leo Supra 35 microscope (Carl Zeiss, 
Oberkochen, Germany). Raman spectroscopy was conducted using a 
DXR Raman Microscope (Thermo Scientific) with a 532 nm laser exci
tation wavelength, a 10 × objective, and a laser power of 0.1 mW. 
Raman spectra were processed and deconvoluted using OriginPro soft
ware (OriginLab Corporation). Prior to peak fitting, a second-order 
polynomial baseline subtraction was applied to account for back
ground and fluorescence contributions. No additional smoothing or 
filtering was applied in order to preserve the original spectral features. 
Peak deconvolution was performed using Gaussian functions, primarily 
to qualitatively resolve overlapping Raman bands and support peak 
assignment. The quality of the fits was assessed by inspection of the 
residuals and the coefficient of determination (R2), which typically 
ranged from 0.98 to 0.99.

Nitrogen adsorption–desorption isotherms were obtained using a 
Micromeritics® TriStar II Plus analyzer. The specific surface area was 
determined by the Brunauer–Emmett–Teller (BET) method. Prior to 
analysis, the samples were degassed under vacuum at 250 ◦C for 4 h to 
remove adsorbed impurities and subsequently loaded into the sample 
holders for measurement. X-ray photoemission spectroscopy (XPS) 
measurements were performed using an Omicron DAR 400 Mg Kα non- 
monochromatized X-ray source coupled to a VG-CLAM2 electron spec
trometer, operated at a pass energy of 20 eV. Deconvolution of the C 1s 
and N 1s core levels was performed using the KolXPD software 
(https://kolxpd.com). Peak fitting employed Voigtian line shapes, 
combining weighted Gaussian and Lorentzian functions, along with 
Shirley background subtraction.

Electrochemical measurements were conducted in a standard three- 
electrode cell, with a rotating disk electrode (RDE) as the working 
electrode, a graphite rod as the counter, and a saturated Ag/AgCl (3.3 M 
KCl) reference electrode. Experiments were controlled by a VMP3 
potentiostat (EC-Lab v10.18). Potentials vs. Ag/AgCl were converted to 
the reversible hydrogen electrode (RHE) scale. Electrolytes were 0.1 M 
phosphate buffer solution (PBS) at pH 7.4 or 0.1 M KOH. The glassy 
carbon disk was polished with alumina (0.3 and 0.05 μm), rinsed, and 
ultrasonicated before catalyst ink deposition. Catalyst inks were pre
pared in isopropanol/Nafion to achieve a 0.3 mg cm− 2 loading and were 
ultrasonicated for 2 h at ~15 ◦C. Prior to ORR tests, PBS was purged with 
N2 for 20 min, and the working electrode was activated by cyclic vol
tammetry (CV) at 0.3–1.2 V vs. RHE at 500 mV s− 1 for 200 cycles. CV 
and linear-sweep voltammetry (LSV) were used to record capacitive and 
ORR currents after purging with N2 or O2. LSV was performed at 5 mV 
s− 1 and an electrode rotation rate of 1600 rpm. Capacitive contributions 
were corrected by subtracting N2-saturated currents, and potentials 
were iR-corrected, using the uncompensated resistance obtained from 
electrochemical impedance spectroscopy by fitting the high-frequency 
region with a Randles-type equivalent circuit. The double-layer capac
itance (Cdl) was evaluated by acquiring CVs in a − 0.5–0.0 V vs. Ag/AgCl 
potential window at scan rates ranging from 5 to 100 mV s− 1 in a N2- 
saturated 0.1 M PBS. Cdl was estimated by calculating the slope (s) of the 
linear fit of the anodic current density at − 0.3 V vs. Ag/AgCl as a 
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function of the scan rate. The specific electrochemically active surface 
area (ECSA) was then calculated using Eq. (1): 

ECSA =
s

mCs
(1) 

where s is the slope (mF), m is the mass of biochar on the electrode (g), 
and Cs is the specific capacitance taken as 0.3 Fm− 2 (Pepè Sciarria et al., 
2020). All measurements were performed in three independent repli
cates, and the values reported in the tables are expressed as the average 
± standard deviation.

2.1.4. Preliminary test in microbial electrosynthesis cell
The produced electrodes (E0b, E1, E2, and E3) were tested as cath

odes in MES for 21 days. MES consisted of two chambers separated by 
Nafion 117 proton-exchange membrane (DuPontTM, US). The anode 
was a 1 x 4 cm anodized titanium mesh. MES cathodes were inoculated 
with the organic fraction of municipal solid waste (OFMSW) pre- 
acclimated inoculum and modified medium as described in previous 
reports (Patil et al., 2015) with 1.25 g L− 1 of NH4Cl. The cathodes were 
polarized at − 1.0 V vs. Ag/AgCl using a potentiostat in chro
noamperometry mode (NEV4, Nanoelectra S.L., Spain). Cyclic voltam
metry was recorded at a potential range of − 1.0 V to 0.5 V vs. Ag/AgCl 
with a scan rate of 1 mV s− 1. The short experimental duration was 
intentionally selected to rapidly provide preliminary indications of the 
electrodes' stability in a bioelectrochemical reactor and their interaction 
with the microbial consortium. This preliminary assessment focused on 
early-stage microorganism-electrode interactions and potential cathode 
instability phenomena, including biochar detachment, early biofouling, 
and pH gradient issues. Product quantification and efficiency indicators 
(e.g., Coulombic efficiency) were deliberately not evaluated at this 
stage, as they require longer-term, steady-state operation and fall 
outside the scope of this preliminary chapter and of this materials- 
oriented study. These aspects will be specifically addressed in a subse
quent experiment focusing on microbial electrosynthesis using the 
selected cathodes.

