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Abstract: In this study we present an application of wood biomass - alder wood char as the carbon
precursor for the synthesis of novel and sustainable nitrogen-doped activated carbon supported
nickel nanoparticle catalyst (AWC-Ni-N) for hydrazine oxidation. For comparison, the wood-based
carbon material doped with nitrogen only (AWC-N) was also synthesized. Extensive
characterization, including SEM, Raman spectroscopy, XPS, and XRD revealed the catalysts'
microstructure and properties. Electrochemical testing demonstrated that the AWC-Ni-N catalyst
significantly enhanced the efficiency of the hydrazine oxidation reaction. In addition, direct N2Hs-
H:0: single fuel cell tests were conducted using the prepared AWC-N and AWC-Ni-N catalysts as
the anodes and cathodes. Peak power densities of up to 10.8 mW cm=2 were achieved at 25 °C,
corresponding to a current density of 27 mA cm and a cell voltage of 0.4 V when the AWC-Ni-N
catalyst was used as both the anode and cathode. Furthermore, the peak power density increased by
approximately 1.6 and 2.9 times, respectively, when the operating temperature was raised from 25
°C to 55 °C for the AWC-N and AWC-Ni-N catalysts. Overall, the AWC-N and AWC-Ni-N catalysts
demonstrate significant potential as anode and cathode materials in direct N2Hs-H20: fuel cells.

Keywords: biomass; nitrogen-doped carbon; nickel; hydrazine oxidation; fuel cells

1. Introduction

Recently, there has been a growing interest in carbon-based catalysts due to their unique
properties and sustainability. These catalysts are becoming increasingly attractive to various
industries and researchers. Activated carbon and nanostructured carbon materials, such as graphene,
doped carbon, and carbon nanotubes, have a large surface area. This allows them to adsorb reagents
more efficiently and catalyze reactions effectively [1,2]. Carbon-based catalysts are versatile and can
be used in electrochemical reactions, water purification, organic compound synthesis, and other
processes. Since they are often produced from biomass or waste, they are both economically attractive
and affordable, reducing dependence on expensive metals such as platinum or palladium. The use of
biomass waste for catalyst synthesis also contributes to waste reduction and supports the
development of a circular economy [3,4].

Biomass is a hot carbon precursor in terms of its renewability, earth-abundance, environmental
friendliness, low-cost, non-toxicity, sustainability, ease of production, and the variety of heteroatoms
(N, P, S etc.) in its intrinsic composition. In addition, biomass-derived carbons have emerged as
promising potential alternatives to conventionally produced carbon-based catalysts. They hold great
promise as a renewable source of sustainable carbon materials for the next generation of energy
storage and conversion systems. Carbon can be doped with nitrogen, sulfur, or metals, or it can be
treated with chemicals. This makes it more active, conductive, and selective. For instance, the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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nitrogen doping of carbon materials has been shown to improve their electrical conductivity and
reaction selectivity. Similarly, the incorporation of metal particles has been demonstrated to enable
better control of reaction mechanisms [5-7]. Furthermore, nitrogen and metal (Ni, Co, Cu, Mo)
doping creates a synergistic effect that is particularly important in electrocatalytic reactions, such as
hydrazine oxidation reaction (HzOR), by improving the reaction rate, selectivity, and energy
efficiency. Nitrogen atoms are incorporated into the carbon lattice to form nitrogen-containing
structures (e.g., pyridine or pyrrole). This increases the electron density on the catalyst surface,
facilitating electron transfer during the reaction. Nitrogen doping generates more active sites on the
catalyst surface, enabling easier adsorption of reactants such as hydrazine (N2Ha). It also modifies the
catalyst's surface properties, making it more selective for the desired reaction and reducing the
likelihood of side reactions [8-10]. On the other hand, metals (Ni, Co, Cu, Mo) also act as redox centers
and assist in the HzOR. It can rapidly transition between oxidation states and efficiently participate
in redox reactions. Nickel particles on the catalyst surface enhance the adsorption of N2Hs molecules,
stabilize intermediate states, and accelerate the reaction rate. The interaction between nitrogen
doping and nickel atoms enhances the stability and efficiency of nickel during the reaction. Together,
nitrogen and nickel reduce the activation energy of the reaction, enabling for faster and more efficient
processes. In addition, doping improves the chemical and structural stability of the catalyst, ensuring
long-lasting catalytic activity. This makes nitrogen and nickel-doped catalysts a cost-effective and
sustainable alternative for various catalytic applications [11-15]. The use of nickel as the active metal
allows the avoidance of more expensive noble metals, such as platinum, palladium, and ruthenium
without compromising catalytic efficiency [16-18]. The importance of the HzOR lies in its
applications in sustainable energy production, environmental solutions, and the development of
advanced catalysts. N2Ha serves as a fuel source in direct hydrazine fuel cells (DHFCs) [19,20], where
its oxidation reaction enables efficient electricity generation with high energy density and low
emissions. This makes it particularly relevant for powering vehicles and portable devices. The DHFC
is based on the HzOR in an alkaline medium, which occurs at the anode (Eq. 1) and the reduction of
oxygen (Oz) at the cathode (Eq. 2):

