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A B S T R A C T

Cyclic voltammetry and in-situ ATR-FTIR spectroscopy experiments revealed that urea oxidation occurs through 
both faradaic direct and indirect mechanisms. The Pd/C electrocatalyst facilitated the formation of formate and 
NOx species, while Fe/C predominantly promoted formate formation via an indirect pathway, attributed to the 
high activity of iron in water activation. Polarization and power density curves indicated that both electro
catalysts degraded urea with simultaneous energy co-generation, showing comparable activity. Pd/C achieved a 
power density of 1.3 mW cm⁻², while Fe/C reached 1.1 mW cm⁻². Although Pd/C demonstrated advantages in 
reaction kinetics, the significantly lower cost of iron positions Fe/C as a promising alternative for practical 
applications, particularly in direct urea-fed fuel cell reactors. Additionally, Fe/C exhibited 50 % higher urea 
consumption near the open circuit potential compared to Pd/C, highlighting its potential for the development of 
more cost-effective and efficient fuel cell designs.

1. Introduction

Nitrogen is an essential resource due to its role in protein synthesis 
and industrial production. However, the increasing demand for nitrogen 
compounds has significantly altered the global nitrogen cycle, leading to 
the introduction of various reactive nitrogen species into the environ
ment, such as NOx, ammonia, and urea [1]. This alteration in biogeo
chemical nitrogen flows has resulted in serious environmental issues, 
including the continuous deterioration of air quality, eutrophication, 
and other water quality problems [2,3]. Consequently, the effective 
management of reactive nitrogen in global systems has become crucial 
for reducing pollution and achieving sustainable development goals.

Urea, a metabolic molecule present in all living organisms, plays a 
significant role in many biological processes. It is the most abundant 
nitrogen carrier in human excrement and the dominant source of ni
trogen in domestic wastewater [4]. Despite its relatively low toxicity, 
there is growing concern that excessive urea loads in wastewater are 
contributing to the eutrophication of surface waters, particularly in 
sensitive coastal areas [5].

To address this issue, various research groups are exploring methods 
to reduce urea levels in wastewater. Among the approaches studied are 
adsorption and phase-transfer methods [5], biological nitrogen removal 
processes (with hydraulic retention times of up to several days) [6], and 

electrochemical treatments, which offer relatively fast urea degradation 
rates (with retention times within a few hours). Electrochemical treat
ment presents advantages such as operational flexibility and potential 
for energy sustainability. Electrochemical systems have explored mixed 
metal oxide anodes based on RuO2, IrO2, and PtO2 for treating 
low-concentration urea solutions [4,7–9].

However, it is important to recognize that urea-containing waste
water is an underutilized resource, with significant chemical energy and 
hydrogen content that could be harnessed. Under strong oxidation 
conditions, the urea molecules in wastewater can be converted into 
mineralized products (N2, CO2), while simultaneously recovering the 
energy contained in the chemical bonds. In this context, the urea 
oxidation reaction (UOR) has been proposed as a promising route for 
energy generation in fuel cell-type devices [10,11].

The UOR has been studied using fuel cell anode catalysts based on 
Ru, Pt, and Au [12,13]. However, recent advances suggest that nickel 
may offer significant improvements due to its high stability, abundance, 
and low cost [14]. Beyond nickel, other materials have shown promising 
potential, such as iron, where the transition from Fe²⁺ to Fe³ ⁺ occurs at a 
less positive potential than nickel, suggesting it may exhibit superior 
catalytic activity for UOR. In alkaline solutions, under the influence of 
an anodic potential, most iron compounds form a hydrated oxide layer. 
These surface hydrated oxides demonstrate better electrochemical 
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activity than pure FeOOH, mitigating the limitations imposed by the 
poor conductivity of FeOOH [15]. Palladium, more abundant than 
platinum in the Earth’s crust, has also demonstrated superior efficacy in 
oxidizing other molecules for energy generation in alkaline media 
[16–18]. The electrochemical oxidation of urea, especially in fuel cells, 
presents itself as a promising solution, offering not only pollutant 
degradation but also the possibility of co-generating electrical energy. 
This study investigated the use of a fuel cell as a flow reactor for urea 
degradation, employing Pd/C and Fe/C as catalysts for the anode. These 
electrocatalysts were synthesized through sodium borohydride reduc
tion and evaluated via cyclic voltammetry and in direct urea fuel cells. 
This study is significant as it explores the performance of these catalysts 
in urea oxidation, a process crucial for developing efficient and 
cost-effective energy storage and conversion technologies. The findings 
could contribute to advancements in fuel cell technology and offer in
sights into optimizing electrocatalysts for practical applications.