A preliminary microbial community analysis was conducted on the 
starting inoculum (OFMSW) and lyophilized biomass to evaluate dif
ferences between the original source, biochar-modified, and control 
electrodes and to confirm that the microbial assemblages developing in 
the system would be consistent with the underlying physiology expected 
in such microbial electrosynthesis cells. DNA was extracted from 
OFMSW and lyophilized biomass (DNeasy PowerSoil Pro Kit, Qiagen, 
Hilden, Germany), and the V3–V4 region of the 16S rRNA gene was 
sequenced on an Illumina NovaSeq 6000 platform (250 bp paired-end) 
by Novogene Co. Ltd. (Cambridge, UK). Sequences were processed 
with QIIME2 (Bolyen et al., 2019), and ASVs (amplicon sequence vari
ants) were taxonomically assigned using the Greengenes2 database 
(version 2024.09 (McDonald et al., 2024). ASV table, taxonomy table, 
and sample metadata were imported into RStudio (version 2024.04.2 +
764) and combined in a single object with the microeco package (Liu 
et al., 2021). ASVs with total counts ≤ 5 were filtered out, along with 
those that did not belong to the Bacteria or Archaea kingdoms, and ASVs 
annotated as Mitochondria or Chloroplast. The count data were 
normalized using Total Sum Scaling (TSS) to convert raw counts into 
relative abundances. All statistical analyses and visualizations were 
performed in RStudio using different packages (microeco, vegan, 
emmeans, and ggplot2). Taxonomic bar plots were generated, display
ing the 20 most abundant taxa for each sample group.

Alpha diversity was assessed to characterize microbial diversity 
across five experimental groups (OFMSW, MES E0b, MES E1, MES E2, 
and MES E3), using the Shannon index as the primary measure of 
richness and evenness. Sequencing depth ranged from 2,453 to 26,318 
reads per sample. To avoid data loss due to uneven library sizes, rare
faction was avoided, and sequencing depth was explicitly included as a 
covariate in statistical models. A linear model was fitted with Shannon 

diversity as the response variable, experimental group as a fixed effect, 
and log-transformed sequencing depth as a covariate. Group effects were 
evaluated via ANOVA, and pairwise comparisons were performed using 
estimated marginal means with Benjamini-Hochberg correction to 
control for multiple testing.

Beta diversity was assessed to evaluate differences in microbial 
community composition among experimental groups using the 
normalized dataset. Bray-Curtis dissimilarity was calculated and visu
alized using Principal Coordinates Analysis (PCoA) to examine clus
tering patterns. The effect of the experimental group on community 
composition was tested using permutational multivariate analysis of 
variance (PERMANOVA, adonis2), with R2 and p-values reported to 
quantify the proportion of variation explained.

All statistical analyses and visualizations were performed in Rsudio, 
using the microeco, vegan, emmeans, and ggplot2 packages.

3. Results and Discussion

3.1. Optimization of Biomass-Derived biochars via pyrolysis and 
activation

Elemental analysis (CHNS) of the feedstocks (UGW and HZS) and 
their corresponding biochars obtained by slow pyrolysis at 550 ◦C 
(HZS_550 and UGW_550, respectively) is reported in Table 1, together 
with BET surface area values. The two feedstocks exhibit comparable 
compositions, except that UGW contains more than ten times the ni
trogen content of HZS, as well as trace amounts of sulfur. Moreover, the 
elemental composition of the biochar samples is consistent with previ
ous findings reported in the literature (Chaudhary et al., 2023; Zhao 
et al., 2024). After pyrolysis, HZS_550 exhibited a larger specific surface 
area than UGW_550.

Chemical activation with KOH was subsequently applied to enhance 
porosity and introduce hydrophilic functional groups, a key feature for 
preparing catalytic inks in electrochemical applications. This treatment 
led to an 18 % increase in BET surface area for the UGW-derived biochar 
(from 145 to 172 m2 g− 1, as reported in Table 1), whereas the HZS 
sample did not exhibit a significant change. SEM images confirmed that 
KOH activation effectively opened the pore structure, particularly in the 
UGW sample (see Supplementary Material).

Interestingly, the higher BET surface area of the HZS-based sample 
was not reflected in a larger electrochemical surface area. The 

Table 1 
Elemental analysis and BET surface area (SA) analysis for biochar-based 
samples.

Sample C 
(wt.%)

H 
(wt. 
%)

N 
(wt. 
%)

S 
(wt. 
%)

O +
ashes 
(wt.%)

BET SA 
(m2g− 1)

HZS (feedstock) 46.64 
± 0.11

6.24 
± 0.66

0.08 
± 0.01

− 47.04 
± 0.09

−

HZS_550 78 ± 1 1.4 ±
0.1

0.20 
± 0.01

− 20.4 ±
0.2

333 ±
10

UGW 
(feedstock)

45.27 
± 0.65

5.96 
± 0.90

0.84 
± 0.08

0.03 
± 0.01

47.90 
± 1.55

−

UGW_550 69.70 
± 0.59

0.85 
± 0.33

1.30 
± 0.09

0.11 
± 0.02

28.04 
± 0.89

145 ±
4.3

UGW_550_KOH 69.28 
± 2.66

0.25 
± 0.03

0.84 
± 0.07

0.55 
± 0.07

29.08 
± 2.84

172 ±
5.2

UGW_CO2_30 67.87 
± 0.6

0.26 
± 0.03

1.85 
± 0.06

0.44 
± 0.06

29.58 
± 0.86

486 ±
15

UGW_CO2_60 71.09 
± 2.36

0.28 
± 0.10

1.79 
± 0.07

0.58 
± 0.23

26.26 
± 2.13

546 ±
14

UGW(N) 
_CO2_60

72.58 
± 1.37

0.28 
± 0.14

2.80 
± 0.08

0.46 
± 0.11

23.88 
± 3.13

450 ±
14

UGW(NM) 
_CO2_60

61.62 
± 2.91

0.52 
± 0.14

2.50 
± 0.05

0.19 
± 0.11

35.17 
± 3.13

336 ±
10

UGW(N) 
_CO2_60_P

75.2 ±
0.58

0.64 
± 0.04

2.90 
± 0.06

0.09 
± 0.01

21.17 
± 0.75

613 ±
18
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electrochemically active surface area (ECSA), estimated through the 
double-layer capacitance (Cdl) obtained from cyclic voltammetry at 
varying scan rates, was 1.93 mF cm− 2 for UGW_550_KOH and 1.00 mF 
cm− 2 for HZS_550_KOH. This indicates that the UGW-derived material 
provides superior electrochemical accessibility despite its lower BET 
surface area. A notable opposite trend between BET and ECSA has been 
previously reported (Pepè Sciarria et al., 2020) and attributed to dif
ferences in surface chemistry and the balance of hydrophobicity and 
hydrophilicity in biochar. In addition to pore size and connectivity, the 
electrochemical accessibility of biochar surfaces is strongly influenced 
by surface wettability and the spatial distribution of surface functional 
groups. Oxygen-containing functional groups can enhance electrolyte 
wetting and ion transport, thereby increasing the fraction of BET surface 