N2H4 +40H-— N2+ 4H0 + 4 e- E0=-1.16 V vs. SHE (1)

202 +4H20 + 8e- — 80OH- E°=0.40V vs. SHE (2)
The total cell reaction can be written as Equation 3 [21,22]:

N2H4 + O2 — N2 + 2H20 E=156V 3)

The HzOR produces only H20 and N: as by-products (Eq. 1) [23,24]. From this point of view,
N:2Hs can act as a carbon dioxide (CO2) reducer because its oxidation produces nitrogen and water
without contributing to atmospheric CO; levels. This property highlights its potential role in
mitigating carbon emissions. The HzOR, a critical reaction in applications such as DHFCs, rocket
fuels, and carbon-neutral energy systems, relies heavily on the development of advanced catalytic
materials [25,26]. Moreover, N2Hs as a fuel has many advantages, including its wide availability, a
high theoretical potential of 1.56 V of DHFC — higher than many other fuels such as hydrogen (1.24
V) or methanol (1.19 V) - resulting in high power density, and the absence of the greenhouse gas CO2
or carbon-based intermediates that could poison the electrocatalyst [21,27,28]. Typically, Oz is used
as the oxidant in fuel cells, but fuel cells using hydrogen peroxide (H20:) as the oxidant have also
been proposed and are finding various potential applications [21,29-31]. The reduction of H20: at the
cathode in an acidic medium is given by Equation 4:

4H202 + 8e- + 8H* — 8H20 E0=1.77 V vs. SHE (4)

The theoretical cell voltage of 2.93 V of the direct hydrazine-hydrogen peroxide (N2Hs-H20z) fuel

cell (Eq. 5) is significantly higher than that of the DHFC (1.56 V), which uses O: as the oxidant.
N2His + 2H202 — N2 + 4H20 E=293V (5)

The fact that H20: is a liquid oxidant at ambient temperature and pressure makes it easier to
transport, store, and handle than O. It has the additional advantage of being good to use in a small
volume single stack fuel cell. The development of electrocatalysts with reasonable cost and high
electroactivity for fuel oxidation is of industrial importance. In this study, we present the synthesis
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of novel nitrogen-doped biomass-based catalyst supported nickel nanoparticles with the aim of
improving the HzOR efficiency while maintaining high activity and durability. The results highlight
the novelty of biomass-derived catalysts in the advancement of green catalytic technologies and their
potential for energy and environmental applications. In addition, it introduces a novel sustainable
catalyst, that provides a cost-effective alternative to noble metals. By enhancing the efficiency of
HzOR, it supports carbon-neutral energy systems and is consistent with green chemistry principles,
demonstrating the relevance of addressing both environmental and energy challenges. The energy
released during HzOR can be harnessed for various energy systems, offering potentially higher
efficiencies compared to traditional fuel sources. The study of the HzOR provides valuable insights
into the activity, selectivity, and durability of catalysts, which are key to optimizing the process.

