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A B S T R A C T

Climate change, driven predominantly by anthropogenic activities such as fossil fuel combustion, has led to 
significant greenhouse gas emissions. In response, the United Nations’ COP28 has set an ambitious goal to reduce 
emissions by 43 % by 2030, with the aim of limiting global temperature rise to 1.5 ◦C. Among the various CO₂ 
mitigation strategies, Carbon Capture and Utilization (CCU) is particularly promising, especially the electro
chemical reduction of CO₂ into valuable chemicals. This process not only curtails CO₂ emissions but also facil
itates the production of renewable chemicals such as formic acid and formate. Gas diffusion electrodes (GDEs) 
are central to CO₂ electroreduction, with the microporous layer playing a critical role in preventing flooding and 
optimizing catalyst interaction. However, traditional carbon black-based microporous layers, such as those made 
from Vulcan XC-72R, raise environmental and health concerns. This study explores the use of biomass-derived 
materials, specifically lignocellulosic species, processed via hydrothermal carbonization, pyrolysis, and chemi
cal activation. The results show that GDEs incorporating a biomass and Vulcan XC-72R (50 % wt) mixture 
achieve high formate concentrations (1.8 g⋅L− 1) and Faradaic efficiency toward formate (80 %) at 90 
mA⋅cm− 2—performances that are comparable to or even superior to those of GDEs made solely with commercial 
Vulcan XC-72R. This demonstrates that these sustainable biomass-derived materials have great potential to 
effectively replace up to 50 % of carbon black materials and thereby reducing reliance on non-renewable re
sources, for the production of high-value chemicals from CO2.

1. Introduction

Climate change, primarily driven by the combustion of fossil fuels 
such as coal, oil and gas, remains a critical global issue due to the 
emission of greenhouse gases like CO₂ and CH₄. These gases contribute 
to global warming, and the concentration of CO₂ has surpassed the 
critical threshold of 420 ppm [1]. Immediate action to reduce CO₂ 
emissions is essential to mitigate the impacts of climate change.

At the 29th United Nations Climate Change Conference (COP 29) 
held in Azerbaijan [2], it was reported that providing financial support 
to developing countries for the implementation of renewable energy and 
energy storage technologies is crucial for reducing reliance on fossil 
fuels. This support could also stimulate job creation and drive global 
economic growth. If these measures are implemented promptly, they 

could reduce global greenhouse gas emissions by 63 % by 2050 [3].
While low-carbon technologies show considerable promise in sectors 

like transport and construction [4], industries such as cement and steel 
face challenges due to the intrinsic CO2 emissions associated with their 
production processes [5]. To address these challenges, decarbonization 
strategies focus on improving energy efficiency, adopting renewable 
energy sources, and deploying CO2 capture, utilization, and storage 
(CCUS) technologies. CCUS technologies have gained significant atten
tion for their potential to mitigate CO2 emissions while producing value- 
added products through various technologies [6,7], including thermo
chemistry [8], photo-catalytic electroreduction [9] and electrochemical 
reduction [10].

Among these strategies, CO2 electroreduction stands out as a 
particularly promising method for decarbonization. This approach 
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aligns with the increasing trend of electrification within the chemical 
industry [11] by storing excess renewable energy in chemical bonds and 
producing valuable products such as formic acid/formate [12], carbon 
monoxide [6], methane [13], methanol, and other C2 products [14]. 
Formate, in particular, is a high-potential product for industrial-scale 
CO2 electroreduction due to its efficiency in hydrogen storage, which 
is critical for the transition to a circular economy. Furthermore, formic 
acid is a valuable commodity in the CO2 conversion market, with prices 
ranging from $500 to $1500 per ton [15], and it can also serve as fuel in 
fuel cells to generate electricity [16,17].

CO2 electrochemical reduction can be achieved under ambient 
temperature and pressure, with product optimization through modifi
cation to metal-based catalysts, electrode potential adjustments, and pH 
control [18]. A variety of studies have investigated CO2 electrochemical 
conversion to formate using different electrode configurations [19,20]. 
Among these, the most commonly effective configuration is the Gas 
Diffusion Electrode (GDE), which typically consists of three layers: a 
support layer, a microporous layer (MPL), and a catalytic layer (CL) 
[21]. In this configuration, CO2 diffuses through the gas diffusion layer 
(GDL) to the catalytic layer, which can be in contact with either a liquid 
electrolyte [22,23] or a solid electrolyte (membrane) [24,25]. This 
structure enhances CO2 electroreduction performance by increasing the 
active surface area and minimizing mass transfer resistances [26–29].

A major challenge in the fabrication of GDEs is ensuring reproduc
ibility [30]. Variations in key properties, such as wettability, porosity, 
morphology and chemical stability, can significantly affect electrode 
performance [26,31,32]. Contamination by carbonate salts, which form 
when CO₂ reacts with hydroxide in the presence of cationic species like 
potassium and sodium, is a common issue [33,34].