area that is electrochemically accessible. Conversely, hydrophobic do
mains or non-uniform functionalization may limit electrolyte transport 
into microporous regions, contributing to lower ECSA values despite 
high BET surface areas (Trasatti and Petrii, 1992). Furthermore, BET 
measurements are typically performed on powdered materials, whereas 
ECSA is determined on a deposited film of biochar and binder (e.g., 
Nafion) on a conductive electrode surface (such as glassy carbon), which 
more accurately reflects the number of electrochemically active sites 
under operating conditions (Nagai and Ioroi, 2025; An et al., 2024). The 
ECSA of an electrocatalyst is therefore more meaningful than its geo
metric specific surface area obtained by the BET method, as it directly 
correlates with the density of active sites available for electrochemical 
reactions (Raveendran et al., 2023). These considerations are 

Fig. 1. FTIR spectra of HZS_550_KOH and HZS_550 (a), UGW_550_KOH and UGW_550 (b), and UGW(N)_CO2_60 and UGW_CO2_60 (c), XRD patterns (d) and Raman 
spectra (e) of UGW_CO2_60, UGW(N)_CO2_60, and UGW(N)_CO2_60_P.
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particularly relevant for biochar-based electrodes, where structural 
heterogeneity, non-uniform functionalization, and film deposition ef
fects combine to determine the effective electrochemical surface area 
and catalytic performance. Additionally, the interplay of functional 
groups and wetting behavior can strongly modulate electrochemical 
accessibility, emphasizing that BET alone may overestimate the number 
of truly active sites in porous biochar electrodes (Mosch et al., 2016).

FTIR analysis was performed to characterize the surface chemistry of 
the biochars, providing additional insight into the differences in 
wettability and functional group distribution that contribute to the 
observed discrepancies between BET surface area and ECSA (Fig. 1a and 
1b). The FTIR spectra of the HZS_550 and UGW_550 samples, along with 
their KOH-activated counterparts, exhibit characteristic bands in the 
region of 3640–3300 cm− 1, which can be attributed to the stretching 
vibrations of hydrogen-bonded hydroxyl groups. A band observed 
around 3060 cm− 1 for the HZS-based sample (Fig. 1a) corresponds to 
C–H stretching of substituted aromatic carbons, while the bands be
tween 2970 and 2870 cm− 1, evident for HZS_KOH and UGW_KOD, are 
assigned to the symmetric C–H stretching of aliphatic –CHx groups 
(Sajjadi et al., 2019). Bands in the region of 1580–1440 cm− 1 are 
associated with C––C stretching of aromatic components, the shift to 
lower wavenumbers for the band of UGW-based biochar as compared to 
HZS-based biochar suggesting that the C––C stretching arises from 
lignin, as expected given the nature of the UGW precursor (Janu et al., 
2021). The band in the region 1200–1220 cm− 1, related to C––O 
stretching, is enhanced in the KOH activated samples, whereas the band 
between 869 and 815 cm− 1, attributed to the C–H out-of-plane bending 
of aromatic CH groups (Keiluweit et al., 2010), is reduced upon KOH 
activation. This trend suggests that activation promotes the removal of 
residual volatiles and increases biochar surface area and hydrophilicity. 
The spectral modifications associated with activation are more pro
nounced in UGW-based biochars than in HZS-based samples, indicating 
greater removal of residual volatiles and increased surface area and 
hydrophilicity. These results are consistent with the capacitive current 
analysis, suggesting that the enhanced development of oxygen- 
containing functional groups and decreased aromaticity in UGW 
contribute to a higher electrochemically accessible surface area and 
increased hydrophilicity, both of which can promote electrocatalytic 
activity. Therefore, UGW demonstrates greater potential than HZS as a 
feedstock for optimizing pyrolysis and activation protocols for electrode 
production.

In addition to KOH activation, physical activation with CO2 was 
explored as an alternative to reduce chemical use and assess the feasi
bility of a one-step activation process. CO2 activation was performed 
directly from the UGW feedstock via a one-step thermal treatment, in 
contrast to KOH activation, which requires a more complex multi-step 
sequence involving two pyrolysis stages intercalated with a chemical 
treatment.KOH activation resulted in a 35 % loss of nitrogen function
alities compared to the initially pyrolyzed material, as indicated by the 
elemental analysis results presented in Table 1. By contrast, CO2 acti
vation preserved nitrogen and even enhanced its content. Specifically, 
the nitrogen content increased up to ~1.8 wt% after CO2 activation, 
compared to both the pristine UGW feedstock (0.84 wt%) and the non- 
activated sample UGW_500 (1.30 wt%), indicating that this one-step 
process effectively valorizes the inherent nitrogen contained in UGW. 
Additionally, CO2 activation proved more effective than KOH in 
enhancing the textural properties. The increase in surface area was 
strongly time-dependent, as evidenced by the values obtained after 30 
and 60 min of CO2 flow (Table 1). The optimized sample, UGW_CO2_60, 
exhibited the highest surface area (546 m2g− 1) and a double-layer 
capacitance of 9.2 mF cm− 2, as determined by cyclic voltammetry at 
varying scan rates. These results identify UGW_CO2_60 as the most 
promising material, owing to its high nitrogen content, developed 
porosity, and superior capacitive behavior. Consequently, UGW_CO2_60 
was selected not only for subsequent detailed electrochemical in
vestigations but also as a platform for further processing, including 

nitrogen enrichment via external precursors and tailoring the degree of 
graphitization through additional pyrolysis at higher temperatures.

