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H₂/O₂ Proton Exchange Membrane Fuel Cells



Preparation of the tungsten precursor solids (H2WO4•H2O)
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W·cm⁻² in H₂/O₂ configurations and over 
W·cm⁻² in H₂/air, with durability surpassing 150 hours.
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energy into electricity, using formate (HCOO⁻) as a liquid energy carrier. In 
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electrochemical reduction of CO₂, making it an ideal candidate for closed



valorization of CO₂ as a resource rather than as waste. 



⁺ ⁻→ ₂
₂ → ₂ ⁺ ⁻
₂ ⁻→ ₂ ⁻  

⁻ → ₂ ₂ ⁻                                                                                                      
₂ → ₂ ₂                                                                                                                   

₂



₂ → ₂ ⁺ ⁻

⁺ ⁻ → ₂
₂ → ₂ ₂

–



(OER), the most widely used materials are based on iridium oxides (IrO₂), 
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SnO₂ or Ir Ta₂O₅ have been adopted, which maintain 
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include transition metal phosphides, carbides, and nitrides (e.g., Ni₂ P, Mo₂ C), 
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Silver nanoparticles combined with metal-
phtalocyanines for Anion Exchange Membrane 
Fuel Cells

: looking to the Pourbaix’s diagrams, a wider plethora of transition 
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Silver nanoparticles were prepared by dissolving 40 mg of silver nitrate (AgNO₃) 
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to the stepwise reduction of AgO→Ag₂O and Ag₂O → Ag

and amorphous Ag₂O to 



O₂ adsorption and activation along the transition metal series, as the M–N₄ site 

becomes less capable of stabilizing O₂ intermediates (O₂⁻ ⁻
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while Figure 13b shows the corresponding molar percentage of H₂O₂ produced, 



n values exceeding the theoretical limit of 4, while the measured H₂O₂ yield 
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–N₄ active sites, resulting in more reliable RRDE

the first electron transfer to adsorbed O₂, forming O₂⁻
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address the excess of CO₂ in the atmosphere by converting it into useful 

on of CO₂ (CO₂ RR) stands out for its potential to 

effectively closing the carbon loop by regenerating CO₂, which can then be 
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offering a viable route for integrating CO₂ utilization into future energy 



evacuated and then cooled using liquid nitrogen (−196 °C). Within the 

point of acetone (approximately −95 °C). At this temperature, the frozen matrix 

−40 °C to prevent oxidation or 

OES: 0.85 mg mL⁻¹ Pd and 0.4 mg mL⁻¹ Au) was used for nanoparticle 
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areas of 85 m² g⁻¹ for PdAu/C and 137 m² g⁻¹ for Pd/C (Tab 5). These values 
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rated with N₂.
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g⁻¹ for PdAu/C and 26 m² g⁻¹ for Pd/C

calculated from CO stripping curves were 48 m² g⁻¹ for PdAu/C and 20 m² g⁻¹ 



–HCOO(ad)→Pd– –

– – –OH(ad) → 2Pd + Au + H₂O + CO₂                             

–



(Rs ≈ 3 
Ω

0.1 V s⁻¹ scan rate) were 4.22 mF cm⁻² for PdAu/C and 3.07 mF cm⁻² for 

electrode surface was 1.3 mgPd cm⁻² for Pd/C and 1.2 mgPd cm⁻² for PdAu/C. 



–

ratio), which was recirculated through the anode compartment at 1 mL min⁻¹. 

s⁻¹), followed by a constant current density test at 0.05 A cm⁻² until the cell 

power density of 140 mW cm⁻², compared to 100 mW cm⁻² with Pd/C. After 

120 mW cm⁻² vs. 90 mW cm⁻² for Pd/C). During 
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2HCOOK + KOH → K₂ ₃ ₂ ₂
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density of 150 mA cm⁻², the power output remained similar at both 

density (0.05 A cm⁻²) for both temperatures.
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one hand, to exploit palladium’s high catalytic activity for the oxidation of small 



Direct fuel cell tests (DFFCs) further confirmed the system’s effectiveness. 

higher power density (up to 140 mW cm⁻²) but also improved long
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nickel nitrate hexahydrate (Ni(NO₃)₂·6H₂O), tungstic acid
monohydrate (H₂WO₄·H₂O), and potassium tetrachloropalladate (K₂PdCl₄) 

cursors to provide Ni²⁺, W⁶⁺, and Pd²⁺ ions, respectively.