2. Results
2.1. Microstructure and Morphology Studies

In this study, we propose a simple strategy for synthesizing an efficient non-noble metal-based
carbon catalysts. The SEM images in Figure 1 illustrate the morphological differences between AWC-
N (a) and AWC-Ni-N (b) catalysts at different magnifications. AWC-N (Figure 1a) has a highly
porous structure with irregular, rough particles. At higher magnifications, micro- and mesopores are
visible, along with sharp edges and a layered morphology, indicating effective chemical activation.
In contrast, AWC-Ni-N (Figure 1b) exhibits more compact and interconnected particles. At higher
magnifications (Figure 1b), wire-like or fibrous nanostructures are observed, likely due to the
catalytic effect of nickel during the co-doping process. These web-like carbon fibers are absent in
AWC-N and may enhance surface area and conductivity.
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(b)
Figure 1. SEM images of AWC-N (a) and AWC-Ni-N (b) catalysts at different magnifications.
To characterize the porous structure of the obtained doped carbon materials, the surface area

and pore size distribution of materials under study were determined from nitrogen adsorption—
desorption isotherms at 77 K (Figure 2).
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Figure 2. N2 adsorption—desorption isotherms at 77 K (a) and pore size distribution curves calculated from the
corresponding isotherms by the Density Function Theory (DFT) method (b) of nitrogen-doped activated carbon

and nitrogen-doped activated carbon supported nickel particles.

The porous structure parameters (Table 1) indicate differences in the textural properties of AWC-
N and AWC-Ni-N catalysts. AWC-N has a slightly higher specific surface area (BET: 2217 m? g)
compared to AWC-Ni-N (2050 m? g'), as well as a larger pore volume (1.6 cm?® g1 vs. 1.3 cm? g1).

Table 1. Porous structure parameters of the AWC-N and AWC-Ni-N catalysts.

Specific surface area, m? g-! Pore volume, cm3 g-! Average pore Mesopores from
Sample . width, nm Vi, %
BET DR DFT total micro meso
AWC-N 2217 1921 1496 1.6 0.7 0.9 29 56.6

AWC-Ni-N 2050 1791 1387 1.3 0.6 0.6 2.5 49.7
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The average pore width of AWC-N (2.9 nm) is marginally larger than that of AWC-Ni-N (2.5
nm). Additionally, the mesopore contribution to the total pore volume is higher in AWC-N (56.6%)
compared to AWC-Ni-N (49.7%). This difference suggests that co-doping slightly reduces the
porosity and the proportion of mesopores while potentially increasing the density of micropores or
smaller pores. The main reason for this change is an increase of material density due to metal/metal
oxide particles introduction into the structure as well as blockage of number of pores as the result of
this process.

Figure 3 compares the 532-nm excited Raman spectra of AWC-N, and AWC-Ni-N catalysts. Both
samples show two strong bands visible at 1349-1360 cm! and 1585-1586 cm, corresponding to
prominent D and G modes of graphite, respectively.
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Figure 3. Raman spectra of carbon-based (a) AWC-N, and (b) AWC-Ni-N catalysts. Intensities are normalized
to the intensity of G band. Spectra are shifted vertically for clarity. Excitation wavelength is 532 nm (0.4 mW).

In addition, a well-defined feature at 2690-2694 cm' is visible in the both samples. This feature
belongs to the prominent 2D band and indicates an increase in the structural ordering of this carbon-
based sample [32]. The important structural parameter in sp>-hybridized layered carbon material is
the average in-plane crystallite size La [33,34]. The experimentally obtained FWHM(G) value can be
used to determine the La [33,35,36]:

L, =%ln[ < ] 1)

FWHM(G)—FWHM (Gg

where the photon coherence length 1=32 nm, C=95 cm!, and FWHM(G) and FWHM(Go) are the
widths of the G band of sample under investigation and undoped pristine graphene (15 cm™),
respectively. The equation is valid for measuring the L. between the 32 and 2.8 nm [33]. To estimate
the FWHM(G) value, the experimental spectra in the frequency region from 1000 to 1800 cm™ were
fitted with 5 Gaussian or Lorentzian form components. The prominent D and G bands were fitted
with with Lorentzian form and the aditional D* (1275 cm™) and D" (1520 cm™) bands with Gaussian
form functions. The presence of D" band was associated with the amorphisation of carbon material
[2,36]. The reliatevely narow disorder-induced band D' near 1624 cm! was also introduced into the
fitting procedure. The FWHM(G) and estimated L. values are given in Table 2.
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Table 2. G-peak full width at half maximum FWHM(G), average crystallite size La, and intensity ratio I(D")/I(G)

of carbon-based samples.