3.2. Nitrogen functionalization and Post-Treatment of biochars

To increase nitrogen content and modify the surface chemistry of 
UGW-derived biochar, a multi-step functionalization was applied. The 
process included pyrolysis at 550 ◦C, impregnation with nitrogen-rich 
organic precursors, and CO2-mediated activation. Two precursors were 
used: imidazole (with two N atoms) and melamine (with six N atoms), 
yielding UGW(N)_CO2 and UGW(N_M)_CO2, respectively. Impregnation 
enhanced nitrogen incorporation compared to non-functionalized 
UGW_CO2_60 (Table 1), with imidazole proving more effective than 
melamine, consistent with reports of superior nitrogen doping and 
electrocatalytic performance from imidazole-type precursors (W. da S. 
Freitas et al., 2021; da Silva Freitas et al., 2022). In both cases, func
tionalization decreased surface area compared to UGW_CO2_60 
(Table 1). To understand the impact of nitrogen impregnation, FTIR 
spectroscopy was performed to provide insights into the functional 
groups present, particularly those resulting from CO2 activation and 
nitrogen modification. Fig. 1(c) shows the FTIR spectra of UGW_CO2_60 
and UGW(N)_CO2_60.

A broad band associated with –OH stretching was detected around 
3400 cm− 1 in UGW_CO2_60, which becomes significantly narrower and 
shifts to higher wavenumbers (3640 cm− 1) in UGW(N)_CO2_60, 
reflecting changes in hydrogen bonding due to the introduction of ni
trogen groups that alter the –OH environment. In the 1700–1600 cm− 1 

region, UGW(N)_CO2_60 exhibits a band corresponding to C––O 
stretching vibrations, suggesting the presence of carbonyl groups in 
conjugated ketones and quinones (Janu et al., 2021). UGW(N)_CO2_60 
also displays new bands between approximately 1266 and 1342 cm− 1, 
corresponding to the stretching vibrations of C–N amines (Liu et al., 
2015; Yan et al., 2016), confirming successful nitrogen functionalization 
and incorporation into the biochar matrix. In the lower-wavenumber 
region, UGW_CO2_60 shows a band at 1041 cm− 1, attributed to 
C–O–C symmetric stretching in aliphatic groups and acid derivatives 
(Calderón et al., 2006). This disappearance is likely due to the intro
duction of nitrogen functionalities, which modify the local chemical 
environment of the original oxygen-containing groups.

UGW(N)_CO2 was subjected to a further post-treatment consisting of 
nitric acid washing followed by high-temperature pyrolysis, yielding the 
material UGW(N)_CO2_P. This procedure resulted in a further increase in 
surface area (Table 1) while maintaining the incorporated nitrogen at 
2.9 wt%, thereby combining improved textural properties with 
enhanced nitrogen functionalities.

The X-ray diffraction (XRD) and Raman spectroscopy analyses of 
UGW_CO2_60, UGW(N)_CO2_60, and UGW(N)_CO2_60_P provide 
important insights into their crystalline phase composition and carbon 
structural order. The XRD patterns (Fig. 1(d)) highlight differences in 
crystallinity and the presence of nitrogen-containing phases. All biochar 
samples show broad diffraction peaks at 2θ ≈ 25◦ and 2θ ≈ 45◦, char
acteristic of the amorphous carbon structure typically observed in bio
char. UGW_CO2_60 and UGW(N)_CO2_60 display additional crystalline 
phases based on calcium carbonates, namely calcite (Ca6C6O18) and 
calcium carbide (Ca4C8). Furthermore, all samples exhibit crystalline 
phases incorporating nitrogen, such as potassium 1,3-dinitrate-2,2-bis 
(nitratomethyl)propane (O8N20C8K4). In addition, UGW_CO2_60 and 
UGW(N)_CO2 contain tetrahexacyanoethylene oxide (O4N16C24). The 
UGW(N)_CO2_P sample shows sharper peaks at 2θ = 25◦ and 2θ = 45◦, 
suggesting higher crystallinity and a more graphitic structure (Fu et al., 
2017), while only trace amounts of calcium hydrocarbons are detected.

The Raman spectra (Fig. 1(e)) provide complementary insight into 
the degree of graphitization, structural disorder, and the effects of ni
trogen doping and pyrolysis. All samples display two main features: the 
D band (~1370 cm− 1), associated with disordered or amorphous car
bon, and the G band (~1610 cm− 1), attributed to sp2-hybridized carbon 
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in graphitic domains. A shoulder around 1525 cm− 1, corresponding to 
the D’’ band, is also observed in all spectra, reflecting disordered sp2- 
bonded structures and interstitial defects (Mecheri et al., 2018).

Deconvolution of the spectra into three components (D, G, and D”) 
enables the evaluation of structural disorder through the ID/IG intensity 
ratio, which is a common indicator of graphitization. Higher ID/IG values 
denote increased defect density and lower structural order. 
UGW_CO2_60 exhibits an ID/IG ratio of 1.87, characteristic of a highly 
disordered, amorphous carbon framework, consistent with biochars 
obtained under similar conditions (Liu et al., 2018; Ferrari, 2007). UGW 
(N)_CO2_60 exhibits a slightly higher ratio (2.07), suggesting that ni
trogen incorporation introduces additional defects, likely associated 
with C–N and N–H bonding, which perturbs the sp2 carbon network. In 
contrast, UGW(N)_CO2_60_P, subjected to pyrolysis at 900 ◦C, exhibits a 
reduced ID/IG ratio of 1.42, indicating enhanced graphitization and the 
formation of more ordered graphitic domains while retaining a partial 
nitrogen content.