Most research has focused on optimizing the catalytic layer by using 
various electrocatalysts, especially metal-based catalysts, due to their 
high efficiency in CO2 conversion [35–42].

However, limited attention has been given to the materials used for 
the MPL. Traditional commercial MPLs typically consist of a carbona
ceous material, such as carbon black, to reduce ohmic losses and 
enhance electron transfer, combined with a polymer, such as poly
tetrafluoroethylene (PTFE), to modulate wettability [43]. The most 
commonly used commercial carbon black is Vulcan XC-72R, valued for 
its optimal balance of specific surface area and electrical conductivity 
[44,45]. While alternative materials such as carbon nanofibers (CNFs) 
and carbon nanotubes (CNTs) have been explored to improve perfor
mance, their production process, often involving the high-temperature 
incomplete combustion of petroleum hydrocarbons, generate harmful 
compounds, including volatile organic compounds (VOCs), nitrogen 
oxides (NOx), sulfur oxides (SOx), methane (CH₄), and carbon dioxide 
(CO₂), making it difficult to improve their environmental footprint and 
sustainability [46,47]. Furthermore, the production of carbon black is 
heavily reliant on fossil fuels, further increasing dependence on non- 
renewable resources and contributing to environmental degradation 
[48].

To mitigate these environmental concerns, it is essential to explore 
more sustainable alternatives with lower environmental impacts. One 
promising approach involves the use of waste lignocellulosic materials 
[49–51], which serve as a valuable raw residue for producing carbo
naceous materials with physicochemical characteristics close to carbon 
black after some thermochemical treatments. Consequently, carbon 
powders derived from lignocellulosic biomass are emerging as sustain
able alternatives to conventional fossil fuel-based carbon blacks. What’s 
more, some lignocellulosic biomasses can become toxic wastes if pre
viously used in phytoremediation processes targeting organic and 
metallic pollutants [52–56], or as biosorbents [57,58], and therefore 
require proper management. Previous studies on biomass-wastes have 
confirmed their viability as catalysts for H2O2 electrogeneration and 
pollutant electrooxidation in water decontamination [59]. However, the 
selection of biomass residues in the present study, Typha dominguensis 
(TD), Phragmites australis (PA), and Claudium mariscus (CM), was based 

not only on their viability for environmental remediation but also on the 
need to address specific ecological and management challenges in local 
natural wetlands.

In particular, the overaccumulation of senescent biomass from these 
species in protected areas, such as “Las Tablas de Daimiel” National Park 
(39◦08’42”N 3◦42’07”W), exacerbated by prolonged droughts, has 
intensified the risk of wildfires and eutrophication, highlighting the 
urgent need for biomass management [60]. In the case of TD, its culti
vation also supports biodiversity conservation, as this species is expe
riencing population decline due to hydric stress from recurring droughts 
and interspecies competition, raising concerns over its local conserva
tion. Valorizing these biomasses contributes to closing the circular 
economy loop by enabling pollutant removal and providing carbona
ceous material for incorporation into the MPL used in the electro
chemical reduction of CO2.

Thus, the primary objective of this study is to evaluate the feasibility 
of fabricating GDEs for continuous CO₂ electroreduction to formate 
utilizing three distinct biomass sources (TD, PA and CM), as sustainable 
alternatives to conventional commercial materials, such as Vulcan XC- 
72R. This novel approach aligns with circular economy principles by 
promoting the reuse and valorization of biomass waste.

2. Methodology

2.1. Synthesis of carbon materials from lignocellulosic wastes

Three biomass species evaluated were Typha domingensis (TD) (cel
lulose 11.5 ± 0.1 %, hemicellulose 40 ± 0.1 %, lignin 45 ± 0.1 %), 
Phragmites australis (PA) (cellulose 9.5 ± 0.1 %, hemicellulose 48 ± 0.1 
%, lignin 33 ± 0.1 %) and Cladium mariscus (CM) (cellulose 13 ± 0.1 %, 
hemicellulose 41 ± 0.1 %, lignin 40 % ± 0.1), all collected from ‘Tablas 
de Daimiel’ (39◦08’42”N 3◦42’07”W), a natural wetland located in the 
province of Ciudad Real, Spain. Three plant species commonly used in 
phytoremediation and constructed wetland systems for the remediation 
of water and soil are known for their ability to retain a broad range of 
pollutants, including both organic compounds and heavy metals. After 
serving in these treatment applications, appropriate post-treatment 
handling of the biomass is required [54].