(H2WO4•H2O)

(Na₂WO₄·2H₂O) were added to 40 mL of deionized water, followed by the 
addition of 80 mL of 6 mol L⁻¹ hydrochloric acid. Immediately after mixing the 

•H



Na2WO4 (aq) + 2HCl (aq) → H2WO4•nH2O (s) + 2NaCl (aq) 

H2O and 0.5 g of tungstic acid (H2WO4•H2O) into 1,2 mL of ammonia 





performed to confirm the formation of the desired Ni₄W bimetallic alloy and to 

onalize the structure of the Ni₄W

tungstic acid monohydrate, H₂WO₄·H₂O, corresponding to the reflections 
θ



X ray diffraction pattern of the tungstic acid hydrate solid H2WO4•H2O

–
Ni(OH)₂before of calcination at 500°C in an inert atmosphere furnace. The 

α Ni(OH)₂ (JCPDS 22

α Ni(OH)₂ and the absence of the well β
Ni(OH)₂ confirms that the sample maintains the hyd α
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α Ni(OH)₂ JPDS 22

indicating the presence of the Ni₄W alloy (JCPDF No. 65



highlighting the crucial role of the H₂/N₂ atmosphere in the synthesis of

– θ
40°) and were clearly observed in the Ni₄W/Ck sample. In turn, the diffraction 

θ θ

The XRD pattern of the Pd@Ni₄W/Ck sample also revealed a higher crystallinity 
for some reflections compared to the pristine Ni₄W/Ck. Considering that the Pd 

mild redox interaction occurred between Pd²⁺ ions 
–

diffraction signals associated with WO₂ phases (2θ
Pd@Ni₄W/Ck sample

The morphology of the synthesized Ni₄W/Ck and Pd@Ni₄W/Ck sample were 

the Ni₄W alloy as reported in the literature 
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, the HRTEM micrograph of the Ni₄W/CK sample reveals 

plane of the Ni₄W alloy

of the Ni₄W phase
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STEM image EDX elemental maps of the Ni₄W/Ck solid. The distribution of 
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existing alloy (Ni₄W/Cₖ). A well
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gnation process and the formation of the Pd@Ni₄W/Ck 

STEM image and corresponding EDX elemental maps of the Pd@Ni₄W/Ck 
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loading (Pd: 0.0011 mg·cm⁻²). At 0.1 V vs RHE, the HOR current density 
reached 1.68 mA·cm⁻² for Pd@NiW/C, substantially higher than that of 
(0.0449 mA·cm⁻²) and Pd/C (0.67 mA·cm⁻²). The corresponding mass activity 
of 31.1 A·g⁻¹ for Pd@NiW/C— normalized value of 311 A·g⁻¹ 

— fold improvement relative to Pd/C (124 A·g⁻¹ 

–2.50 mA·cm⁻² 
– –0.127 mA·cm⁻² and –0.567 mA·cm⁻² for 

NiW/C and Pd/C, respectively. The derived mass activity of 46.3 A·g⁻¹ (or 463 
A·g⁻¹ Pd) further confirms the pron
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115.37 mV·dec⁻¹ (HOR) and 92.43 mV·dec⁻¹ (HER) for Pd@NiW/C, consistent 
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Recent studies have focused on the design of composite systems where MoO₃ 

A particularly innovative strategy involves the synthesis of MoO₃₋ₓ/NiMoO₄ 

role in inducing oxygen vacancies within the MoO₃ lattice during t



The resulting MoO₃₋ₓ/NiMoO₄ nanorods exhibit a one

Synthesis of MoO₃₋ₓ/NiMoO₄

The synthesis of MoO₃₋ₓ/NiMoO₄ nanostructures relies on a multi

oxide (MoO₃) and nickel oxide (NiO) 

—

—

state reactions between MoO₃ and NiO, leading to the in situ 
formation of NiMoO₄ while simultaneously creating oxygen deficient MoO₃₋ₓ 

partial reduction of Mo⁶⁺ 



transport during electrocatalysis. Notably, the coexistence of MoO₃₋ₓ and 
NiMoO₄ within a single nanostructure leads to a high degree of in



The comprehensive physical characterization of the MoO₃₋ₓ/NiMoO₄ nanorods 

θ

(111), (040), and (002) planes of orthorhombic MoO₃, respectively, confirming 

(110), (−112), (111), (202), and (−114) planes of monoclinic NiMoO₄, 

MoO₃ peaks toward lower angles suggests lattice expansion caused by oxygen 

NiMoO₄ during the thermal treatment, ensuring phase purity and homogeneity.



corresponding to both MoO₃₋ₓ and NiMoO₄ phases are visible, confirm
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investigate the structural evolution of NiMoO₄

characteristic of the hydrated nickel molybdate phase (NiMoO₄·nH₂O), 

. Notably, the absence of Raman bands around 700 cm⁻¹—
typically associated with the α

—



b) revealed clear changes: the disappearance of a mode at 871 cm⁻¹ 

and the emergence of a new peak near 881 cm⁻¹ signaled the phase 
transformation to the thermally stable β NiMoO₄ polymorph

–O bending vibration from 356 cm⁻¹ to 380 cm⁻¹ supported a 
modification in the local coordination environment. The absence of any α

β NiMoO₄ under these synthesis conditions.