Raman and XRD results are corroborated by SEM analysis of 
UGW_CO2_60, UGW(N)_CO2_60, and UGW(N)_CO2_60_P at 10–50 kX 
magnification (Fig. 2). Clear morphological differences arise from ni
trogen incorporation and subsequent pyrolysis. UGW_CO2_60 (Fig. 2a–c) 
shows a rough, highly porous surface with irregular cavities typical of 
untreated biochar. In contrast, UGW(N)_CO2_60 (Fig. 2d–f), function
alized with imidazole, exhibits a heterogeneous texture characterized by 
bubble-like domains and nanoparticle aggregates, likely formed through 
partial interactions between imidazole residues and inorganic phases. 
Correspondingly, diffraction peaks between 30◦–35◦, assigned to po
tassium 1,3-dinitrate-2,2-bis(nitratomethyl)propane (O8N20C8K4), 
appear more intense than in UGW_CO2_60. After pyrolysis at 900 ◦C, 
UGW(N)_CO2_60_P (Fig. 2g–i) exhibits a more compact and layered 
morphology with smoother surfaces and smaller, ordered pores. This 
evolution confirms the role of high-temperature treatment in removing 
volatiles, enhancing graphitization, and reducing structural disorder, 

consistent with XRD and Raman analyses.

3.3. Electrochemical evaluation of biochar, electrode preparation, and 
MES applications

To evaluate the intrinsic electrocatalytic activity of the biochars 
prior to electrode fabrication, we selected the oxygen reduction reaction 
(ORR), a well-studied process relevant to bioelectrochemical systems 
such as microbial fuel cells (Aysla Costa De Oliveira et al., 2020; Li et al., 
2021; Santoro et al., 2020). The electrochemically active surface area 
(ECSA) was determined by cyclic voltammetry at different scan rates 
under neutral conditions (0.1 M phosphate buffer solution, pH 7.4, N2- 
saturated). As shown in Fig. 3a, the capacitive current of UGW_CO2_60 
(taken as representative of the series; CVs of the other samples are re
ported in the Supplementary Material) increases linearly with the scan 
rate. From the slope of the current density vs. scan rate plot, a Cdl of 1.80 
mF was determined, corresponding to an ECSA of 103 m2 g− 1. UGW(N) 
_CO2_60 and UGW(N)_CO2_60_P exhibited higher Cdl values of 3.31 and 
4.65 mF, corresponding to ECSAs of 190 and 266 m2 g− 1, respectively. 
The enhanced ECSA of UGW(N)_CO2_60_P is attributed to its higher 
degree of graphitization combined with effective nitrogen doping. 
Notably, despite the lower BET surface area of UGW(N)_CO2_60 
compared to UGW_CO2_60 (Table 1), its ECSA is almost twice as high 
(190 vs. 103 m2 g− 1), underlining the crucial role of N-doping in 
enhancing the electrochemical accessibility of active sites (Lian et al., 
2016; Wang et al., 2017).

The catalytic activity toward ORR was further investigated by linear 
sweep voltammetry (LSV) with a rotating disk electrode under O2- 
saturated conditions at neutral pH (Fig. 3b). A clear positive shift in both 
the ORR onset potential (Eonset) and half-wave potential (E1/2) is 
observed across the UGW-derived biochars, following the order 
UGW_CO2_60 < UGW(N)_CO2_60 < UGW(N)_CO2_60_P. Specifically, 
UGW(N)_CO2_P exhibits the most positive onset potential (Eonset = 0.84 

Fig. 2. SEM micrographs of UGW_CO2_60 (a) to (c); UGW(N)_CO2_60 (d) to (f), and UGW(N)_CO2_60_P (g) to (i), at 10, 25, and 50 kX magnifications, respectively.
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V vs. RHE) and half-wave potential (E1/2 = 0.55 V vs. RHE), consistent 
with its enhanced graphitic structure and increased active site density. 
These values fall within the range reported for other metal-free biochar- 
based catalysts (Pepè Sciarria et al., 2020; Zhang et al., 2019; Zhang 
et al., 2020). For comparison, benchmark ORR catalysts such as com
mercial Pt/C and Fe–N–C typically exhibit more positive onset (Eonset 
= 0.95–0.98 V) and half-wave potentials (E1/2 = 0.8–0.92 V) in acidic 
and alkaline media (Xie et al., 2025; Hu et al., 2021; Chen et al., 2025; Q. 
Jia et al., 2015; Ramaswamy and Mukerjee, 2011). The lower activity 
observed here is therefore consistent with the metal-free nature of the 
present materials and the different ORR mechanisms involved (Hu et al., 
2021). Importantly, the activity trend within the UGW-derived series 
suggests that surface chemical composition and functional group dis
tribution play a key role. To clarify this aspect, XPS analysis was carried 
out.

The surface composition of UGW_CO2_60, UGW(N)_CO2_60, and 
UGW(N)_CO2_60_P was investigated by XPS. Survey spectra (see Sup
plementary Material) indicate that the surface is mainly composed of 
carbon and oxygen, with lower contributions from calcium and nitro
gen. Notably, UGW(N)_CO2_60_P shows a significant reduction of the Ca 
2p signal at 351.7 eV, indicating the effective removal of calcium-based 
phases after acidic leaching, in agreement with XRD results.

Fig. 3c–3f show the C 1s and N 1s spectra of UGW_CO2_60 and UGW 
(N)_CO2_60_P. The corresponding spectra for UGW(N)_CO2_60, along 
with the relative percentages of all identified carbon- and nitrogen- 
containing functional groups, are reported in the Supplementary Mate
rial. The C 1s spectra of all samples confirm the presence of a carbon 
matrix functionalized with oxygen- and nitrogen-containing surface 
groups. A comparison among the three samples highlights the effect of 
the post-treatment (nitric acid washing followed by pyrolysis at 900 ◦C, 

