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ARTICLE INFO ABSTRACT

Keywords: Seawater batteries utilizing naturally abundant seawater as the cathode material offer economic advantages.
Seawater battery Despite their versatility, they suffer from slow kinetics and high overpotential, limiting their efficiency.
Lignin Addressing this, electrocatalysts emerge as crucial for enhancing performance. However, conventional electro-
g;:;ass catalysts, primarily noble metals, are scarce and expensive. In this context, carbon materials derived from bio-
Electrocatalysts waste have garnered considerable attention. In this work, we employed lignin, the most abundant aromatic

polymer, as a precursor for carbon materials, addressing the critical need for sustainable and efficient electro-
catalysts in seawater batteries. To enhance the catalytic properties, we innovatively used urea — a compound
typically associated with environmental challenges — for nitrogen doping. This approach allowed us to synthesize
doped carbon catalysts that achieved performance metrics comparable to those of conventional Pt/C catalysts.
Our findings not only demonstrate the potential of lignin and urea as effective electrocatalysts but also highlight
a significant advancement towards enhancing the performance of seawater batteries. This opens new avenues for
the development of sustainable energy storage solutions, leveraging biowaste materials to address environmental

and energy challenges.

1. Introduction

The urgent need to shift from fossil fuels to renewable energy sources
is a significant challenge facing humanity, crucial for addressing global
warming and climate change. As the integration of renewable energies
into the grid increases, so does the demand for efficient and sustainable
energy storage systems (ESS). While lithium-ion batteries (LIBs) have
emerged as the dominant technology in the ESS landscape, their wide-
spread adoption is hampered by rising costs [1-7] and environmental
concerns associated with lithium extraction, notably its significant
freshwater consumption [8-10].

In this context, seawater batteries (SWBs) (Fig. 1), a type of sodium-
air battery leveraging the abundance of seawater [11], emerge as a
promising alternative. These batteries offer several advantages,
including eco-friendliness, potential cost reductions, and higher theo-
retical energy densities (~4057 Wh/kg) [12,13]. Furthermore, they
present opportunities for innovative applications such as Na harvesting
[14], desalination [15], and Hj storage [16].

Seawater batteries utilize seawater as a cathode capable of supplying
Na ions for repeated charge-discharge cycles. The oxygen evolution
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reaction (OER) occurs upon charging, whereas the oxygen reduction
reaction (ORR) takes place during discharging on the carbon-based
cathode current collector [17,18]. However, the practical realization
of seawater batteries is hindered by challenges such as the slow kinetics
of the OER and ORR at the cathode current collector [19-21]. To address
these kinetic limitations in the oxygen-involved reactions, electro-
chemical catalysts must be employed [22]. Noble metals such as Pt, Ir,
and Ru are commonly used as catalysts [23-27], but their scarcity and
high cost pose significant disadvantages [26,28-31]. In efforts to replace
expensive noble metal-based catalysts [32-34], researchers have been
exploring various carbon nanomaterial-based catalysts, including
fullerene [35], carbon nanotube [36], graphene [37], graphene oxide
[38], and graphite [39]; however, these alternatives have safety con-
cerns. Common methods for producing carbon nanomaterials include
chemical vapor deposition, often using methane as a reactant and
generating Hy as a byproduct, posing a safety risk during the production
process [40]. Furthermore, it does not fully address the issue of cost,
since acetylene, xylene, and methane are often used for starting mate-
rials, which are expensive carbon feedstocks [41]. To overcome these
challenges, research has explored the use of diverse biowaste materials,
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such as grapefruit peel [17], fallen leaves [42], chicken feathers [43],
and lignin [44], as carbon precursors.

