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ABSTRACT: Fuel cell is to date on the brink of large-scale commercialization. Still, long-term 

stability is of concern, especially in the automotive field, mainly due to the stability of the cathodic 

catalyst support. Carbonaceous materials, that to date are the state of the art, suffer from severe 

corrosion phenomena during discontinuous operation. As shown in various works in the literature, 

titanium nitride (TiN) has a metal-like conductivity with an outstanding chemical stability and 

makes a good candidate to replace carbon. In this contribution, we report about hierarchical 

nanostructured thin films of Titanium Nitride (HTNTF), as high stability support for the Pt 

catalyst. The HTNTF are grown by a one step, physical vapor deposition (PVD) process that 

exploits the plasma dynamics to fine tune the morphology. Activity towards the oxygen reduction 

reaction is assessed, and stability is evaluated according to DOE Accelerated Stress Test (AST) 

standard protocols, and the ECSA loss is registered to be around 7% with respect to the 40% goal. 

Moreover, a proof of concept MEA has been realized to demonstrate the applicability of our 

supports to the device scale. Despite further optimization is needed to achieve high performances, 

our results show the potential of a new class of thin-film electrodes with superior stability to 

overcome carbon corrosion limitations. 
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1. Introduction 

Polymer electrolyte membrane fuel cell (PEMFC) technology is the main candidate for next 

generation energy conversion devices and the cornerstone of the power-to-gas strategy to store the 

excess energy produced by renewable, discontinuous sources. To date, commercial solutions are 

available for a wide range of applications, from stationary to the automotive field1,2. Nevertheless, 

in view of a widespread penetration of the electrified mobility, the competitiveness of fuel cell 

technology is hampered by the high material costs and low lifetime, with respect to the established 

internal combustion engines and the emerging batteries2,3. In particular, long-term stability is 

affected mainly by the corrosion of the C-based supports for Pt at the cathodic electrode. In fact, 

during non-steady state and off-normal operating conditions in the typical automotive cycle like 

(start up, shutdown and fuel starvation) the cathodic potential can increase up to 1.5 V 4,5 at which 

the kinetics of C oxidation becomes significant. Carbon corrosion in the proximity of the Pt 

nanoparticles inevitably leads to their detachment, lowering the electrode electrochemically active 

surface area (ECSA), and, in turn, hampering its performances and durability. Different carbon 

structures with high level of graphitization have been proposed in order to increase corrosion 

resistance, such as nanotubes6,7, or graphene-based 2D structures8–10. Although these materials are 

more corrosion-tolerant than the standard carbon black, they still suffer from corrosion since they 

consist mainly of carbon. To overcome this long-term stability issue, recent studies focus on 

replacing carbon with other types of materials. Transition metal oxides (MOs) such as TiO2 11–14 

and SnO2
11,15 have been selected as good candidates for their stability, but they have limited 

electrical conductivity and need to be highly doped. Another solution is to use a carbon-MO 

composite to exploit the carbon part only as an electron carrier11,16. Even though in this 

configuration carbon does not act as a catalyst support, the electrodes still suffer from corrosion 
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issues under PEMFC operating conditions. In this scenario titanium nitride (TiN) has drawn 

attention in the past few years for its unique combination of metallic conductivity17 and remarkable 

chemical inertness18. Its performances as a support for oxygen reduction reaction (ORR) catalyst 

as well as its stability at cathodic conditions19–24 are evaluated in the literature: the higher binding 

strength with Pt grants better catalytic performance and stability25 with respect to carbonaceous 

supports. Moreover, the it shows an intrinsic high corrosion resistance, that can be attributed to a 

native TiO2/TiOxNy passivation layer which forms at the surface18 preventing further oxidation of 

the bulk nitride core. This class of catalyst supports is generally fabricated in two steps: from the 

reduction of a titanium precursor, TiO2 particles or more complex structures (e.g. nanotubes, 

nanofibers) are obtained, thus setting the morphology of the support22. This is followed by a first 

annealing in air and then by a nitridization step in pure ammonia atmosphere at temperatures higher 

than 800°C21. This fabrication routes are energy intensive and inevitably lead to particle sizes in 

the order of several tens of nanometers and little control on the pore size distribution. In fact, the 

typical specific surface area is below 39 m2 g-1 except for the work by Kim et al21 which showed 