Fig. 3. CV curves at different scan rates in N2-saturated 0.1 M PBS electrolyte for UGW_CO2_60, (b) LSV O2-saturated electrolyte at 1600 rpm electrode rotation, 
deconvolution of (c-d) C 1s and N 1s (e-f) XPS spectra of UGW_CO2_60 and UGW(N)_CO2_60_P.
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UGW(N)_CO2_60_P). An increase in the C–OH/C––N component at 
approximately 285.4 eV is observed, with the C––N contribution likely 
associated with imine- or graphitic-N species. Conversely, the C–N 
component at around 286.5 eV, typically attributed to amine- and 
pyrrolic-N, decreases after post-treatment, although the overall varia
tions are relatively small. Deconvolution of the N 1s spectra indicates 
that nitrogen functionalization of the biochar carbon matrix comprises 
pyridinic, amine, pyrrolic, and graphitic nitrogen species. Among these 
groups, pyridinic- and graphitic-N are well known to enhance the ac
tivity and durability of ORR in metal-free (Nx–C) and M–N–C catalysts 
(Rojas-Carbonell et al., 2018; Artyushkova et al., 2015; Kumar et al., 
2023; Parsa et al., 2025). Comparison of the N 1s spectra of 
UGW_CO2_60 and UGW(N)_CO2_60 (see Supplementary Material) shows 
that imidazole functionalization mainly increased the graphitic-N con
tent by 37.3 %, while pyridinic-N decreased by 17.3 %. After post- 
treatment, pyridinic-N increases significantly by 71 % in UGW(N) 
_CO2_60_P, accompanied by decreases in graphitic-N (36 %) and in low- 
activity N-based groups such as amine-N (68 %). These results confirm 
the beneficial effect of acidic leaching combined with the pyrolysis at 
900 ◦C in decreasing the presence of inactive phases while enhancing the 
formation of more active catalytic sites. This trend aligns with relevant 
studies, indicating that pyrolysis between 850 and 950 ◦C is an optimal 
temperature range for improving the formation of pyridinic-N, 
enhancing ORR activity, while promoting the graphitization of the 
carbon matrix, which is crucial for restraining carbon corrosion under 
the operating conditions of several electrochemical devices (Huang 
et al., 2021; Kumar et al., 2023; Qu et al., 2021; Zitolo et al., 2015; Pardo 
Pérez et al., 2018; Mehmood et al., 2022).

Biochar-based electrodes were fabricated using brush painting and 
spray-coating techniques, as described in the Experimental Section. A 
complete list and description of all prepared electrodes are provided in 
the Supplementary Material. Brush painting, even at higher loadings (5 
mg cm− 2 vs. 3 mg cm− 2), resulted in only partial coverage of the carbon 
cloth fibers. Spray-coating produced uniformly coated fibers, mini
mizing local heterogeneities that could lead to uneven electrochemical 
activity due to regions dominated by either the support carbon or the 
biochar. Consequently, spray-coating was selected as the preferred 
fabrication method.

Cyclic voltammetry in N2-saturated 0.1 M PBS was performed on 
E0a, SC_UGW_MPL, and E1_UGW electrodes (Fig. 4a). The biochar-based 
MPL (SC_UGW_MPL) exhibited a higher current than the commercial 
carbon black MPL (E0a), indicating enhanced capacitive behavior and 
increased ECSA. Deposition of the catalyst layer (E1_UGW) further 
improved the current response, confirming the optimized architecture of 
the spray-coated MPL + CL with biochar. CVs recorded over an extended 

potential range (Fig. 4b) for E0b, E1_UGW, E2_UGW(N), and E3_UGW 
(N)_P (hereafter E1, E2, and E3) revealed a progressive shift of the HER 
onset from –1.6 V to –1.2 V vs. Ag/AgCl, demonstrating that biochar 
incorporation enhances intrinsic catalytic activity toward hydrogen 
evolution. Nitrogen functionalization and post-treatment further 
enhanced HER kinetics, as reflected by the current densities measured at 
–0.6, –1.0, and –1.5  V, which increased in the same order. The control 
electrode (E0b) showed negligible current compared with the biochar- 
modified electrodes, confirming the beneficial effect of the biochar- 
based modifications on electrocatalytic performance. It has been pre
viously reported that, although metal-free carbon-based materials can 
exhibit intrinsic electrocatalytic activity toward the HER, such activity 
generally occurs at significantly higher overpotentials than in metallic 
electrocatalysts (Naik et al., 2025; Ahmed et al., 2025; Feidenhans’l 
et al., 2024). In this context, heteroatom doping, particularly nitrogen, 
has been shown to play a key role by modifying the electronic structure, 
enhancing proton adsorption, and generating catalytically active defect 
sites that promote hydrogen evolution. Consequently, performance im
provements in metal-free carbon electrocatalysts are commonly evalu
ated in terms of relative kinetic trends, such as shifts in onset potential 
and systematic increases in current density, rather than absolute nu
merical benchmarking metrics (Samanta and Pradhan, 2025).

The differences in electrochemical properties among the three bio
chars are more pronounced on glassy carbon RDEs compared to carbon 
cloth electrodes, where the variations are relatively marginal. This 
attenuation can be primarily attributed to the higher biochar loading 
and thicker films on the carbon cloth, as well as the higher percentage of 
Nafion, ~ 9 wt% for RDE experiments versus 22 wt% in the electrode’s 
catalyst layer, together with 20 wt% PTFE composing the MPL. The 
presence of PTFE and a higher Nafion content affect charge transport 
and modulate the measured electrochemical response relative to the 
minimal, well-dispersed films on RDEs. This attenuation is a common 
observation reported in the literature: many studies indicate that clear 
differences in the electrochemical properties of materials (i.e., biochar, 
Pt/C, oxides) are readily observed in thin, well-dispersed films on RDEs, 
whereas when the same materials are integrated into thicker layers on 
supports such as carbon cloth or in the MEA configuration, these dif
ferences tend to diminish (Imhof et al., 2023; Ehelebe et al., 2022).