Specifically, lignin is the most abundant aromatic polymer in nature
[45], which is generated as a byproduct in the paper-making and bio-
ethanol manufacturing processes. Despite its widespread availability,
lignin’s complex structure and diverse functional groups have limited its
utilization [46-48]. Current applications are largely limited to burning
for heat energy, emitting not only CO, but also toxic substances [49,50].
Lignin has a great advantage over the abovementioned biowastes in its
stable supply. Worldwide, pulp & paper industry generates around 100
million tons of lignin per year [51]. Lignin has shown potential in
various fields such as chemical [52], adhesives [53], and biomedical
application [54], attracting the attention of researchers. Research on
carbonizing lignin and applying it to different applications has also been
performed, including water treatment [55], carbon fiber synthesis [56],
and energy-related fields including lithium-ion batteries [57] and elec-
tric double layer capacitors [58].

It is well-established that introducing a heteroatom significantly
enhances catalytic activity [59-61], with nitrogen being a particularly
effective candidate. Nitrogen doping is known to induce relatively
positive charges on neighboring carbon atoms, owing to differences in
electronegativity, thereby increasing the affinity for Oy adsorption
[62,63]. Various nitrogen-containing substances, such as ammonia [64],
pyrrole [65], melamine [66], and urea [67] have been explored as
dopants.

Urea, produced in the liver of mammals and excreted in the form of
urine through the kidneys, is released as effluent from households or
agro-breeding industries [68]. Once introduced into ecosystem, urea can
transform into substances that contribute to environmental issues such
as acid rain and eutrophication [69-71]. Consequently, transforming
urea into valuable products represents a crucial strategy for mitigating
agricultural waste and reducing pollution [72-74].

In this study, we developed an ORR electrocatalyst (800-NDL), using
urea and lignin as the starting biowaste materials. We then utilized 800-
NDL at the cathode of a seawater battery, where it demonstrated a lower
voltage gap of 0.71 V and achieved a peak power density of 7.9 mW/cm?
which is comparable to those of the conventional Pt/C catalysts (0.74 V
and 8.1 mW/cm?, respectively). These results highlight the potential of
800-NDL as an effective electrocatalyst in sodium-air batteries,
emphasizing its suitability for sustainable energy storage solutions.

2. Materials and methods
2.1. Carbonization and activation of lignin

Lignin, in its powdered form (Sigma-Aldrich), was carbonized and
activated in a single-step process. 3 g of lignin and 12 g of potassium
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hydroxide (KOH, SAMCHUN) were dissolved in 30 mL of distilled water.
The solution was then completely dried at 80 °C for 12 h in a convection
oven. The dried mixture was subsequently placed in an alumina crucible
for heat treatment within an electric tube furnace under an argon at-
mosphere. The temperature was ramped up to the target activation
temperatures of 600 °C, 800 °C, or 1000 °C at a rate of 10 °C/min. Upon
reaching the target temperature, it was maintained for 2 h to ensure
complete activation.

The activation process of carbon by KOH is reported as follows [75].

2C + 6KOH — 2 K + 3H, + 2K5CO3 @
K2CO3 — K20 + COy (2)
CO; + C — 2CO (3
K5CO3 + 2C —» 2 K + 3CO “@
K20 +C— 2K+ CO (5)

The resulting samples were labeled according to the activation
temperatures as 600-CL, 800-CL, and 1000-CL, denoting carbonized
lignin (CL) treated at 600 °C, 800 °C, and 1000 °C, respectively.
Following heat treatment, the samples were thoroughly washed with
distilled water to remove any residual KOH, continuing until the wash
water reached a neutral pH of approximately 7.

2.2. Nitrogen doping with urea

100 mg of the 800-CL sample was mixed with 500 mg of urea in 3 mL
of distilled water. The mixture was sonicated for 10 min to ensure uni-
form dispersion of urea, a critical step for effective nitrogen doping (the
rationale for selecting the 800-CL sample for doping is discussed in the
results and discussion section). After sonication, the mixture was
transferred to a quartz tube and dried at 80 °C for 12 h in a convection
oven to remove any residual moisture, preparing it for the doping pro-
cess. Subsequent thermal treatment was conducted in an electric tube
furnace under an argon atmosphere to prevent oxidation or any unde-
sired reactions. The temperature was systematically increased to the
target doping temperatures of 600 °C, 800 °C, or 1000 °C at a rate of 10
°C/min. Upon reaching the designated temperature, it was maintained
for 3 h to facilitate thorough nitrogen incorporation into the lignin
structure. The resulting samples were designated as 600-NDL, 800-NDL,
and 1000-NDL, corresponding to nitrogen-doped lignin (NDL) treated at
each specified temperature. This labeling facilitates a clear differentia-
tion between samples treated under varying conditions, allowing for
systematic analysis of the doping effects based on the treatment
temperature.