After an initial cleaning with Milli-Q water, the samples underwent 
hydrothermal carbonization (HTC) at 200 ◦C for 2 h under self- 
generated pressure in a stainless-steel Parr autoclave (biomass to 
water ratio of 130 g⋅L− 1). After the initial soft treatment, the resulting 
hydrochars followed two different processing pathways. One pathway 
involved pyrolysis at 1000 ◦C under a N2 atmosphere (150 mL min− 1), 
while the other consisted of chemical activation using KOH at 600 ◦C, 
also under the same inert atmosphere. For the chemical activation, the 
corresponding biomass-derived hydrochars were mixed with a 50 % w/v 
KOH solution at a 1:5 w/w hydrochar:KOH ratio. In both procedures, the 
heating rate was maintained at 2 ◦C⋅min− 1, and the final temperature 
was held for 30 min, with intermediate dwell times of 30 min at 300, 500 
and 750 ◦C. The result of relevant physicochemical properties of the 
synthesized carbon materials for electrochemical applications, such as 
the AD1/AG ratio obtained from Raman spectroscopy, electrical con
ductivity, and specific surface area, are summarized in Table S1. The 
methodologies employed for their determination are described in 
greater detail elsewhere [59].

2.2. Cathode fabrication

The GDE configuration employed in this study comprises three pri
mary components: a carbonaceous support (TGP-H-60), a MPL, and a 
CL. Toray carbon paper (Teflonated Paper, TGP-H-60) serves as the 
carbonaceous support. The GDE features a geometric surface area of 10 
cm2.

The MPL was initially prepared using the air-brushing technique, a 
widely adopted method due to its simplicity, scalability, and ability to 
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produce uniform coatings, similar as previous studies to make a rigorous 
comparative assessment [23]. The ink formulation for air-brushing in
volves a 40:60 w/w carbon black (or alternative lignocellulosic biomass- 
derived materials such as TD, PA, or CM) to polytetrafluoroethylene 
(PTFE) dispersion (60 wt% in H₂O, Sigma-Aldrich). This mixture is 
diluted in isopropanol to achieve a 3 wt% suspension and sonicated for 
30 min to ensure homogeneity.

The prepared ink is then applied to the carbon fiber support via air- 
brushing, building up the MPL to a carbon black loading of 2 mg⋅cm− 2. 
Post-deposition, the MPL undergoes sintering at 350 ◦C for 1800 s in a 
muffle furnace (J.P. Selecta, Select-Horn-TFT) to enhance material 
adhesion and structural integrity.

The CL is applied at the top of the MPL using the same air-brushing 
technique. The catalytic ink comprises bismuth oxide (Bi₂O₃, 99.99 % 
trace metal basis, 90–210 nm particle size, Sigma-Aldrich) dispersed in 
Nafion (Nafion D-521 dispersion, 5 % w/w in water and 1-propanol, 
≥0.92 meq/g exchange capacity) at 70:30 w/w ratio. This mixture is 
diluted in isopropanol and sonicated under the same conditions as the 
MPL ink. The bismuth catalyst is loaded at 0.75 mg⋅cm− 2. The GDEs 
fabricated using carbon materials derived from the valorization of re
sidual organic biomass are herein referred to as BioRem-GDEs. Both air 
pressure and ink flow rate were controlled and fixed at 0.5 bar and 20 
mL⋅h− 1, respectively. The ink was deposited onto a heated surface 
maintained at approximately 70 ◦C. Deposition was carried out until the 
electrode reached the desired final loading, monitored by continuous 
weighing.

While air-brushing was initially employed for MPL synthesis, this 
study also explores vacuum deposition as an alternative technique, 
prompted by the unsatisfactory results obtained with air-brushing. 
Vacuum deposition allows for more precise control over layer unifor
mity and thickness—critical parameters for ensuring reproducibility and 
optimizing performance in electrochemical reactions [30]. The vacuum 
deposition setup consists of a vacuum pump (Millipore Milivac Maxi 
5D1P014M04), a vacuum column with a Kitasato flask (Millipore 
XX1504705), a filtration funnel with a porous plate (Millipore 
XX1004704), circular filter paper (Filter-Lab), and metal tweezers 
(Millipore XX1004703). A schematic of the setup is provided in Fig. S1 
of the Supplementary information.

2.3. Cathode characterization

To evaluate the structural and surface modifications induced during 
electrochemical tests, the electrodes were characterized both before and 

after operation using three analytical techniques. Surface images were 
obtained using HR-SEM technology with a ZEISS GeminiSEM 500 HR- 
SEM. Image J software was used to quantify the number and width of 
cracks observed in SEM micrographs of GDE surfaces prepared using the 
vacuum deposition technique. Surface elemental analysis was conduct
ed through Energy Dispersive X-ray Spectroscopy (EDS), integrated with 
the SEM system and to evaluate the hydrophobicity/hydrophilicity of 
the electrode surfaces, the static contact angle (sCA) was measured 
through the static sessile drop method using an Attention Theta Optical 
Tensiometer (Biolin Scientific), controlled via One attention software 
and a high-definition camera.

The physicochemical characterization of the carbonaceous materials 
synthesized from lignocellulosic waste was detailed elsewhere [59].