a remarkable 181 m2 g-1 with a pore size distribution below 10 nm.  While these works confirmed 

the stability of the Pt/TiN system in the 0.5-1.1 V range (typical Pt dissolution AST) up to 10000 

cycles, none of them reported tests in the 1-1.5 V range, typical of the AST for support corrosion 

given by the DOE26,27. Moreover, all the cited papers refer exclusively to electrodes fabricated by 

inks and tested on RRDE. In this work we move from the abovementioned literature and from the 

concept of nanostructured thin film (NSTF) electrode, as developed by 3M28–32, to develop the 

first example of hierarchical TiN nanostructured thin film electrode (HTNTF), fabricated solely 

by room-temperature processing steps, active towards ORR and exhibiting excellent stability, with 

an ECSA loss of only 7% after 5000 cycles in the 1-1.5 V range (as DOE protocol for support 
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corrosion26) and of 13% after 15000 cycles. Moreover, we show how the HTNTF can be 

implemented in a membrane electrode assembly (MEA) through a custom decal process with 

promising performances.  

2. Experimental 

2.1 Fabrication of the catalyst 

For the characterization in RRDE, the HTNTF is deposited directly on its tip and consequently Pt 

by means of pulsed electrodeposition technique. Glassy carbon rotating disk electrode (RDE) tips 

and glassy carbon disk/platinum ring rotating ring disk (RRDE) tips (Metrohm) were mirror-

polished with sandpaper and alumina paste and subsequently sonicated in acetone and isopropanol 

(Honeywell). Electronic grade silicon (SiMat) and soda lime glass microscope slides were used as 

well for imaging and physical characterization. The nanostructured thin films were deposited via 

Pulsed Laser Deposition (PLD) technique by means of a KrF excimer laser (Coherent Gmbh. 

wavelength λ=280nm) using a 20Hz frequency and a fluence of 3.4 J cm-1 pulse-1 ablating a TiN 

target (99.95%, Testbourne ltd.) in a vacuum chamber previously evacuated at 0.003 Pa, 

Deposition was performed in a N2-H2 (95%-5%) atmosphere. Different operation pressures 

(spacing from 15 to 100 Pa) were investigated with the aim of tuning the resulting thin film 

morphology. Number of pulses was adjusted to deposit a uniform, 1 µm thick film. For MEA 

application, thickness was increased to 5 µm. To load the support with metal catalyst, TiN-coated 

RDE tips were placed in a two-electrode electrochemical cell setup, with a Pt wire as a counter 

electrode and in a 0.5 M H2SO4 + 1 mM H2PtCl6 solution. Electrodeposition was performed using 

50 ms cathodic current pulses of 50 mA cm-1 driven by Metrohm Autolab potentiostat (M204). 

500 ms was chosen as the resting time between pulses. Rotation speed was set at 350 rpm to 
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remove the hydrogen bubbles forming during electrodeposition. The correct loading was 

determined by setting the correct number of pulses, given a target platinum loading of 300 µg cm-

2, while the current and on(off)-time signal was optimized with ECSA as figure of merit. Elemental 

analysis was performed on different values of the total charge to calibrate the correct platinum 

quantity that is deposited. Pt loadings were determined by Inductively-Coupled Plasma-Optical 

Spectroscopy (ICP-OES, ICAP 6200 Duo Upgrade, Thermo Fischer Scientific) after digestion of 

the samples in aqua regia.  

2.2 Structural characterization 

Morphology of the support and catalyst was evaluated by SEM imaging, using a ZEISS Supra 40 

A. A micro Raman confocal microscope (inVia Raman Microscope Renishaw) using a 50x 

objective and an excitation wavelength of 785nm at 100 mW incident power was then used to 

check the fingerprint of TiN crystals and to assess the nitrogen content in the structure. Crystal 

properties were evaluated by grazing incidence XRD GI-XRD) analysis in a Bruker D8 Advance 

diffractometer with Cu Kα radiation (λ = 0.15418 nm), in the 30 to 90° range. Generator settings 

were 40 kV and 40 mA. XRD measurements were then confirmed by TEM imaging, together with 

EDS. The instrument used is a JEOL JEM‐2200FS TEM operated at 200 kV, equipped with CEOS 

image aberration corrector, in‐column image filter (Ω‐type) and EDS spectrometer (Bruker, 

XFlash 5060 detector). The properties of the porous film were evaluated by gravimetric analysis: 

8 cm diameter round aluminium foil were deposited with a fixed amount of material and weighted 

before and after the deposition. At the same time, the thickness profile was measured on samples 

deposited on Si (100) samples. With the radial symmetry of the film thickness, the volume could 

be estimated by integrating the profile on the radial coordinate, and density could be calculated 
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accordingly. Specific surface areas and pore sizes of the porous film were measured by nitrogen 

physisorption isotherms at -196 °C (77 K) using the using the BET method and BJH equations, 

outgassing the samples at 150 °C (423 K) for 2 h before each measurement. 