Facile ORR

Fig. 1. Graphitic illustration of a seawater battery and a schematic of the catalyst developed in this study.
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2.3. Electrochemical measurements of the oxygen reduction reaction

For the electrochemical characterization of the ORR, catalyst ink was
prepared as follows: 20 mg of the NDL catalysts were dispersed with 40
pl of Nafion binder (5 wt% in isopropanol; Sigma-Aldrich) in 2 mL of
distilled water. This mixture was sonicated for 30 min to ensure a ho-
mogenous catalyst ink. Subsequently, 20 pl of this ink was applied onto
the surface of a glassy carbon rotating disk electrode (RDE) and dried at
60 °C for 10 min in a convection oven to form a uniform catalyst layer.

The electrochemical measurements were conducted using a three-
electrode setup: a glassy carbon electrode as the working electrode, a
Hg/HgO electrode as the reference, and a Pt mesh as the counter elec-
trode. To ensure accuracy, the Hg/HgO reference electrode was cali-
brated against a reversible hydrogen electrode (RHE) through cyclic
voltammetry in a two-compartment electrochemical cell, employing the
Hg/HgO as the reference and a Pt coil as the working electrode. The
experiments were performed in a 0.1 M KOH aqueous solution, starting
from 1.2 V down to 0 V versus the RHE, at a scan rate of 5 mV/s. Prior to
measurement, the electrolyte was saturated with Oy for 30 min by
purging with O, followed by a constant O, flow (50 mL/min) during the
scanning process. Linear sweep voltammetry (LSV) was carried out using
a multichannel potentiostat (Biologic©, VSP, France).

2.4. Seawater battery performance test

Catalysts were dip-coated on carbon felt using polyvinylidene fluo-
ride (PVDF) as a binder. Initially, PVDF was dissolved in N-Methyl-2-
pyrrolidone (NMP) to create a homogeneous solution. Each catalyst was
then dispersed in this solution through 10 min of sonication, ensuring a
fine distribution. Subsequently, carbon felt was immersed in the solution
and subjected to an additional 5 min of sonication on each side to
achieve uniform coating. The catalyst-coated electrodes were dried at 90
°C in a convection oven for three days to ensure thorough solvent
evaporation and binder fixation.

Commercial Pt/C (20 % on carbon, Alfa Aesar) and the prepared
catalysts were evaluated in a series of tests to assess seawater battery
performance, including charge-discharge cycling, rate capability, and
peak power evaluation. The charge-discharge cycle test involved
alternating 2-hour charge and discharge phases at a current density of
0.25 mA/cm? for a total of 200 h, equivalent to 50 cycles. Rate capability
was assessed by executing 5 charge—discharge cycles at varying current
densities (0.1, 0.2, 0.4, 0.5, 1, and returning to 0.1 mA/cm?) in
sequence. Peak power was determined by discharging the pristine SWB
cell to a cut-off voltage of 0.2 V at a current density of 25 mA/cm?. These
tests were conducted using a WonATech battery testing system (WBCS
3000), ensuring accurate and reproducible measurements.
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2.5. Scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopy (EDS) analysis

The morphology of the activated samples was meticulously exam-
ined using field-emission scanning electron microscope (SEM, model S-
4800, Hitachi, Japan) to evaluate the effects of our activation process on
the surface structure. Subsequent to nitrogen doping, energy dispersive
X-ray spectroscopy (EDS, model SU-7000, Hitachi, Japan) mapping was
performed to verify the uniform distribution and presence of nitrogen
atoms within the samples, a crucial factor for enhancing their catalytic
efficiency.