2.4. Experimental setup

The electrochemical performance of the fabricated BioRem-GDEs 
was evaluated using a continuous-flow, two-compartment filter-press 
electrochemical reactor (Micro Flow Cell, ElectroCell A/S) operating 
under standard conditions. The experimental setup included peristaltic 
pumps (Watson Marlow 320), electrolyte reservoirs, and a potentios
tat–galvanostat (Arbin Instruments, MSTAT4) for precise control and 
monitoring of electrochemical parameters, as shown in Fig. 1.

Within the reactor (Fig. 2), the BioRem-GDEs were placed in the 
cathodic compartment, where the electrochemical reduction of CO2 to 
formate was carried out under conditions similar to those used in pre
vious studies [23]. This compartment featured two inlets: 

(1) Gaseous CO₂ supply: pure CO₂ was introduced at a flow rate of 
200 mL⋅min− 1 and diffused through the carbonaceous fiber paper 
to reach the catalytic layer.

(2) Catholyte circulation: an aqueous solution composed of 0.5 M KCl 
and 0.45 M KHCO₃ (both from PanReac AppliChem) (pH ~ 8) was 
circulated at a flow rate of 0.57 mL⋅min− 1⋅cm− 2. The slightly 
basic pH of the catholyte helps suppress the hydrogen evolution 
reaction (HER) at the cathode surface, thereby improving the 
selectivity toward formate production. However, it is important 
to note that under these alkaline conditions, a portion of the CO₂ 
may be lost due to the formation of carbonate and bicarbonate 
species.

The anodic compartment was supplied with 1 M KOH (pH ~14) at 
the same specific flow rate per geometric surface area (0.57 

Fig. 1. Experimental set up used for the tests of BioRem-GDEs for the continuous CO2 electrocatalytic reduction to give formate.
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mL⋅min− 1⋅cm− 2). A dimensionally stable anode (DSA/O₂), consisting of 
Ir-MMO (mixed metal oxide) on platinum, was used as the counter 
electrode to facilitate the oxygen evolution reaction (OER).

A leak-free Ag/AgCl reference electrode (3.4 M KCl) was placed near 
the working electrode in the cathode compartment to ensure accurate 
measurement of the working electrode potential. The two compartments 
were separated by a Nafion 117 cation exchange membrane (thickness: 
0.180 mm; exchange capacity: >0.9 meq/g; Alfa Aesar) which pre
vented product crossover while maintaining ionic conductivity.

Experiments were performed in continuous single-pass mode, with 
both catholyte and anolyte flowing through the reactor without recir
culation. Each test was conducted in duplicate under ambient conditions 
(101,325 Pa and 20 ◦C) for a minimum duration of 3600 s.

The main objective was to evaluate the performance of BioRem-GDEs 
fabricated from waste-derived materials, in comparison to conventional 
carbon-based electrodes, under a current density of 90 mA⋅cm− 2 [23]. 
Samples were collected every 20 min over a total duration of 1 h.

Formate concentration was quantified using ion chromatograph 
(Dionex ICS 1100 equipped with an AS11− HC column), using Na2CO3 
(4.5 mM) as the eluent at a flow-rate of 1 mL⋅min− 1.

Based on the measured formate concentrations, the electrochemical 
performance was evaluated through key of merit: Faradaic Efficiency 
(FE), production rate, and energy consumption [19]. The equations for 
calculating each of these figures of merit are detailed in the Supple
mentary information.

3. Results

3.1. Assessment of deposition techniques for MPL fabrication

The first BioRem-GDEs for CO₂ electroreduction to formate were 
fabricated using the air-brushing technique to prepare the MPL in order 
to compare previously developed GDEs under identical experimental 
setups and comparable operating conditions [23,40,62]. The initial 
BioRem-GDEs were evaluated at a current density of 90 mA⋅cm− 2, with 
both catholyte and anolyte flowing at 0.57 mL⋅min− 1⋅cm− 2 based on 
geometric area in their respective compartments.

However, the air-brushing technique exhibited low reproducibility 
in the fabrication of the MPL, as shown in Table S2 for MPLs prepared 
from TD 1000 ◦C, CM 1000 ◦C, TD 600 ◦C/KOH, PA 600 ◦C/KOH, and 
CM 600 ◦C/KOH. Moreover, in the case of MPLs derived from PA 
1000 ◦C, no formate was detected in the output stream of the electro
chemical reactor, indicating a complete lack of activity under the tested 
conditions.

Due to unsatisfactory initial results, the electrode fabrication method 
was revised by replacing air-brushing with vacuum deposition for MPL 
preparation, aiming to enhance BioRem-GDE performance through 

more uniform and controlled deposition of biomass-derived carbon.
Vacuum deposition was selected instead of air-brushing during MPL 

preparation in response to the operational challenges associated with 
air-brushing carbon black materials obtained from waste biomass, 
particularly the obstruction of the air-brushing system by larger parti
cles. To evaluate the effectiveness of this alternative approach, pre
liminary tests were conducted using the same materials as in the 
reference electrodes, specifically Vulcan XC-72R as the carbon black.