Sample FWHM(G) (cm™) La (nm) I(D")/I(G)
AWC-N 55.7 13.6 0.51
AWC-Ni-N 49.8 16.1 0.55

In the case of AWC-N and AWC-Ni-N, the La varies from 13.6 to 16.1 nm, respectively. The larger
in-plane crystallite size value was obtained for AWC-Ni-N. Another important structural parameter
is the relative intensity of the D" band, measured as the intensity ratio I(D")/I(G) [2]. This parameter
probes the amorphization of the carbon material. The higher ratio was found for the AWC-Ni-N
catalyst indicating the higher amount of amorphous phase in this material.

The XRD analysis (Figure 4) shows that nickel incorporation into AWC-Ni-N leads to the
formation of crystalline nickel-based phases and promotes the partial graphitization of the carbon
material. The broad peaks around 20 = 20-30°, characteristic of amorphous carbon or partially
graphitized carbon, observed in both AWC-N and AWC-Ni-N, suggest that both materials retain an
overall porous structure with significant disorder.

Intensity / a.u.

(b)
PURN [T W I SN T TN N S N T_— |
30 40 50 60 70 80

2 theta degree

Figure 4. XRD patterns for the AWC-N (a) and AWC-Ni-N (b) catalysts.

However, the addition of nickel during co-doping leads to the formation of new crystalline
features while slightly reducing the disorder in AWC-Ni-N (Figure 4b). The AWC-Ni-N catalyst
displays additional sharper peaks at higher angles, particularly around 20 = 44° and 51°, indicating
the presence of crystalline phases. These peaks can be attributed to metallic nickel or nickel-based
compounds (e.g., Ni or NiO), formed during the co-doping process. Differences in peak positions
and intensities between AWC-N and AWC-Ni-N indicate the successful incorporation of nickel
species into the carbon framework of AWC-Ni-N. These structural modifications may enhance the
material's electrical conductivity and catalytic activity, making AWC-Ni-N more suitable for
applications such as catalysis or energy storage.

XPS was used to analyze the elemental composition and bonding configurations of the AWC-N
and AWC-Ni-N catalysts. Figure 5 shows the survey (a) and deconvoluted C 1s (b), N 1s (c), O 1s (d),
and Ni 2p (e,f) high-resolution XPS spectra of the AWC-N and AWC-Ni-N catalysts. The presence
and percentages of carbon, nitrogen, oxygen and nickel species (Figure 5a) are observed in the survey
XPS spectra. These are consistent with the XRD patterns. The high-resolution XPS C 1s spectra for the
both catalysts were divided into four major peaks that appear at 284.2 (Csp?), 284.7 (Csp?), 285.3 (N-
sp?-C), and 286.2 + 0.1 (N-sp*>-C) (Figure 5b) [37]. Notably, the most of carbon exists in the sp3-
hybridized state (Table 3) [38,39]. The N 1s spectra are deconvoluted into two main pyridinic-N
(~399 eV) and graphitic-N (~401 eV) peaks, respectively, for the AWC-N and AWC-Ni-N catalysts,

d0i:10.20944/preprints202503.0692.v1
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respectively (Figure 5c). Most of the nitrogen is present in the catalytically active pyridinic-N form,
which is higher (~65%) for the AWC-Ni-N catalyst prepared by a one-step doping of N and Ni
compared to the AWC-N catalyst doped with N only (~48%) (Table 3).
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Figure 5. XPS (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, and (e) Ni 2p spectra of nitrogen-doped activated carbon
(AWC-N) and nitrogen-doped activated carbon supported nickel nanoparticles (AWC-Ni-N).
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The Ni 2ps» spectrum can be deconvoluted to three-component peaks, one at 853.0 eV,
corresponding to Nif and the other two at 854.6 eV and 856.0 eV, corresponding to Ni?* like as NiO
(Figure 5e) [40—42]. The Ni metal 2ps2 peak position of 853.0 eV is within the literature value range of
852.7eV+ 0.4 eV [43]. The binding energy of O 1s for the AWC-Ni-N catalyst was fitted as 530.6 eV
(C-0-C, 10.91%), 531.8 eV (C-O-Ni, 31.82%), 532.1 eV (C=0/O-Ni, 37.26%), 533.7 eV (C-OH/C-O-C,
20.0%), respectively (Table 3).