3. Results and discussion
3.1. Optimization of activation temperature

The carbonization and activation of lignin were conducted according
to the procedure mentioned in the Experimental section. SEM analysis
revealed that all samples, as depicted in Fig. 2, showcased a rough and
porous structure, underscoring the success of the activation process
[76,77]. This morphological feature is critical for electrocatalysts, as it
potentially enhances the accessible surface area for electrochemical re-
actions. However, no significant differences in surface morphology were
discerned across samples, indicating that the activation temperature did
not alter the basic structural characteristics observed via SEM.

To further investigate the activation temperature’s impact, we con-
ducted N5 adsorption—desorption tests, which yielded insights into the
surface area of the samples (Fig. 3 and Table S1). Fig. 3a illustrates that
the 800-CL sample achieved the highest Ny adsorption capacity, sug-
gesting a superior surface area of ~2300 m2/g. In contrast, the 1000-CL
and 600-CL samples demonstrated lower surface areas of ~2030 m?%/g
and ~1260 m?/g, respectively. The increased surface area in the 800-CL
sample is indicative of its enhanced potential for catalytic activity, due
to a greater availability of active sites for reactions.

The observed differences in surface area can be attributed to the
underlying chemical reactions occurring during the activation process.
Initially, K2CO3 forms at temperatures around 400 °C (Equation (1)).
This compound then decomposes into KO and CO, at temperatures
above 700 °C (Equation (2)), with the resultant CO2 being further
reduced to CO (Equation (3)). Additionally, K20 can react with carbon
to produce metallic K and CO. The relatively lower surface area of the
600-CL sample suggests that the decomposition of KoCO3 to KO and
CO4 was not fully efficient at 600 °C. This reaction requires temperatures
above 700 °C to proceed effectively, explaining the enhanced porosity
and surface area observed in the 800-CL and 1000-CL samples.

Furthermore, the analysis of Ny adsorption-desorption isotherms

Fig. 2. SEM images of unactivated and activated lignin samples: (a), (e) UCL, (b), (f) 600-CL, (c), (g) 800-CL, and (d), (h) 1000-CL. The scale bars denote 100 um for

(a—d) and 50 um for (e-h).
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Fig. 3. (a) N, adsorption/desorption isotherm curve with an inset showing hysteresis of 1000-CL sample and (b) pore size distribution curve of n-CLs.

(Fig. 3a) revealed distinct pore structures across the different activation
temperatures. The 600-CL and 800-CL samples exhibited Type I
adsorption isotherms, indicative of a predominantly microporous
structure with pore sizes less than 2 nm. This microporous structure is
beneficial for electrocatalysis as it may facilitate the accessibility of
reactive sites to electrolyte ions. On the other hand, the 1000-CL sample
presented a Type IV adsorption isotherm, signifying not only the pres-
ence of micropores but also a substantial amount of mesopores (ranging
from 2 to 50 nm) [78]. The 800-CL sample exhibits a larger surface area
(2345.5 m?/g) compared to the 1000-CL sample (2032.14 m?/g), which
contributes to enhanced mass transport and diffusion rates. This is due to
excessive activation at 1000 °C, which caused the merging of existing
pores and resulted in a decrease in surface area. Therefore, 800-CL is
considered the most suitable sample for the exploration.
Complementing our understanding of the samples’ porosity, the
average pore size — determined by the Barrett-Joyner-Halenda (BJH)
method and depicted in Fig. 3b — further elucidates the structural nu-
ances influenced by activation temperature. Consistent with their Type I
adsorption/desorption isotherms, each sample predominantly exhibited
micropore characteristics. Notably, the 1000-CL sample also confirmed
the presence of mesopores, with an average size of approximately 3.5

nm, aligning with the observation of a Type IV isotherm curve in Fig. 3a.
This presence of mesopores in 1000-CL supports the hypothesis that
excessive activation at higher temperatures may lead to reactions that
not only create but potentially enlarge pores, through mechanisms
suggested in Equations (2) through (5). Such processes could result in
pore expansion and eventual merging, accounting for the mesopore
presence in 1000-CL.