All experimental tests were conducted under consistent operational 
conditions, maintaining a current density of 90 mA⋅cm− 2 and a constant 
electrolyte flow rate of 0.57 mL⋅min− 1⋅cm− 2. A comparative analysis of 
the two deposition techniques, presented in Fig. 3, reveals that vacuum 
deposition resulted in slightly improved performance in terms of 
formate concentration, reaching 1.97 g⋅L− 1 (Fig. 3a). This enhancement 
corresponds to a higher formate production rate of 4.17 mmol⋅s− 1⋅m− 2, 
compared to 3.62 mmol⋅s− 1⋅m− 2 achieved using the air-brushing 
method.

Moreover, a notable difference was observed in Faradaic Efficiency 
toward formate, with vacuum deposition exhibiting an approximately 
15 % higher Faradaic Efficiency. This indicates a more efficient utili
zation of the supplied charge, with a greater proportion being directed 
toward formate production.

As illustrated in Fig. 3b, the vacuum deposition method exhibits 
lower energy consumption compared to the air-brushing technique. This 
improvement could be attributed to the more homogeneous, efficient, 
and controlled deposition of MPL material, positioning vacuum depo
sition as a more energy-efficient and potentially more sustainable 
method. To confirm this hypothesis, SEM and EDS images were taken of 
the electrodes prepared by both methods. Fig. 4 presents a comparative 
visualization of the two electrodes. As can be observed, the electrodes 
prepared by airbrushing exhibit a surface where the particles tend to 
agglomerate, which is clearly visible both in the SEM image (Fig. 4a and 
b) and in the surface atomic distribution provided by the EDS analysis 
(Fig. 4c and d). Although the elemental composition of the surface is 
similar (60.94 % C, 38.99 % F of air-brushing vs 68.5 % C, 31.4 % F of 
vacuum-deposited), the electrode prepared by air-brushing shows 
discrete superficial nodules, indicative of the heterogeneous distribution 
of the material. In contrast, the vacuum-deposited electrode displays a 
more uniformly distributed layer across the surface. Additionally, vac
uum deposition facilitated the formation of well-defined cracks across 
the GDE surface, which play a crucial role in optimizing the electro
lyte–electrode interface. These structural features help mitigate flooding 
within the GDE structure, thereby enhancing CO₂ transport to the cat
alyst’s active sites [63,64].

Such advantages of the vacuum deposition techniques are particu
larly relevant for industrial applications, where optimizing both pro
duction efficiency and resource utilization are critical. Another key 

Fig. 2. Filter press cell configuration used for the continuous CO2 electrocatalytic reduction to give formate using BioRem-GDEs.
Adapted from [61].
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aspect to highlight is the reproducibility of the results. Across all ex
periments, a relative standard deviation (RSD) below 6 % was recorded, 
demonstrating high consistency and underscoring the robustness of the 
vacuum deposition method under comparable operating conditions.

The favorable outcomes of this comparative study confirm the 
reproducibility and reliable performance of vacuum deposition, vali
dating it as a suitable and scalable technique for GDE fabrication. 
Accordingly, all subsequent experiments were conducted using BioRem- 
GDEs prepared via vacuum deposition.

3.2. Performance of BioRem-GDEs fabricated via vacuum deposition

Following the assessment of the technical feasibility of preparing 
MPLs via vacuum deposition using Vulcan XC-72R materials, the next 
step is to evaluate the feasibility of employing BioRem-GDEs with MPLs 
fabricated using this technique. However, due to the low electro
reduction efficiency and poor reproducibility observed in electrodes 
made from biomass waste derivates chemically activated with KOH at 
600 ◦C, efforts focused on materials pyrolyzed at 1000 ◦C. By analyzing 
the values of the properties presented in Table S1, it was observed that 
the materials pyrolyzed at 1000 ◦C exhibited significantly higher elec
trical conductivity (ranging from 76 to 211 S⋅m− 1) and AD1/AG ratios 
(ranging from 1.81 to 2.00). The higher conductivity can reduce ohmic 
losses, while the greater degree of structural disorder, reflected in higher 
AD1/AG ratios and associated with defects such as vacancies, edges, and 
heteroatoms, may serve as nucleation sites for CO₂ adsorption and 
facilitate the formation of CO₂− intermediates, while are critical for 
formate production [65]. These values outperform those obtained with 
the materials chemically activated with KOH, which showed lower 
conductivity values (between 12 and 39 S⋅m− 1) and AD1/AG ratios (be
tween 1.48 and 1.74). This highlights the strong influence of these 
physicochemical parameters on CO2 electroreduction performance. 
Nevertheless, a substantial increase in specific surface area did not 
correlate with improved electrochemical performance, as the KOH- 
activated materials, despite having much higher surface areas (be
tween 1060 and 1603 m2⋅g− 1) compared to the pyrolyzed materials 
(between 146 and 308 m2⋅g− 1), consistently showed inferior results.