2.3 Electrochemical characterization 

Catalysts were tested in a room-temperature, three-electrode RDE glass cell (Pine instruments) in 

0.5 M H2SO4 electrolytic solution. Ag/AgCl electrode was used as a reference while a Pt wire as 

counter. Cyclic voltammetry was performed to evaluate the electrochemical surface area (ECSA) 

of the Pt catalyst (potential sweep from 0.05 V to 1.4 V vs RHE at 0.15 V s-1), while linear sweep 

voltammetry at different rotation speed (in the range between 600 to 2000 rpm) in 0.1M HClO4 

were performed to evaluate the ORR activity, sweeping the potential from 1 V to 0.2 V vs RHE in 

oxygen-saturated electrolyte solution. To assess the stability of the catalyst, an accelerated stress 

test was performed according to US DOE guidelines26,33: cyclic voltammetry was performed with 

a sweep from 1V to 1.5 V at 0.5 V s-1  for 5000 cycles. ECSA is evaluated with a CV cycle between 

0.05 V and 0.6 V at 0.02 V s-1 in 0.5 M H2SO4 electrolytic solution at fixed cycles given by the 

DOE procedure. The threshold ECSA loss is 40%. 

2.4  MEA fabrication and testing 

To transfer the HTNTF electrode on the membrane, a modified decal process has been developed 

specifically for our material. This approach allowed to (i) separate the fabrication of the catalyst 

layer and the MEA, (ii) tuning the morphology and composition of the catalyst layer while (iii) 

allowing its transfer on the membrane afterwards. The process is represented in Figure 7b. The 
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HTN support is grown on a Si substrate coated with 100 nm sacrificial layer of MoOx, grown by 

PLD in Ar atmosphere from a pure MoO3 target (laser fluence: 3.1 J cm-1 pulse-1, 15 Pa operating 

pressure). Atomic layer deposition (ALD) process is used to coat the TiN nanostructures with 

platinum, since electrodeposition is not feasible on insulating substrates. A Cambridge Nanotech 

Savannah Deposition ALD has been used for the deposition. ALD thermal exposure mode was 

used at 250 °C using trimethylcyclopentadienyl platinum (Me3cpMePt) precursor for the metal 

and oxygen as a reducing agent. The single ALD cycle consists in pulsing the metal precursor and 

the oxygen respectively for 0.015 s and 5 s, with a purging step afterwards with pure nitrogen gas 

(99.9999%) to eliminate the residual and non-reacted precursors. The cycle is repeated to form a 

Pt layer to coat the HTNTF surface with a total loading of 0.360 mg cm-2. To ensure ionic 

conductivity in the electrode, 0.01 mg cm-1 of liquid Nafion® dispersion (1%) was drop casted on 

the coated electrode before being pressed against Nafion® N212 membrane. For the purpose, a 

hot press was used, operated at 150°C for 5 minutes. Before peeling off the substrate, the assembly 

was immersed in 0.5 M sulfuric acid solution, to dissolve the sacrificial layer, so to obtain the 

complete transfer of a 1 cm2 HTNTF catalyst layer. For the anode side, a Pt/C catalyst ink with a 

loading of 0.1 mg cm-2 was drop cast onto the gas diffusion layer (GDL), Sigracet 25BC and 

allowed to dry at a room temperature. The electrodes are then pressed between the anode gas 

diffusion electrode (GDE) and cathode GDL, also Sigracet 25 BC. Hard-stop fiberglass gaskets 

were used, resulting in a 25% compression. The MEA was tested in a 5 cm2 cell hardware (Scribner 