This observation suggests that while mesopores can enhance mass
transport, their formation at the expense of micropores and overall
surface area may not be advantageous for ORR performance. Literature
supports the notion that micropores and a larger surface area are crucial
for enhancing ORR activity [79,80]. Given the largest surface area
observed for 800-CL (Table S1) and its rich micropore structure, we
identified 800-CL as the optimal sample for further exploration.
Consequently, 800-CL was selected for subsequent nitrogen doping ex-
periments, aiming to capitalize on its structural properties to improve
electrocatalytic performance.

3.2. Surface analysis of nitrogen-doped lignin (n-NDL)

The doping of activated lignin was conducted according to the

N

Fig. 4. SEM-EDS elemental mapping images of n-NDL samples after nitrogen doping.
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procedure mentioned in the method section. SEM-EDS elemental map-
ping confirmed the successful integration of nitrogen into the activated
lignin across all investigated temperatures (600, 800, and 1000 °C), as
depicted in Fig. 4, S1, and S2. The presence of oxygen atoms, detected
alongside nitrogen, likely originates from the functional groups inherent
to lignin, playing a pivotal role in facilitating nitrogen’s solid-state
doping [81,82]. High-resolution X-ray photoelectron spectroscopy
(XPS) analysis provided deeper insight into the nitrogen-doped struc-
ture, identifying four distinct types of nitrogen species [83,84]: pyridinic
N, pyrrolic N, graphitic N, and oxidized N-O, as shown in Fig. 5b—d and
detailed in Table S2. This analysis revealed a shift in nitrogen configu-
ration with changes in doping temperature, highlighting a decrease in
pyrrolic N and an increase in pyridinic N from 600 to 800 °C, with a
further shift towards graphitic N at 1000 °C. These findings align with
prior studies on N doping in various carbonaceous materials (e.g.,
graphite oxide [82], graphene oxide [85], lignite, carbazole, and PAN
[86]), underscoring the temperature-dependent dynamics of nitrogen
incorporation into carbon networks. More specifically, Lin et al. [85]
explained that at a relatively low temperature, the nitrogen incorpora-
tion occurs mainly at the graphene edges and/or defect sites; while as
the annealing temperature rises, the nitrogen atoms start to incorporate
into the graphene network, which is consistent with our observation.
Raman spectroscopy further elucidated the material’s defect struc-
ture, with the Ip/I ratio serving as a direct indicator of defects within
the carbon lattice (Fig. 6). Prior to doping, the 800-CL sample distinctly
displays D and G bands around 1340 /cm and 1590 /cm with an Ip/Ig
ratio of 1.00 (Fig. 6a). Post-doping, an increase in this ratio was
observed — 1.09 for both 600-NDL and 800-NDL, and 1.03 for 1000-NDL
- suggesting an enhanced defect density, particularly in samples doped
at lower temperatures (Fig. 6b—d). The elevated Ip/I ratios for 600-NDL
and 800-NDL can be attributed to the increased content of pyridinic and
pyrrolic N, known to introduce defects into the carbon structure
[87-90]. Conversely, the relatively lower Ip/Ig ratio for 1000-NDL
corresponds with its higher graphitic N content, indicating fewer
structural defects. Given the well-documented role of carbon defects in

Chemical Engineering Journal 505 (2025) 159219

enhancing ORR activity [17,91,92], the observed increase in Ip/I ratios
post-doping suggests a potential improvement in the catalytic perfor-
mance of n-NDL. Specifically, the enhanced defect density in 600-NDL
and 800-NDL, attributed to pyridinic and pyrrolic nitrogen configura-
tions, may confer superior electrocatalytic properties, underscoring the
value of targeted nitrogen doping in optimizing the material for ORR
applications.