2. Experimental

Pd/C and Fe/C catalysts were synthesized using a borohydride 
reduction method, incorporating 20 % by mass of the metal and 80 % of 
Vulcan XC 72 carbon as the support. Palladium(II) nitrate (Pd 
(NO3)2⋅2 H2O – Aldrich) and iron(II) chloride tetrahydrate (FeCl2⋅4 H2O 
- Sigma) served as the metal precursors. In the preparation process, the 
support and metal precursors were dissolved in a 50/50 (v/v) mixture of 
water and 2-propanol. Sodium borohydride was then added in excess, 
along with 10 mL of 0.01 M KOH. The resulting catalysts were washed 
with water, dried at 70◦C for 2 hours, and vacuum-filtered to obtain the 
final product.

Transmission electron microscopy (TEM) was performed using a 
JEOL JEM-2100 microscope operating at 200 keV. To analyze the size 
distribution of nanoparticles, histograms were constructed based on 
measurements from 300 particles for each electrocatalyst. X-ray 
diffraction (XRD) analysis was conducted using a Rigaku Miniflex II 
diffractometer with a CuKα radiation source (wavelength 1.5406 Å). The 
diffraction patterns were recorded over a 2θ range of 20◦ to 90◦ with a 
scanning rate of 2◦ per minute.

Electrochemical investigations were carried out using a three- 
electrode setup with a PGSTAT 302 N potentiostat/galvanostat (Met
rohm Autolab). The working electrode was constructed by applying an 
ultrathin, porous layer of the catalytic material onto a vitreous carbon 
substrate. This catalytic layer was prepared by creating a colloidal sus
pension containing 8 mg of the catalytic precursor, 600 μL of high-purity 
water, 400 μL of anhydrous isopropanol (99.9 % purity), and 15 μL of 
Nafion® D-520. The suspension was sonicated to ensure homogeneity. 
An Ag/AgCl electrode (3.0 mol L⁻¹ KCl) was used as the reference 
electrode, while a platinum plate electrode (surface area: 2 cm²) served 
as the counter electrode. The electrochemical cell was filled with a 
1.0 mol L⁻¹ NaOH electrolyte solution. Electrochemical measurements 
were performed using cyclic voltammetry with a scan rate of 10 mV s⁻¹ , 
within a potential window of − 0.85 V to + 0.30 V (vs. Ag/AgCl refer
ence electrode). Voltammetric data were obtained under two different 
experimental conditions: with and without the presence of urea. 
Spectro-electrochemical ATR-FTIR in situ measurements were per
formed with a Nicolet 6700 FT-IR spectrometer equipped with an MCT 
detector cooled with liquid N₂ and an ATR accessory (MIRacle with a 
Diamond/ZnSe Crystal Plate Pike®).

Direct urea fuel cells were tested using Pd/C and Fe/C electro
catalysts as the anode materials and Pt/C electrocatalysts as the cathode 
material. The cell configuration featured a carbon-cloth electrode sub
strate treated with Teflon and a Nafion® 117 membrane as the elec
trolyte. The anode and cathode electrodes were thermally bonded to 
either side of the Nafion® 117 membrane at 398 K (125◦C) for 
300 seconds under a pressure of 22 MPa (225 kgf cm⁻²). Each anode 
electrode was loaded with 1.0 mg cm⁻² of catalytic material (Pd or Fe), 
while the cathode was loaded with 1.0 mg cm⁻² of Pt.

Urea solution (0.33 mol L⁻¹) was introduced at a flow rate of 
approximately 1.0 mL min⁻¹ , and the oxygen flow rate was maintained 
at 200 mL min⁻¹ . Polarization curves were recorded at room tempera
ture with 1.0 M urea and 1.0 M NaOH using a PGSTAT 302 N poten
tiostat/galvanostat (Autolab®) to evaluate the electrochemical 
performance of the fuel cell. For urea degradation experiments, chro
noamperometry was conducted at potentials ranging from 0.3 V to 
0.0 V. Samples were injected into a YL9100 Plus HPLC system (Young 
Lin Instrument, Korea). Separation was performed using a Luna C18 
column (250 × 4.6 mm, Phenomenex, USA) in reverse phase, with UV- 
Vis detection at 210 nm. The mobile phase consisted of an isocratic run 
100 % DI H2O, at a flow rate of 0.5 mL min⁻¹ and a temperature of 40◦C. 
The urea calibration curve was determined to be I = 52.67 × [urea] 
+ 1.24, with R² = 0.928.