Table 3. XPS analysis of the elemental composition of AWC-N and AWC-Ni-N.

d0i:10.20944/preprints202503.0692.v1

Sample C1s N 1s O1s Ni 2ps2
P Ev, eV at. % Ev, eV at. % Ev, eV at. % Ev, eV at. %
284.2 10.49 398.7 48.38 530.7 14.89
284.7 59.27 400.8 42.72 532.2 61.86
AWEN 285.3 23.13 403.3 8.90 533.5 23.25
286.2 7.11
284.2 11.02 399.0 64.79 530.6 10.91 853.0 27.71
284.7 46.92 401.1 35.21 531.8 31.82 854.6 41.55
AWC-Ni-N
! 285.3 26.00 532.4 37.26 856.0 30.75
286.3 16.06 533.7 20.00

2.2. Determination of Electroactivity of Catalysts for HzOR

The electrocatalytic activity of the AWC-N and AWC-Ni-N catalysts was evaluated toward the
HzOR in alkaline media. The activity of the prepared AWC-N and AWC-Ni-N catalysts was
evaluated by cyclic voltammetry by recording CVs in 1 M KOH solution containing different
concentrations of N2Hu in the potential range of -1.2 V to 0.2 V (vs. SCE) at an electrode potential scan
rate of 50 mV s (Figure 6).

" (a) AWC-N T (b) AWC-Ni-N
80 - +
—— I MKOH —— 1MKOH
60 F —— 0.05MN,H,+1MKOH + —— 0.05MN,H,+1MKOH
('“E 40
(&) L
g 2 F
~ O R
20 r
-1.2 -0.8 -04 0.0 04 -1.2 -0.8 -04 0.0 04
Evs.SCE/V

Figure 6. CVs of AWC-N (a) and AWC-Ni-N (b) catalysts recorded in 1 M KOH and 0.05 M N2Hs + 1 M KOH at
50 mV s, T=25°C.

In 1 M KOH solutions (Figure 6, black line), the current density remains relatively low, indicating
limited electrochemical activity when using the AWC-N and AWC-Ni-N catalysts. The current
density increases significantly when 0.05 M N,H, is added, especially in the positive potential region,
indicating that the HzOR (Eq. 1) occurs on both AWC-N (Figure 6a, blue line) and AWC-Ni-N (Figure
6b, red line) catalysts. Both catalysts show characteristic oxidation peaks in the presence of NoH,, with
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sharper and higher peaks observed for AWC-Ni-N. This indicates that the incorporation of nickel
enhances the kinetics of the oxidation reaction. The onset potential for the HzZOR occurs at potentials
of -0.4 and -0.5 V for AWC-Ni-N and AWC-N, respectively. The peak HzOR values on the AWC-Ni-
N catalyst are obtained at more negative potentials of 0.3 V (Figure 6b) as compared with that for
AWC-N (-0.1V) (Figure 6a), indicating it’s a superior electrocatalytic activity for hydrazine oxidation.
The enhanced electrocatalytic activity of the AWC-Ni-N catalyst for hydrazine oxidation can be
attributed to the formation of nickel-based active sites, such as metallic Ni or NiO, which improve
hydrazine adsorption and activation. In addition, the AWC-Ni-N catalyst, which was doped with
both nitrogen and nickel, exhibits a more compact structure with interconnected particles and
distinctive wire-like nanostructures. These wire-like nanostructures likely formed due to the catalytic
influence of nickel during the co-doping process, are absent in the AWC-N catalyst. These web-like
carbon fibers might contribute to an increased surface area and enhanced conductivity. In contrast,
the AWC-N catalyst, doped with nitrogen only, displays a highly porous, rough, and irregular
morphology. The inclusion of nickel significantly enhances the efficiency of the oxidation process.

Figure 7 shows the LSVs recorded on the both catalysts in 1 M KOH solution containing different
amounts of N2Ha. The measured current density increases with increasing N2H4 concentration (0.025-
0.10 M) in 1 M KOH solution on both AWC-N (Figure 7a) and AWC-Ni-N (Figure 7b) catalysts.