3.3. Evaluation of catalytic activity

Evaluation of the catalytic activity in 0.1 M KOH through Linear
Sweep Voltammetry (LSV) data identified three critical parameters:
onset potential (Egpset), half-wave potential (Ej/2), and limiting current
density. Eqpset marks the electrochemical reaction’s initiation, while E; /5
represents a holistic measure of mass transfer and surface reaction dy-
namics, serving as a pivotal indicator of ORR activity [93]. The limiting
current density indicates the extent of the electrochemical reaction.

In the initial step of the electrochemical reaction, Lewis base sites are
created by pyridinic N. O molecules are first adsorbed onto carbon
atoms adjacent to the pyridinic N and then protonated. These active sites
generate minor currents, resulting in a non-flat baseline [94]. Among
the tested samples, 800-NDL demonstrated the most favorable electro-
chemical performance, as evidenced in Fig. 7 and S3. with the highest
Eonset and Ej/p values of 0.84 V and 0.75 V, respectively. This out-
performs the 1000-NDL, which shows slightly lower values (0.83 V and
0.74 V) and has a lower pyridinic N content compared to the 800-NDL
(Fig. 5c and d). Both the 800-NDL and 1000-NDL significantly exceed
the performance of 600-NDL (Eypset and Ej 2 at 0.81 V and 0.72 V). The
observed limiting current densities — 6.56 mA/cm? for 800-NDL, 6.44
mA/cm? for 1000-NDL, and 5.92 mA/cm? for 600-NDL — further
corroborate these findings, underlining a direct link between the
nitrogen-doped structure and catalytic efficiency. The difference in
electronegativity between nitrogen and carbon causes C-N bonds of
pyridinic N to be consistently polarized. This results in a slight negative
charge on the nitrogen atoms and a corresponding slight positive charge

(a) (b) [600-NDL — Pyridinic N
§ —— Pyrrolic N
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S \ Pyridinic N-O
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2
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Fig. 5. (a) Structure of nitrogen-doped lignin (NDL), and high resolution XPS spectra of (b) 600-NDL, (c) 800-NDL, and (d) 1000-NDL.
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on the adjacent carbon atoms [95]. This charge distribution is crucial for
catalytic efficiency and directly influences the observed limiting current
density by facilitating enhanced electron transfer rates and reducing
mass transport limitations.

Many studies have examined the beneficial effects of nitrogen doping
on ORR [42,79,96-98], but the most effective nitrogen configuration for
enhancing ORR activity is ongoing debate [99-104]. Our findings sug-
gest a pronounced effect of pyridinic N on catalytic performance, with
800-NDL, which boasts the highest pyridinic N content, showing supe-
rior activity. The reasonably high activity of 1000-NDL, enriched in
graphitic N, also underscores the significant role of this nitrogen
configuration in ORR, indicating that both types of nitrogen species
contribute meaningfully to the catalytic process.

Chemical Engineering Journal 505 (2025) 159219

3.4. Seawater battery (SWB) performance

In our evaluation of SWB performance, the doped catalysts were
applied to the cathode, revealing compelling results, particularly for
800-NDL. First, the charge/discharge cycle test was conducted for 200 h
(~50 cycles) and all samples were stable without cell failure (Fig. 8a).
Notably, 800-NDL demonstrated the smallest voltage gap during these
cycles (~0.71 V), consistent with its superior performance observed in
LSV tests and closely mirroring the performance of the benchmark Pt/C
catalyst (~0.74 V) as shown in Fig. 8b. Additionally, This value is
comparable to those of Ir/C (~0.73 V) [17] and MnO5 (~0.73 V) [105]
for catalysts. These results indicate a significant reduction in over-
potential with 800-NDL, underscoring its efficiency.

Further evaluation through rate capability tests at varying current
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densities revealed the robust performance of 800-NDL (Fig. 8c and S4).
While samples 1000-NDL and 600-NDL exhibited high voltage gaps
exceeding 2.5 V at the highest current density of 1 mA/cm?, indicating
suboptimal performance, 800-NDL maintained a consistently lower
voltage gap across all current densities. Crucially, it was the only sample
to fully recover its initial voltage gap following the high current density
test, showcasing its exceptional resilience and performance consistency.