Associates) with flow-rates of 200 ml min-1 and 300 ml min-1 for hydrogen and air at the anode 

and cathode sides, respectively. Relative humidity was kept at 90% for the reference measurements 

and at 50% for the dehydrated conditions. A back pressure of 100 kPa was used. Break-in of the 

cell with a cyclic procedure composed by 30 s potential step of 0.7, 0.5, 0.3 V until the current 
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values obtained were stable. Polarization curves were performed in a potentiostatic mode with 10 

min potential holds. Electrochemical impedance spectroscopy (EIS) measurements were 

performed after every polarization point, in a 10000-0.1 Hz range with a 5% amplitude on the 

voltage signal. For cyclic voltammetry (CV) measurements, 100 ml min-1 of hydrogen and 100 ml 

min-1 of nitrogen (99.9999% purity) were fed to the cell, without back pressure. 25 mV min-1 scan 

rate was used for the analysis.  

3. Results and discussion 

The HTNTF is fabricated exploiting room-temperature, self-assembly of clusters from the gas 

phase produced in a supersonic plasma plume interacting with a background gas, in what we call 

a scattered ballistic deposition, SBD. The supersonic plasma plume can be generated by a laser 

ablating a solid target, this is the case of Pulsed Laser Deposition operated in SBD mode or PL-

SBD34–39 , or by a non-thermal low-pressure plasma jet in a continuous flow arrangement, LPPJ-

SBD40–42. In this communication we choose to use PLD-SBD to its intrinsic higher simplicity, 

even if the production of TiN nanoparticles in powder form by low-pressure continuous flow 

reactors have been recently demonstrated43,44. In PL-SBD a crystalline TiN target is placed in a 

vacuum chamber in a nitrogen-5% hydrogen atmosphere and a pulsed excimer laser is focused on 

it generating a supersonic plasma plume which expands towards the substrates placed head-on45. 

When the background pressure is sufficiently high, the atomic and molecular species in the plume 

are scattered by the background gas, acquiring a velocity component in the plane perpendicular to 

the direction of motion and slow down. Part of the kinetic energy is spent to nucleate the physical 

vapours into small clusters which may or may not crystallize, depending on the energy available 

in the system. The clusters impinging on the substrate self-assemble into statistically regular arrays 
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of tree-like, hierarchical quasi-1D nanostructures due to a combination of random perpendicular 

velocity component and shadowing.  PLD-SBD allows a precise control over film morphology 

from the nano to the micro-scale, since the internal structure of the trees and their spacing are 

governed by the deposition conditions35,46. Background gas pressure is the main control parameter 

of this process as shown in Figure 1a. The trend is the one already observed for titanium 

dioxide35,47: the film mesostructure evolves from columnar at 15 Pa to tree-like, with at an increase 

in porosity determined by the simultaneous growth in the branches opening and of the spacing 

among the trees, with a progressive loss of coherence as observed for the film deposited at 100 Pa, 

which shows aerogel-like features.  

 

Figure 1. a) SEM images of the nanostructures obtained with different N2-H2 pressure at the same number of laser pulses. b) 

Density, pore volume and mean pore size dependency on the operating pressure of the HTNTF. c) Pore size distribution of films at 

different pressure from the nitrogen adsorption analysis.) 
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This evolution in mesostructure translates in a relevant increase in thickness growth rate, total pore 

volume and mean pore size with pressure and a decrease in density, down to 0.1 g cm-2 at 100 Pa, 

as shown in Figure 1b. We point out that, despite the just mentioned change in film properties, 

the BET surface area lays between 150 and 169 m2 g-1 for all explored deposition conditions. We 

attribute this to the substantial shift towards larger size of the pore distribution with pressure, 

Figure 1c, which makes the BET analysis inaccurate and leads to an increasing underestimation 

of the contributions of large pores to the measured specific surface area. Nevertheless, the pore 

size distribution, obtained by the BHJ method, clearly demonstrate the evolution from the dense 

columnar structure with pores below 15 nm to a hierarchical structure with a uniform pore 

distribution up to 200 nm at 60 Pa. At 100 Pa the modal value of the pore size distribution shifts 

to values above 200 nm, and, correspondingly, the estimation of the surface area become 

unreliable. It is instructive to notice that the pore size distribution is a direct statistical 

quantification of the geometrical features of the HTNTF imaged by SEM. In fact, the looser 

packing of the TiN nanoparticle within each nanotree and larger spacing in between individual 

nanostructures going from a deposition pressure of 15 Pa to 60 Pa is quantitatively described by 