3. Results and discussions

Fig. 1 shows the XRD patterns for Pd/C and Fe/C electrocatalysts, 
both synthesized via sodium borohydride reduction, within the 2θ range 
of 20◦ to 90◦. For the Pd structure, distinct diffraction peaks are 
observed at approximately 2θ ≈ 40º, 46º, 67º, 82º, and 86º, aligning with 
the reference pattern (JCPDS # 89–4897). The carbon support is iden
tified by a peak near 25º, consistent with the reference JCPDS # 50–926. 
For the Fe/C material, a combination of Fe3O4 (JCPDS # 75–1609) and 
Fe2O3 (JCPDS # 2–1165) phases is detected. The Fe3O4 phase presents 
more intense peaks, with diffraction angles centered at ~30.2º, 34.8º, 
43.2º, 53.5º, 57.2º, and 62.5º, while Fe2O3 peaks are observed around 
~36º, 41.1º, and 54.3º.

Fig. 2 presents the TEM micrographs along with the corresponding 
particle size distribution histograms for the Pd/C and Fe/C electro
catalysts. The nanoparticles of both Pd/C and Fe/C are visibly clustered 
on the carbon support. Additionally, both electrocatalysts show a broad 
particle size distribution, with average particle sizes of 11 nm for 
palladium and 27 nm for iron. These results align with previous litera
ture on electrocatalysts synthesized through sodium borohydride 
reduction [19,20].

Fig. 3a presents the cyclic voltammograms of the Pd/C and Fe/C 
electrocatalysts in the absence and presence of urea in solution. In the 
voltammogram of Pd/C without urea, the typical profile of poly
crystalline palladium is observed, with the hydrogen adsorption and 
desorption region between − 0.85 and − 0.6 V, and the Pd oxidation and 
reduction peaks between − 0.2 and − 0.3 V [20]. Upon the introduction 
of urea into the solution, the hydrogen desorption peaks become more 

Fig. 1. X-ray diffractograms of Pd/C and Fe/C electrocatalysts prepared via 
sodium borohydride reduction for 2θ from up to 20◦ to 90◦.
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Fig. 2. Micrographs obtained by TEM and distribution histograms of Pd/C and Fe/C.

-0.8 -0.6 -0.4 -0.2 0.0

-5.2

-2.6

0.0

2.6

-9.0

-4.5

0.0

4.5

g
m

A
m/j

)late
m(

-1

E / V vs (Ag/AgCl)

Fe/C

Pd/Ca)

1800 1600 1400 1200 1000

E 
/ V

 v
s 

(A
g/

Ag
C

l)

.u.a/
ecnabrosbA

Wavenumber / cm-1

A/A0 = 1x10-3Pd/C

-0.8

0.0

b)

1800 1600 1400 1200 1000

Fe/C A/A0 = 1x10-3

.u.a/
ecnabrosbA

Wavenumber / cm-1

E 
/ V

 v
s 

(A
g/

Ag
C

l)

-0.8

0.0

c)

Fig. 3. a) Cyclic voltammetry in 1.0 mol L⁻¹ of NaOH in black, 1.0 mol L⁻¹ of NaOH + 0.33 mol L⁻¹ urea in blue for Pd/C and Fe/C electrocatalysts, V = 10 mV/s; b) 
in-situ ATR-FTIR spectra collected on Pd/C; c) in-situ ATR-FTIR spectra collected on Fe/C in both spectra 1.0 mol L⁻¹ of NaOH + 0.33 mol L⁻¹ urea solution was used.
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defined, while the oxidation current, which begins at − 0.35 V, remains 
constant from − 0.2 V onwards. In contrast, for Fe/C without urea, only a 
reduction peak around − 0.28 V is observed, corresponding to the 
reduction of Fe(III) to Fe(II) [21]. With the addition of urea, an oxidation 
current with an onset potential of approximately − 0.33 V is detected, 
although no substantially higher current than that of Fe/C in NaOH 
alone is observed.