The power curves and maximum power outputs of the NDL and Pt/C
samples further emphasize the potential of 800-NDL. With a maximum
power of 15.76 mW, 800-NDL closely approaches the performance of Pt/
C, which exhibits a maximum power of 16.15 mW. The 1000-NDL and
600-NDL samples, however, lag behind, with lower maximum power
outputs of 15 mW and 12.68 mW, respectively (Fig. 8d and e). This
indicates that the enhanced electrochemical performance is attributed to
an increased number of active sites resulting from nitrogen doping.
Nitrogen doping modifies the electronic properties of the carbon mate-
rial by creating active sites for oxygen adsorption and reduction. Hence,
it improves the electrical conductivity and structural stability of the
carbon material and further enhances ORR performances [57,104].

These findings compellingly demonstrate that the SWB incorporating
800-NDL competes favorably with the conventional Pt/C catalyst in
terms of voltage gap (0.71 V vs. 0.74 V) and maximum power (15.76
mW vs. 16.15 mW). Given the significant cost advantage of 800-NDL
(which is discussed in next section) over Pt/C, our study highlights the
potential of 800-NDL as a viable and economically feasible ORR catalyst
alternative. This breakthrough opens avenues for further optimization
and exploration of nitrogen-doped catalysts in seawater batteries and
beyond, promising a more sustainable and cost-effective future for en-
ergy storage solutions.

3.5. Price competitiveness of 800-NDL

As of March 2024, 1 kg of Pt/C (Sigma-Aldrich) is priced at €16,998.
In contrast, the cost to produce 1 kg of 800-NDL, including raw material
and energy expenses, is €5,144, as detailed in the calculations provided
in supplementary material. This price represents only 30 % of the cost of
an equivalent quantity of Pt/C. It is important to note that these calcu-
lations are based on the use of reagent-grade materials (for both lignin
and urea) in lab-scale production (using a small furnace operated for
approximately ~7,000 h to produce 1 kg of 800-NDL). The cost of
producing 800-NDL could be significantly reduced, indicating an even
greater potential for cost savings through the utilization of lignin and
urea derived from industrial and wastewater sources, and by scaling up
the production process.

4. Conclusion

In this research, we successfully synthesized an electrocatalyst for
seawater batteries, leveraging lignin from biomass and urea from bio-
waste, highlighting a novel, sustainable approach to catalyst design. The
activation of lignin at 800 °C yielded a material (800-CL) with an
exceptional surface area of ~2345.5 m?/g, underscoring the effective-
ness of our carbonization and activation process. Subsequent nitrogen
doping of 800-CL at varying temperatures revealed distinct structural
variations, with the sample doped at 800 °C (800-NDL) demonstrating
superior catalytic activity. This can be attributed to its enriched pyr-
idinic nitrogen content, emphasizing the critical role of this nitrogen
configuration in enhancing ORR performance. Notably, a seawater
battery incorporating 800-NDL achieved performance on par with those
using the traditional Pt/C catalyst, marking a significant advancement in
the development of cost-effective and sustainable electrocatalysts.
Furthermore, the cost analysis revealed that producing 1 kg of 800-NDL
could be achieved at approximately ~30 % of the cost of an equivalent
amount of Pt/C. This substantial cost reduction, even when utilizing
reagent-grade materials, suggests that utilizing industrial by-products as
sources for lignin and urea could further enhance the economic viability
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of this approach.

The findings from this study not only reinforce the potential of
biomass-derived materials in electrocatalysis but also open new path-
ways for the application of this sustainable catalyst in a broader range of
energy systems, including alkaline fuel cells and metal-air batteries.
Moving forward, the exploration of such cost-effective and environ-
mentally benign materials promises to accelerate the transition towards
more sustainable energy storage and conversion technologies.
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