Table 1 summarizes the key results obtained with the BioRem-GDEs, 
whose MPLs were fabricated via vacuum deposition.

Initially, MPLs based on biomass-derived hydrochars treated at 
1000 ◦C showed varying performance in CO₂ electroreduction. TD- 
derived cathodes reached a maximum formate concentration of 1.48 
g⋅L− 1, comparable to Vulcan XC-72R, but exhibited low reproducibility 
and moderate Faradaic Efficiency (66.9 %). Additionally, energy con
sumption was notably high (~2000 kWh⋅kmol− 1 at 90 mA⋅cm− 2), 
reflecting poor electrochemical efficiency. PA-based MPLs slightly out
performed TD in formate production (1.55 g⋅L− 1) and Faradaic Effi
ciency (~70 %), while significantly reducing energy demand to 477 
kWh⋅kmol− 1, suggesting better charge utilization and catalytic 
behavior. In contrast, CM yielded the lowest formate concentration 
(0.78 g⋅L− 1) and Faradaic Efficiency (35.5 %), with poor reproducibility 
(RSD 66 %) and high energy consumption (664 kWh⋅kmol− 1), indicating 
limited suitability for CO₂ electroreduction. It can also be observed that 
the materials treated at 1000 ◦C exhibited differences in structural order 
and, more notably, in electrical conductivity. Among the three mate
rials, CM exhibited the lowest AD1/AG ratio at 1.81, while TD and PA 
showed higher values of 1.99 and 2.00, respectively. As previously 
discussed, a higher ratio appears to be beneficial for CO2 electro
reduction activity, as is also observed in O2 electroreduction for H2O2 
production [66]. However, the most significant difference lies in elec
trical conductivity. TD and PA demonstrated conductivities of 178 and 
211 S⋅m− 1, respectively, values comparable to that of commercial car
bon black Vulcan XC72R (277 S⋅m− 1) [67]. In contrast, CM exhibited a 
much lower conductivity of 76 S⋅m− 1, which is considerably below that 
of the other carbons and represents one of the main factors contributing 
to its inferior performance. Overall, PA exhibited the most promising 
balance between efficiency, energy consumption, and performance 
consistency among the tested lignocellulosic biomass-derived materials.

The significantly higher RSD values observed for biomass-based 
electrodes compared to pure Vulcan electrodes can be attributed to 
the inherent variability and heterogeneity of biomass-derived carbons. 
These materials typically exhibit broad distributions in particle size, 
surface area, and chemical functionalities, which adversely affect the 
uniformity and reproducibility of electrode fabrication. In contrast, 
Vulcan XC-72R is a well-characterized commercial carbon with consis
tent and uniform properties, leading to more reproducible electrode 

Fig. 3. Performance evaluation of Vulcan XC-72R as a MPL material using 
different deposition techniques under standardized process conditions (current 
density = 90 mA⋅cm− 2; catholyte and anolyte flow rates = 0.57 
mL⋅min− 1⋅cm− 2, based on geometric surface area). (a) Formate concentration 
(g⋅L− 1) and Faradaic efficiency for formate (%); (b) formate production rate 
(mmol⋅s− 1⋅m− 2) and energy consumption (kWh⋅kmol− 1).
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preparation.
Based on these results, issues related to both performance and 

reproducibility were identified. To enhance the homogeneity and per
formance of the electrodes, and to reduce the variability observed in 
previous results, the MPL composition was modified by replacing 50 % 
of the commercial Vulcan XC-72R with lignocellulosic biomass-derived 
materials.

3.3. Improving electrode performance and homogeneity through biomass 
waste-derived materials

Fig. 5 includes the results regarding formate concentration, Faradaic 
efficiency for formate, production rate, and energy consumption for the 
BioRem-GDEs, whose MPL consists of a 50:50 blend of commercial 
Vulcan XC-72R and previously defined carbonaceous materials. The 
specific material combinations evaluated include: (i) 50 % TD 1000 ◦C – 
50 % Vulcan XC-72R, (ii) 50 % PA 1000 ◦C – 50 % Vulcan XC-72R, and 
(iii) 50 % CM 1000 ◦C – 50 % Vulcan XC-72R.

As illustrated in Fig. 5a, the BioRem-GDE fabricated using a 50 % TD 
1000 ◦C and 50 % Vulcan XC-72R mixture exhibits a lower formate 
concentration of 1.44 g⋅L− 1, compared to the 1.97 g⋅L− 1 achieved with 
electrodes prepared exclusively from commercial carbon black. Corre
spondingly, the CO₂ electroreduction system employing this TD-based 
composite yields the lowest formate production rate among all mate
rials evaluated. In contrast, the GDE combining PA 1000 ◦C and Vulcan 

XC-72R in equal proportions exhibits a production rate (3.71 
mmol⋅s− 1⋅m− 2) and formate concentration (1.8 g⋅L− 1) comparable to 
those achieved with pure Vulcan XC-72R, indicating that this blend 
maintains electrochemical performance while partially substituting the 
commercial carbon material. Although the addition of TD 1000 ◦C al
lows for a moderately adequate production rate, the PA 1000 ◦C blend 
appears to deliver a more balanced and robust performance.