The prepared biochars, as determined by textural, structural, and 
electrochemical characterization, exhibited favorable properties for 
electrocatalytic applications in bioelectrochemical system electrodes. 
Accordingly, the biochar-based electrodes were subjected to preliminary 
tests in MES reactors for CO2 electroreduction, as reported in Section 
2.2.2. During 21-day chronoamperometric experiments, the average 
current values of the three biochar-based electrodes were consistently 

Fig. 4. CV profile in N2-saturated 0.1 M PBS as electrolyte of (a) E0a, SC_UGW_MPL, and E1_UGW, potential window: − 1.15 to 0.6 V vs. Ag/AgCl, scan rate 10 mVs− 1 

(a), E0b, E1_UGW, E2_UGW(N), and E3_UGW(N)_P, Potential window: − 2.0 to 0.5 V vs. Ag/AgCl, scan rate 3 mVs− 1 (b).
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higher than those of the biochar-free control (E0b). Specifically, average 
currents of –5.07 ± 3.04 mA (–0.24 ± 0.14 mA cm− 2) for E2, –3.99 ±
1.49 mA (–0.19 ± 0.07 mA cm− 2) for E1, and –3.74 ± 1.40 mA (–0.18 ±
0.07 mA cm− 2) were recorded, compared to –2.90 ± 1.00 mA (–0.14 ±
0.05 mA cm− 2) for the control.

These findings were further supported by cyclic voltammetry ex
periments conducted at the end of the MES tests, which are shown in the 
supplementary material. The CVs recorded in inoculated MES systems 
revealed clear differences between the control cathode (E0b), which 
showed a narrow, steep curve, and the biochar-functionalized cathodes, 
which displayed broader curves and higher current densities. These re
sults indicate an enhanced electron transfer capacity and higher 
reducing power at the cathode for the biochar-based electrodes, which 
may promote CO2 fixation and stimulate microbial growth (Goglio et al., 
2025; Soggia et al., 2024; Zheng et al., 2024).

3.4. Microbial community analysis

The starting inoculum was primarily characterized by the families 
Rhizobiaceae, Flavobacteriaceae, Cellulomonadaceae, Mycobacter
iaceae, Micrococcaceae, Devosiaceae, and Microbacteriaceae. However, 
in MES systems, these families were drastically reduced or disappeared, 
giving rise to distinct microbial communities.

This conclusion is further supported by microbial analysis of the 
lyophilized biomass developed in MES (Fig. 5). In MES systems with 
biochar-modified electrodes, the microbial community was enriched in 
the phyla Bacteroidota, Bacillota, and Campylobacterota, including 
families such as Clostridiaceae, Eubacteriaceae, and Sulfurimonadaceae. 
In contrast, MES with unmodified electrodes was dominated by the 
phylum Pseudomonadota, particularly the Rhizobiaceae and Rhodo
bacteraceae families (Fig. 5).

Alpha diversity, as measured by the Shannon index (Fig. 6a), differed 
among the five experimental groups. OFMSW exhibited the highest di
versity (9.71 ± 2.04), MES E0b showed intermediate values (8.43 ±
0.35), and MES E1–E3 were largely comparable with lower diversity 
(MES E1: 7.11 ± 0.36; MES E2: 7.14 ± 0.33; MES E3: 7.23 ± 0.32), as 
summarized in Supplementary Material. Linear modeling, including log- 
transformed sequencing depth as a covariate, confirmed that group had 
a significant effect on Shannon diversity (ANOVA: F = 23.43, p =
0.00195), whereas sequencing depth did not significantly influence the 
results (F = 5.90, p = 0.059). Pairwise comparisons further highlighted 

that OFMSW differed significantly from all MES groups, and MES E0b 
had moderately higher diversity than MES E2 and E3. Beta diversity 
analysis revealed marked differences in community composition among 
groups (Fig. 6b). Bray-Curtis dissimilarity and PCoA showed that 
OFMSW and MES E0b formed distinct clusters, while MES E1–E3 clus
tered closely together. PERMANOVA confirmed a significant effect of 
experimental group on community structure (R2 = 0.709, p = 0.002), 
indicating that the treatments strongly shaped microbial assemblages. 
Overall, these results demonstrate that the original inoculum harbors a 
highly diverse microbial community, MES E0b represents an interme
diate state, and the remaining MES groups share a similar, treatment- 
influenced composition. A Linear Discriminant Analysis Effect Size 
(LEfSe) was run (data not shown), whose results did not add incremental 
information compared to the strong differences that were already 
evident from Fig. 5.

The presence of Clostridiaceae and Eubacteriaceae is consistent with 
their acetogenic/fermentative metabolisms, which are favorable in MES 
for converting CO2 (with electron supply) into acetate or other in
termediates useful for biomass/protein synthesis (Mateos et al., 2019). 
Sulfurimonadaceae (and members of the Campylobacterota phylum) 
may support sulfur or hydrogen metabolism, act as oxygen scavengers, 
or participate in syntrophic interactions, thus enhancing electron flow or 
redox balance in cathodic biofilms (K. Zhang et al., 2023). In contrast, 
communities dominated by Pseudomonadota likely rely more on 
consuming available organics, rather than efficient carbon fixation or 
electron use from the electrode. Overall, biochar modifications promote 
more metabolically versatile and potentially electroactive communities 
than unmodified electrodes, consistent with boosted MES performance 
reported for carbonaceous/biochar cathodes (Lekshmi et al., 2023).

4. Outlook on scalability and energy considerations

The present study focused on the laboratory-scale development of 
biochars with tailored functionalities for MES applications, specifically 
CO2 electroreduction.