decrease in the intensity of NiMoO₄ precursor peaks was observed after 

intensity plot of NiMoO₄ stretching modes (Figure 



residual NiMoO₄ features above 850 cm⁻¹, indicating incomplete reduction of 

approximately 189, 340, 714, and 815 cm⁻¹, which are characteristic of MoO₃₋ₓ 
diate phases between MoO₃ and MoO₂

mode near 814 cm⁻¹ corresponds specifically to MoO₃, confirming that Mo 



catalyst’s hydrogen evolution performance. The transition from hydrated 
NiMoO₄·nH₂O to β NiMoO₄ ensures a stable crystalline framework, essential 

. The coexistence of MoO₃₋ₓ 
suboxides along with residual NiMoO₄ suggests an ideal balance between 



of electrocatalysts. In this study, MoO₃₋ₓNiMoO₄ catalysts synthesized at 

s⁻¹ with the electrode rotating at 1600 rpm.

activity for the MoO₃₋ₓNiMoO₄ sample annealed at 600 °C compared to the 500 

benchmark current densities such as −10 mA cm⁻². Table 
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provided the Cdl values, which increased from 0.63 mF cm⁻² for the 500 °C 
sample to 0.71 mF cm⁻² for the 600 °C sample. This increment suggests that 

catalyst’s microstructure and interfacial properties. The phase separation of 
deficient MoO₃₋ₓ towards the catalyst surface during annealing at 600 
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overpotential, was also higher for the 600 °C catalyst (3.24 A g/Metal⁻¹). This 

n the active sites’ 

HER conditions (−0.1 V 
resistance (Rct) for the 600 °C sample, dropping from 420 Ω for the 500 °C 
sample to 134 Ω (Fig. 



−0.1 V vs RHE. This is l

behavior of MoO₃₋ₓNiMoO₄ materials. Higher temperature treatment results in 

results not only validate the material’s potential for alkaline water electrolysis 
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To assess the practical applicability of the MoO₃₋ₓNiMoO₄ electrocatalyst in a 

s⁻¹. As shown in Fig.
cm⁻² at 2

previously reported MoO₂/Ni foam cathode under identical conditions, which 
cm⁻². 



cm⁻² over a 50

MoO₂
cm⁻², demonstrating the benefit of 

MoO₃₋ₓNiMoO₄ in a full
—
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phase segregation of MoO₃₋ₓ at the catalyst surface. This not only enhances 

–



To assess the practical applicability of the MoO₃₋ₓNiMoO₄ catalyst in an 

this configuration, the cathode comprised the powdered MoO₃₋ₓNiMoO₄ 
cm⁻². 



employing a platinum group metal (PGM) catalyst, IrO₂ (2 cm⁻²), and 
PGM NiCo₂O₄ spinel oxide (5 cm⁻²), both 

complete cell using IrO₂ as the anodic catalyst revealed a current density of 

cm⁻² at a cell voltage of 1.8
NiCo₂O₄ reached the same current density only at 2.0

MoO₂ grown directly on nickel foam as the cathode catalyst. In that earlier 
cm⁻² at 1.8

cm⁻² at 1.95
based MoO₃₋ₓNiMoO₄ catalyst is likely 

resistance (Rp) extracted from the spectra. The cell employing the IrO₂ anode 
exhibited a slightly lower Rs (approximately 7% less) compared to the NiCo₂O₄

intrinsic electrical conductivity of IrO₂, which facilitates electron transport 



observed in the Rp values. The NiCo₂O₄

zation losses. In contrast, the IrO₂ cell 

value for the NiCo₂O₄ anode was 
Ω

IrO₂ Ω

MoO₃₋ₓNiMoO₄. The cathodic performance is clearly enhanced by the high 
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In summary, the MoO₃₋ₓNiMoO₄ powder catalyst synthesized at 600



a new catalytic system based on MoO₃₋ₓ/NiMoO₄ 

a surface restructuring that favors the formation of MoO₃₋ₓ

further confirmed the partial decomposition of NiMoO₄ and the progressive 



–MoO₃₋ₓ junction. These e
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AEM water electrolyzer cell was assembled using the MoO₃₋ₓ/NiMoO₄ catalyst 
cm⁻², with 

kWh per kg of H₂ produced. This result not 

PGM IrO₂ anode, the c cm⁻² at 1.8
PGM NiCo₂O₄ anode led to 1.0 cm⁻² at 2.0

NiCo₂O₄

based MoO₃₋ₓ/NiMoO₄ catalyst that 
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water electrolyzers with a current density of 7.68 A cm− 2 and a 
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For XRPD, 10–20 mg of catalyst was finely ground and evenly deposited on zero-background 

silicon holders. Measurements were carried out at room temperature using a PANalytical 

X’Pert PRO diffractometer with Cu Kα radiation (λ = 1.54187 Å) and a parabolic MPD mirror for 

beam focusing. Diffraction patterns were recorded over a 2θ range of 5–120° in continuous 

scan mode, with a step size of 0.0263° and 49.5 s counting time per step. Data were analyzed 

to determine crystallinity, phase composition, and crystallite size

were prepared with ultrapure water (≥18.2 MΩ₂
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