Fig. 5a also shows the Faradaic efficiency associated with formate 
production during the electroreduction process. All materials evaluated 
exhibit relatively high Faradaic Efficiency values, exceeding 65 %. 
Notably, the PA-1000 ◦C + Vulcan XC-72R blend achieves a Faradaic 
Efficiency of nearly 80 %, indicating superior selectivity toward formate 
and positioning it as the most promising material combination in terms 
of both efficiency and product selectivity. The CM 1000 ◦C + Vulcan XC- 
72R mixture also demonstrates good selectivity, although its perfor
mance does not significantly exceed or match that of the PA-based 
electrodes.

In terms of energy consumption (Fig. 5b), all tested BioRem-GDEs 
containing 50 % Vulcan XC-72R display reduced energy requirements 
relative to the benchmark value of 328 kWh⋅kmol− 1 for the pure Vulcan- 
based GDE. Specifically, energy consumption for the blended materials 
consistently remained above 250 kWh⋅kmol− 1, indicating a meaningful 
improvement in energy efficiency.

Collectively, these results suggest that the PA-1000 ◦C + Vulcan XC- 
72R (50:50) composition strikes the optimal balance across key 

Fig. 4. Comparison of SEM and EDS images of electrode surface using different deposition techniques: (a) SEM air-brushing; (b) SEM vacuum deposition, (c) EDS air- 
brushing, (d) EDS vacuum deposition. All electrodes were synthesized with 100 % Vulcan XC-72R.

Table 1 
Performance of BioRem-GDEs incorporation MPLs prepared from TD 1000 ◦C, PA 1000 ◦C and CM 1000 ◦C, fabricated via vacuum deposition.

MPL material Cathode voltage (V) Absolute cell voltage (V) [HCOO− ] (g⋅L− 1) Production rate (mmol⋅s− 1⋅m− 2) FE (%) EC (kWh⋅kmol− 1) RSD (%)

TD 1000 ◦C − 2.34 4.06 1.48 3.117 66.84 325 96.38
PA 1000 ◦C − 2.41 6.24 1.55 3.269 70.09 477 54.06
CM 1000 ◦C − 2.58 4.40 0.78 1.655 35.49 664 66.19
Vulcan XC-72R − 2.20 5.45 1.97 4.166 89.27 328 5.97
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performance metrics—achieving high formate productivity, outstanding 
Faradaic efficiency, and reduced energy consumption—positioning it as 
the most promising alternative to fully commercial materials for sus
tainable CO₂ electroreduction. Notably, the reproducibility of these 
electrode fabrications is exceptional, with most materials exhibiting a 

significantly lower RSD than the GDE made with commercial Vulcan XC- 
72R. The only exception is the TD 1000 ◦C + Vulcan XC-72R (50:50), 
which has an RSD of approximately 15 %. These findings underscore the 
technical feasibility of utilizing these alternative materials for CO₂ 
electrochemical reduction to formate, while minimizing the reliance on 
commercial Vulcan XC-72R.

3.4. Discussion of the results based on the characterization of the 
electrodes BioRem-GDEs

Synthesized PA and Vulcan XC-72R electrodes were analyzed using 
SEM before and after the electroreduction experiments. This approach 
allows for a direct comparison of the morphological changes induced by 
the process, as well as an assessment of the influence of the GDL 
carbonaceous material on the structural stability of the electrode. In 
parallel, EDS was employed to determine the elemental composition of 
the surface and to identify the key elements remaining after the elec
troreduction process. Representative SEM images are displayed in Fig. 6, 
whereas the corresponding EDS elemental mapping is provided in Fig. 7.

Fig. 6a shows that the electrode prepared exclusively with Vulcan 
XC-72R displays a flat, uniform and homogeneous surface morphology. 
In contrast, the incorporation of the carbonaceous material obtained 
from PA in a 1:1 ratio with Vulcan XC-72R (Fig. 6e) results in a more 
heterogeneous structure, with noticeable loss of the uniformity observed 
in the previous case. This heterogeneity is particularly evident in the 
electrode fabricated with PA 1000 ◦C MPL, as shown in Fig. 6c. More
over, both the number and size of cracks on the MPL surface were found 
to influence the electrocatalytic performance of the cathodes. These 
parameters were manually quantified using the ImageJ software, and a 
correlation between crack size and Faradaic Efficiency was confirmed. 
For the PA-1000 ◦C sample (17 cracks mm− 2), the average crack size was 
approximately 18 μm, for the Vulcan XC-72R electrode (43 cracks 
mm− 2), the cracks measured around 158 μm. In the 50–50 % mixture 
(76 cracks mm− 2), crack size averaged 63 μm. A clear trend was 
observed, the larger the crack size, the higher the Faradaic Efficiency. 
This correlation is illustrated in Fig. S2. In all cases, the electrode sur
faces exhibit evident signs of degradation after finishing the electro
reduction experiments. The distinct structural features present in the 
unused samples are markedly reduced or lost after the electrochemical 
process, indicating substantial alterations in surface morphology.