Although this study was mainly focused on the fabrication and 
characterization of biochars for electrochemical applications, the scal
ability and energy demand of the process were considered primary. 
Regarding the energy consumption of the integrated pyrolysis and 
activation step, it may be straightforward to treat the process energy 
consumption separately. Fast pyrolysis of lignocellulosic residual waste 

Fig. 5. Relative abundance of the microbial community at the phylum (a) and family (b) levels. Bars represent the mean proportions of the 20 most abundant taxa; 
all others are grouped as Others.
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is considered a very efficient process, since the enthalpy of reaction is 
much lower than the high-heating value (HHV) of the raw feedstocks. D. 
E. Daugaard and R.C. Brown (Daugaard and Brown, 2003) experimen
tally investigated the enthalpy of pyrolysis of various lignocellulosic 
biomass, including corn stover, oak and pine residues, and oat hulls, 
using a bench-scale fluidized-bed reactor in continuous operation. At 
500 ◦C, the enthalpy of pyrolysis, intended as the net heat demand of the 
process at industrial scale, ranged from 0.8 to 1.6 MJ/kg, representing 
less than 10 % of the HHV of the various feedstocks. Similarly, our 
previous investigations evidenced an enthalpy of pyrolysis of 1.59 MJ/ 
kg for the fast pyrolysis of hazelnut shell at 450 ◦C, performed in a 
continuous regime using a lab-scale fluidized-bed reactor (Bartolucci 
et al., 2025). Moreover, the effect of pyrolysis temperature on the energy 
conversion of hazelnut shells was previously investigated, showing that 
in the 450–550 ◦C range the energy yields of the continuous process can 
be estimated at 72–77 %, in agreement our previous reports (Bartolucci 
et al., 2024). Hence, it can be concluded that the pyrolytic pre-treatment 
of biomass is widely recognized as an energy-efficient process. Most 
previous investigations of the physical activation of biochar under a 
CO2-rich atmosphere were conducted at the laboratory scale, providing 
limited information on process scalability and energy demand (Sajjadi 
et al., 2019). Among the main heterogeneous-phase reactions involved 
in the physical activation of BC, the Boudouard reaction (C + CO2⇌ 
2CO) is considered very relevant. Despite the high endothermicity of the 
Boudouard reaction, the energy demand of the process can be partly 
supplied by utilizing cascade waste heat from high-temperature flues. In 
this perspective, the decentralized biorefinery scheme for biochar pro
duction and the centralized activation of biochar appear to be a 
particularly suitable concept for biochar electrode production from 
biowaste. The decentralized scheme is particularly suitable for produc
ing value-added products or fuels from fast pyrolysis of lignocellulosic 
biomass (Fytili and Zabaniotou, 2018; Chiaramonti and Testa, 2024).

Among the principal outcomes of this work, our findings indicate 
that simpler, one-step synthesis routes may be sufficient for practical 
applications. In particular, UGW_CO2_60, obtained via one-step contin
uous pyrolysis and CO2 activation without post-functionalization or 
additional pyrolysis, showed electrochemical performance in MES cells 
comparable to that of nitrogen-functionalized, multi-step biochars. 
Although preliminary half-cell tests with rotating disk electrodes sug
gested improved electrochemical behavior for nitrogen-doped, post- 
pyrolyzed materials, these differences were largely attenuated once the 
biochars were integrated into carbon cloth electrodes and operated in 
MES cells. This attenuation suggests that, for the targeted application, 
additional functionalization and post-pyrolysis steps do not yield sub
stantial performance gains, despite increased energy consumption and 

process complexity. From a scalability perspective, this observation is 
particularly relevant. One-step CO2 activation routes reduce the number 
of thermal treatments and intermediate processing steps, thereby 
lowering overall energy demand and operational complexity. Reported 
CO2 activation yields range between 10 and 30 wt%; however, these 
values were calculated differently depending on the synthesis route. For 
one-step CO2-activated biochars, the yield refers to the overall mass 
relative to the starting biomass, whereas for multi-step nitrogen-doped 
biochars, it reflects the mass retained after the final processing step. As 
such, these values are not directly comparable across materials and were 
not intended to represent CO2 activation efficiency or process optimi
zation. Nevertheless, the comparatively higher apparent yield and 
reduced material losses associated with one-step routes further support 
their suitability for scale-up.

Future efforts toward large-scale implementation should therefore 
prioritize optimizing one-step pyrolysis/CO2 activation processes, 
focusing on parameters such as heating rate, residence time, and CO2 
flow to balance energy consumption, yield, and functional performance. 
The integration of heat recovery strategies or the use of process-derived 
energy could further improve the sustainability of biochar production. 
Overall, the demonstrated adequacy of one-step CO2-activated biochars 
in MES cells highlights a viable and scalable pathway for producing 
functional bioelectrode materials without the need for energy-intensive 
post-functionalization steps.

5. Conclusions

We developed a carbonization/activation strategy for urban green 
waste (UGW) feedstock to obtain biochar with maximized nitrogen 
content, which is inherently present in the feedstock, resulting in the 
sample UGW_CO2_60. The effect of further nitrogen enrichment using a 
nitrogen-rich organic precursor during pyrolysis (UGW(N)_CO2_60) was 
then compared, and the impact of an additional pyrolysis step (UGW(N) 
_CO2_60_P) on the textural, structural, and electrochemical properties of 
the resulting biochar was evaluated. Post-treatments led to increased 
nitrogen content in the biochar, as revealed by elemental analysis, along 
with enhanced electrochemically active surface area (ECSA) and 
improved electrocatalytic activity toward ORR in the series: 
UGW_CO2_60 < UGW(N)_CO2_60 < UGW(N)_CO2_60_P, as demon
strated by rotating disk electrode (RDE) measurements.

The biochars were deposited onto carbon cloth electrodes using an 
air-spraying technique, thereby optimizing the electrode architecture in 
terms of both the microporous layer and the catalyst layer. These elec
trodes were then tested as cathodes in preliminary microbial electro
chemical systems (MES) for CO2 electroreduction. The results showed 

Fig. 6. Microbial diversity in OFMSW and MES experimental groups. (a) Alpha diversity assessed using the Shannon index for the five experimental groups. (b) Beta 
diversity visualized via Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity, illustrating differences in microbial community composition among 
the experimental groups.
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higher currents and enhanced electrochemical performance with 
biochar-modified cathodes, confirming their suitability for bio
electrochemical applications. Microbial analysis of the cathodic biomass 
further revealed that MES systems with biochar-functionalized elec
trodes were enriched in the phyla Bacteroidota, Bacillota, and Campy
lobacterota. In contrast, unmodified electrodes were dominated by 
Pseudomonadota, supporting the conclusion that biochar modification 
promotes efficient electron transfer and microbial CO2 fixation.
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