40 (a) 140

80 c/M b -
0.025 120
— 0050 L
60 120 — 0075 | 100
— 0.100

0.03 006 0.09 80

c/M

40 60

- -2
j/mAcm™
. 2
)/ mAcm

40

oL . . . . 0
-0.6 -0.4 0.2 0.0 0.2
Evs.SCE/V Evs.SCE/V

Figure 7. LSVs of AWC-N (a) and AWC-Ni-N (b) catalysts recorded in 0.025-0.10 M N2Hs + 1 M KOH at 50 mV
s71, T =25°C.

In addition, the current density values increase by approximately 2 and 3 times as the NaHa
concentration increases from 25 to 100 mM recorded on the AWC-N and AWC-Ni-N catalysts,
respectively. The insets in both graphs show a linear relationship between the peak current density
and N2Hs concentration, indicating that the reaction kinetics follow a concentration-dependent
behavior, which is likely governed by a diffusion-controlled mechanism. AWC-Ni-N exhibits
significantly higher current densities than AWC-N under identical conditions, highlighting the
enhanced catalytic performance of the nickel-doped material.

The dependence of the HzOR current densities for the AWC-N and AWC-Ni-N catalysts,
recorded in a solution of 0.05 M N2Hs and 1 M KOH, on different potential scan rates is shown in
Figure 8. The AWC-Ni-N catalyst (Figure 8b) exhibits a higher current density compared to the AWC-
N catalyst (Figure 8a) under similar conditions, indicating that the incorporation of Ni enhances the
catalytic activity. For both catalysts, as the scan rate increases from 10 to 50 mV s, the peak current
density increases by approximately 3 times for the AWC-N catalyst and 2 times for the AWC-Ni-N
catalyst. The insets in both graphs show a linear relationship between the peak current density and
the scan rate, with R2>0.99. This strong correlation suggests that the electrochemical reactions at the
electrode for both catalysts are diffusion-controlled. Overall, the AWC-Ni-N catalyst demonstrates
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superior catalytic performance compared to AWC-N, making it more suitable for applications

involving the HzOR.
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Figure 8. LSVs of AWC-N (a) and AWC-Ni-N (b) catalysts recorded in 0.05 M N,H, + 1 M KOH at different

potential scan rates, T =25°C.

2.3. Performance of Direct N2H+-H>0: Fuel Cell

The performance and stability of the AWC-N and AWC-Ni-N catalysts were evaluated for
potential application in a direct NoHs-H20: fuel cell. A direct NoHe-HoO2 single fuel cell was
constructed using the AWC-N and AWC-Ni-N catalysts as both anodes and cathodes. The
performance of the NoHs-H202 system is strongly influenced by the choice of electrode materials, the
membrane separator, and the electrolyte composition. Based on previous studies of different
catholyte and anolyte compositions, a catholyte consisting of 5 M H,O, + 1.5 M HCl and an anolyte
of 1 M N2Hs + 1 M KOH were used in the present study. A standard Nafion® N117 membrane was
used as the separator. Figure 9 presents the fuel cell polarization and corresponding power density
curves for the AWC-N and AWC-Ni-N catalysts at temperatures of 25, 35, 45, and 55 °C.
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Figure 9. Cell polarization and power density curves for the direct N2Hs-H20: fuel cell using (a) AWC-N and (b)
AWC-NI-N catalysts as the anodes/cathodes with anolyte consisting of 1 M N2Hs and 1 M KOH and 5 M H202
and 1.5 M HCI catholyte at different temperatures.

The polarization curves were run in triplicate, and no noticeable loss of activity was observed.
The overlapping curves across repetitions demonstrate that the AWC-N and AWC-Ni-N
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electrocatalysts exhibit excellent stability. The key fuel cell performance parameters determined from
these tests are summarized in Table 4. The fuel cell displayed an open circuit voltage of
approximately 1.25 V and 1.7 V using AWC-N and AWC-Ni-N as the anode and cathode catalysts,
respectively. It was observed that the power density achieved with the AWC-Ni-N catalyst was
significantly higher than that obtained with the AWC-N catalyst (Figure 9, Table 4). Peak power
densities of up to 10.8 mW cm? were achieved at 25 °C, corresponding to a current density of 27 mA
cm? and a cell voltage of 0.4 V (Figure 9), when the AWC-Ni-N catalyst was used as both anode and
cathode. Furthermore, the peak power density values increased by approximately 1.6 times and 2.9
times when the operating temperature was raised from 25 °C to 55 °C for the AWC-N and AWC-Ni-
N catalysts, respectively.