Furthermore, EDS analysis (Fig. 7) highlights significant changes in 
the Fluor signal, attributed to the PTFE content, between electrodes 
before and after the electrochemical experiments. Although EDS pro
vides localized surface information, measurements were conducted in 
triplicate on randomly selected regions to ensure more representative 
and reliable elemental data. For the electrode composed exclusively of 
Vulcan XC-72R, the fluor content after the electrochemical experiment 
decreased to 0.4 %, indicating an almost complete loss of PTFE surface. 
When 50 % of the biomass-waste derivates were incorporated to the 
GDL, the residual fluorine content was 3 %. In contrast, when the GDL 
was only prepared with biomass-waste derivates, the fluorine content 
remained as high as 35 %. These findings suggest that the inclusion of 
lignocellulosic material contributed to better PTFE retention on the 
electrodes surface, which may enhance the long-term stability and 
durability of the electrodes.

Moreover, Fig. 7c shows that in the case of unused PA 1000 ◦C, the 
distribution of Bi appears more heterogeneous compared to both Vulcan 
XC-72R and the 50–50 mixture. This heterogeneity in Bi dispersion may 
contribute to the lower overall formate production observed for this 
material, potentially by reducing the number of accessible sites for CO2 
activation or by promoting parasitic reactions, such as the HER, in Bi- 
deficient regions.

These compositional analysis results were consistent with those ob
tained from static contact angle (sCA) measurements. The absence of 
PTFE on the surface of the two electrodes used in the electroreduction 
experiments that contained Vulcan XC-72R was evident, as the water 

Fig. 5. Performance evaluation of BioRem-GDEs incorporating 50 wt% Vulcan 
XC-72R in the MPL, fabricated via vacuum deposition. Tests were conducted at 
a current density of 90 mA/cm2, with catholyte and anolyte flow rates per 
geometric surface area of 0.57 mL⋅min− 1⋅cm− 2. Evaluated metrics include: (a) 
formate concentration (g⋅L− 1) and Faradaic efficiency for formate (%) and (b) 
formate production rate (mmol⋅s− 1⋅m− 2) and energy consumption of the pro
cess (kWh⋅kmol− 1).
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droplet used for the measurement was completely absorbed, indicating a 
highly hydrophilic surface and confirming the loss of PTFE. In contrast, 
for the electrode totally synthesized from biomass-waste derivates, a 
measurable sCA of approximately 114◦ was obtained, indicating that the 
surface partially retained its hydrophobic properties (contact angle 
measurements included in Fig. S3 as Supplementary material). Contact 
angle measurements could not be performed on the fresh (unused) 
electrodes because their surfaces were excessively hydrophobic, pre
venting the water droplet from remaining on the surface.

4. Conclusions

This study highlights the potential of biomass-derived materials as 
sustainable alternatives to conventional carbon black in the fabrication 
of BioRem-GDEs for the electrochemical reduction of CO₂ to formate. 
Three lignocellulosic biomass sources—Typha domingensis, Phragmites 
australis, and Cladium mariscus—were successfully processed via hy
drothermal carbonization, pyrolysis, and chemical activation to 
generate carbon materials suitable for use in the MPL of GDEs.

When blended with Vulcan XC-72R (50 wt%), these biomass-derived 
carbons produced GDEs capable of achieving formate concentrations of 
1.8 g⋅L− 1 at a current density of 90 mA⋅cm− 2, with a Faradaic efficiency 
of approximately 80 % and an energy consumption of ~250 
kWh⋅kmol− 1. These performances are comparable or superior to those of 
electrodes made solely with commercial Vulcan [23], while offering 

environmental advantages such as reduced reliance on petroleum-based 
materials and the valorization of lignocellulosic biomass sources.

Overall, the results confirm the technical feasibility of BioRem-GDEs 
and support their potential role in sustainable CO₂ utilization strategies. 
Building on these findings, ongoing work is focused on assessing the 
long-term stability and performance of these electrodes in a more 
practical gas-phase electrochemical system [24], where only humidified 
CO₂ and GDEs are employed. This configuration—previously shown to 
produce high formate concentrations (>300g⋅L− 1) using Bi2O3 nano
particles—has demonstrated significant improvements in both effi
ciency and productivity. However, further research is needed to 
optimize these systems and evaluate their scalability for industrial 
implementation.
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