To understand the behavior of urea in solution during the electro
catalytic process, in-situ ATR-FTIR spectroscopy-assisted voltammetry 
experiments were conducted. In Fig. 3b, for the Pd/C electrocatalyst, 
bands centered at 1674, 1453, and 1157 cm⁻¹ , corresponding to the δs 
(NH₂), νs(CN), and ρ(NH₂) [22] modes of urea, increase in intensity 
between − 0.8 and − 0.4 V, indicating the accumulation of these species 
on the electrode surface. In the spectra obtained between − 0.3 V and 
0.0 V, these bands show negative intensities, suggesting the consump
tion of the adsorbed species. Additionally, from − 0.4 V onwards, a band 
appears at 1222 cm⁻¹ [23], associated with the νas(NO₂) mode, indi
cating the formation of NOx species. Another band, centered at 
1339 cm⁻¹ and attributed to the formate species [19], emerges at po
tentials more positive than − 0.5 V, with its intensity increasing in 
spectra recorded at potentials higher than − 0.3 V. These findings sug
gest that the formation of formates and NOx occurs both directly, 
through the adsorption and oxidation of urea on the noble metal surface, 
and indirectly, likely due to water activation and the formation of 
reactive oxygen species, which oxidize intermediates in solution. This 
mechanism is similar to that described by Ramos et al. [24] for methane 
oxidation. For Fe/C, a different behavior is observed compared to Pd/C. 
The urea bands indicate consumption starting at − 0.6 V, and formate 
formation beginning at − 0.8 V, but no bands related to NOx were 
detected. This suggests a predominance of the indirect pathway, which 
is attributed to the high activity of iron in water activation [25]. In 
neither of the two materials were relative carbonate bands observed, 
which would serve as an indication of the formation of CO₂ in an alkaline 
medium.

Fig. 4a shows the polarization and power curves for urea degradation 
in a fuel cell-type reactor. The open circuit potential for the palladium 
electrocatalyst is 0.37 V, while for iron it is 0.33 V, indicating that both 
electrocatalysts exhibit comparable activity and that the process occurs 
spontaneously with the co-generation of electrical energy. The power 
density for the palladium electrocatalyst is 1.3 mW cm⁻², whereas for 
iron it is 1.1 mW cm⁻², showing only a minor difference. Given that iron 
is significantly less expensive than palladium, this suggests that non- 
noble metals could offer a more economical approach for direct urea- 
fed fuel cell experiments. However, cyclic voltammetry results 

highlight the beneficial effects of using noble metals.
In Fig. 4b, it is observed that urea consumption at potentials near the 

open circuit is approximately 50 % higher for Fe/C compared to Pd/C. 
At less positive potentials, the urea consumption is quite similar (~6 %) 
at potentials of 0.1 and 0.0 V. These results indicate efficient urea con
sumption of ~16 % in a flow reactor operating at 1.0 mL min⁻¹ , with a 
solution residence time of 2.4 min in the reactor. These results indicate 
that the urea oxidation process can occur via an indirect mechanism, 
where the oxidation is mediated by the formation of free radicals that 
attack the urea molecule.

4. Conclusion

This study demonstrated the degradation of urea using a flow 
reactor-type fuel cell, highlighting the performance of both Pd/C and 
Fe/C electrocatalysts. The cyclic voltammetry and ATR-FTIR spectros
copy results indicate that urea oxidation occurs through both faradaic 
direct and indirect mechanisms, with the formation of formate and NOx 
species in the case of Pd/C, and predominantly formate formation via 
the indirect pathway in Fe/C, likely due to iron’s high activity in water 
activation. The polarization and power density curves show that both 
electrocatalysts exhibit urea degradation with energy co-generation and 
comparable activity, with only a minor difference in power density, 
where palladium achieves 1.3 mW cm⁻² and iron reaches 1.1 mW cm⁻². 
Although Pd/C offers some advantages in terms of reaction kinetics, the 
significantly lower cost of iron makes Fe/C a promising alternative for 
practical applications, especially in direct urea-fed fuel cell reactors. 
Furthermore, Fe/C demonstrated 50 % higher urea consumption near 
the open circuit potential compared to Pd/C, further emphasizing its 
potential in cost-effective fuel cell designs.
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