Table 4. Electrochemical parameters of the N2Hs+-H202 employing the AWC-N and AWC-Ni-N anode/cathode

catalysts.
Peak power density E at peak power density
Catalyst T (°C) j at peak power density (mA cm-2)
(mW cm-2) V)
25 44 7.3 0.60
35 5.0 8.4 0.60
AWC-N
45 6.0 9.9 0.60
55 7.0 11.7 0.60
25 10.8 27.0 0.40
35 19.3 32.2 0.60
AWC-Ni-N
45 25.1 38.6 0.65
55 31.1 47.9 0.65

3. Materials and Methods
3.1. Preparation of Nitrogen-Doped Activated Carbon Supported Nickel Particles

Activated carbon material (AWC) was synthesized using alder wood char (Ltd. “Fille”, Valmiera
district, Latvia) by mixing 50 g of char with 150 g of NaOH, following an activation procedure at a
temperature of 800°C for 2 hours in an argon (Ar) atmosphere using a muffle furnace. After cooling,
the AWC material was demineralized by treatment with a 10% hydrochloric acid (HCI) solution for
2 hours. The material was washed with demineralized water until the pH stabilized at 5-6 and then
dried in an oven at 105 + 2°C for 12 hours.

Doping of the obtained activated carbon (AWC) with nickel and nitrogen was per-formed in a
single step and the resulting material was designated as AWC-Ni-N. The mixture of 2 g AWC, 40 g
dicyandiamide (DCDA), and 0.62 g nickel acetate (Ni(CHsCOOQO)2) was soaked in 250 mL
dimethylformamide (DMF) for two hours, followed by evaporation of DMF in rotary evaporator and
treatment of the resulting solid residue at a temperature of 800°C for 1 hour under an Ar atmosphere
in muffle oven. Nitrogen-doped activated carbon (AWC-N) was synthesized for the comparison
using the similar approach. AWC was doped with nitrogen by dispersing it in a solution of DCDA
and DMF, with the same mass ratio of carbon to DCDA of 1:20. After solvent removal with a rotary
evaporator, the resulting mixture was treated at 800°C for 1 hour in an Ar atmosphere in muffle oven.

3.2. Characterization of Catalysts

The morphology and composition of the materials were investigated by scanning electron
microscopy (SEM) using a Helios NanoLab 650 SEM/FIB workstation with an INCA Energy 350 X-
Max 20 energy dispersive X-ray (EDX) spectrometer (Oxford Instruments, Abingdon, UK).
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The porous structure, including specific surface area, total volumes of micro- and mesopores
and pore size distribution, was determined from isotherms of low-temperature adsorption—
desorption of nitrogen at 77 K using Nova 4200e device (Quantachrome, Boynton Beach, FL, USA).

Raman spectra were recorded using an inVia Raman (Renishaw, New Mills, UK) spectrometer
equipped with a thermoelectrically cooled (=70 «C) CCD camera and microscope. Raman spectra were
excited with 532 nm radiation from a pumped solid state (DPSS) laser (Renishaw, UK). The 20x/0.40
NA objective lens and 1800 lines/mm grating were used to record the Raman spectra. The
accumulation time was 40 s. To avoid damaging the sample, the laser power at the sample was
restricted to 0.4 mW. The Raman frequencies were calibrated using the polystyrene standard. The
parameters of the bands were determined by fitting the experimental spectra with Gaussian and
Lorentzian shape components using GRAMS/A1 8.0 software (Thermo Scientific, East Grinstead,
UK).

The chemical composition of the samples was analyzed using the X-ray photoelectron
spectroscopy (XPS) method with the Kratos AXIS Supra+ spectrometer (Kratos Analytical, UK,
Manchester, 2019) with monochromatic Al Ko (1486.6 eV) X-ray radiation powered at 225 W. The
binding energy scale was calibrated by setting the adventitious carbon peak at 284.8 eV and the XPS
data were converted to the VAMAS format and processed using the Avantage software (Thermo
Scientific, East Grinstead, UK). The base pressure in the analysis chamber was less than 1 x 10 mbar,
and a low electron flood gun was used as a charge neutralizer. The survey spectra for each sample
were recorded at a pass energy of 80 eV with a 1 eV energy step, and high-resolution spectra (pass
energy—10 eV, in 0.1 eV steps) were recorded over individual element peaks.

X-ray diffraction (XRD) analysis was performed using a D2 PHASER (Bruker, Karlsruhe,
Germany) diffractometer with Cu-K-alpha as the X-ray source. Measurements were conducted in the
20 range from 10° to 90-.

3.3. Electrochemical Measurements

All electrochemical measurements were carried out in a conventional three-electrode setup of
100 mL combined with a PGSTAT302 potentiostat (Metrohm Autolab B.V., Utrecht, The Netherlands)
and operated with the Nova 2.1.4 software. The working electrodes utilized in this study were the
AWC-N and AWC-Ni-N catalysts, which were coated on the glassy carbon (GC) electrode with a
geometric area of 0.2 cm?. The ink was prepared by dispersing an appropriate amount of the catalysts
in 1 ml of a C2HsOH : H20 (vol 1:1) solution and 8 pl of a 5wt.% Nafion solution. Subsequently, 8 pl
of the obtained ink was deposited on a pre-prepared GC electrode surface, with a catalyst loading of
0.8764 mgeat cm2.

A Pt sheet was used as the counter electrode, and a saturated calomel electrode (SCE) served as
the reference electrode. The HzOR studies were performed by recording cyclic voltammograms
(CVs) in an Ar-deaerated solution of 0.05 M N2Hs and 1 M KOH, as well as in the background solution
of 1 M KOH at room temperature. The potential was cycled in the range of 1.2 to 0.6 V (versus SCE)
at various scan rates from 10 to 50 mV s7. Additionally, CVs were recorded for different
concentrations of N2Ha in the range from 25 to 100 mM at a fixed scan rate of 50 mV s

3.4. Fuel Cell Test Experiments

The N2Hs+-H:0: fuel cell tests were carried out by employing the optimum AWC-N and AWC-
Ni-N catalysts with a geometric area of 1 cm? as the anode and as the cathode. The anolyte was
composed of an alkaline mixture of 1 M N2Hs and 1 M KOH, while the catholyte contained 5 M H20:
and 1.5 M HCI. Each compartment of the cell was filled with 100 mL of the appropriate aqueous
electrolyte. The test solutions were prepared immediately before the measurements. A Nafion N117
membrane was used to separate the anodic and cathodic compartments of the single direct N2Hs-
H:O: fuel cell. The presented current densities are normalized with respect to the geometric area of
catalysts. All electrochemical measurements were performed with a Zennium electrochemical
workstation (ZAHNER-Elektrik GmbH & Co. KG). The performance of the fuel cell was evaluated

d0i:10.20944/preprints202503.0692.v1
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through the recording of cell polarization and obtaining the corresponding power density curves.
Cell polarization curves were recorded at temperatures between 25 and 55 °C.

4. Conclusions

In this study, an efficient biomass-derived carbon catalysts were synthesized. It was found that
nitrogen and nickel doping profoundly affect the properties of biomass-derived carbon catalysts.
Nitrogen doping introduces a porous structure and a high surface area, while nickel co-doping
further modifies the morphology, enhances the structural ordering, and significantly improves the
electrocatalytic activity for both hydrazine oxidation. The AWC-Ni-N catalyst, which was doped with
both nitrogen and nickel, demonstrates higher electrocatalytic activity for hydrazine oxidation
compared to the AWC-N catalyst, doped with nitrogen only. The oxidation of N2Hs over these
catalysts is controlled by the diffusion of reactants to the catalyst surface. Overall, the AWC-N and
AWC-Ni-N catalysts show promise as anode/cathode materials for N2Hs-H20:2 fuel cells. The fuel cell
exhibited voltages of approximately 1.25 V and 1.7 V, employing AWC-N and AWC-Ni-N as the
anode and cathode catalysts, respectively. The fuel cell incorporating AWC-Ni-N as both the anode
and cathode achieves a significantly higher power density than the fuel cell using AWC-N. This
improved performance is attributed to the superior catalytic activity of AWC-Ni-N for hydrazine
oxidation. Nickel- and nitrogen-co-doped carbon catalysts are promising materials for energy
conversion applications. The use of nickel as the active metal avoids the need for more expensive
noble metals, such as platinum, palladium, and ruthenium without compromising catalytic
efficiency.
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