the reduction of the population of pores in the sub 10 nm pore size range, and a concomitant 

increase of the pore population between 10 and 200 nm. As an example, in the 60 Pa sample the 

fraction of pores larger than 100 nm refer to the spacing between the trees, while the smaller one 

to their inner structure. In the light of this preliminary study, a deposition pressure of 60 Pa was 

chosen as a trade-off between porosity and mechanical properties, Figure 2a. In fact, an ideal 

cathode for fuel cells must comply simultaneously to stringent requirements in terms of high 

electrical conductivity and mechanical stability, typical of high density films, and high surface 

area, facile ionomer infiltration and efficient mass transport, characteristics of the high-pressure 
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films. The HTNTF grown at 60 Pa exhibits a meso-range mean pore size (10-50 nm) which should 

be favourable to the accessibility of the sites by the reactants through the porous medium48, but at 

the same time it has enough mechanical resistance to be handled in the electrochemical setup for 

electrodeposition and testing. The mean pore size is found to be 49.6 nm, while nitrogen adsorption 

measurements indicate a pore volume of 0.469 cm3g-1 for pore volume and a BET area of 169 m2g-

1, a value comparable to a graphitized carbon black support49. The large vertical channels in 

between the single nanostructures comprising the HTNTF are an almost ideal pathway for ionomer 

infiltration and gas access, considering that the mean free path for oxygen at ambient pressure is 

68 nm.   
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Figure 2. a) SEM image of the 60 Pa nanostructure, with details and the top view in the inset. b) Raman spectrum of the HTNTF 

with indication of the position of the vibrational modes from the literature50 . c) EDS imaging of a portion of the HTNTF 

scratched from the film 

3.1 Structural characterization of TiN support 
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Understanding the structure of the TiN nanotrees is crucial for the explanation of their behaviour 

as Pt support. Hence, we first investigated the grown HTNTFs by means of Raman and TEM. Due 

to the octahedral symmetry in perfect TiN cubic crystals, first order Raman scattering is 

forbidden51. Therefore, the detected Raman signal shown in Figure 2b is due to defect-driven first 

order scattering. The spectrum obtained is in line with other works presented in the literature about 

defective TiN lattices50–53. Nitrogen vacancies on the edges result in the increase of the mobility 

of the titanium on the vertex, enhancing the intensity of TA and LA vibrational modes in the cubic 

structure as observed in54. Therefore, Raman spectroscopy qualitatively suggests the presence of 

nitrogen vacancies in the scaffolds. Energy Dispersive X-ray Spectroscopy (EDS) mapping, 

Figure 2c, reveals the strong presence of oxygen, up to 35% (atomic). The reason for this 

contamination is attributed to the oxygen present in the atmosphere that saturates the nitrogen 

vacancies upon ventilation of the deposition chamber. Moreover, the low crystallinity and the high 

porosity of the films leave them open to oxidation also in the inner shell of the nanostructure. 

TEM, Figure 3a, indicates that the nanotrees comprising the HTNTF are formed by 7 nm crystals 

embedded in an amorphous matrix and the cell parameter was found to be 4.2 Å. A further 

confirmation of the TEM results is given by XRD spectra in Figure 3b, where the typical pattern 

of cubic TiN55 is present. The shift towards higher angles and a low signal-to-noise ratio are 

attributed to low crystal size, 7-8 nm as calculated from the (200) and (220) peaks by the Scherrer 

equation, and to the presence of an amorphous fraction in the material. 
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Figure 3. a) TEM image of a portion of HTNTF, showing the crystalline domains in the amorphous matrix. Details on the cubic 

domains and SAED electron diffraction pattern are shown in the inset. b) Raw XRD pattern HTNTF, compared to the literature 

reference53. 

The cell parameter calculated from the XRD pattern is 4.21 Å, lower than the literature reference55. 

A possible explanation this phenomenon could be attributed to the nitrogen loss during the 

supersonic expansion of the plasma plume and the subsequent saturation of the vacancies with 

oxygen. The nitrogen deficiency in the TiN lattice can be calculated by the empirical formula56–58 

correlating the nitrogen content and a cubic cell parameter :  

𝑎 = 0.4159 − 0.000164𝑥  

Where a is the cell parameter of the cubic structure and x the atomic N percentage. From our 

results, nitrogen content is decreased by 10-24%. In such scenario, it is possible that nitrogen 

vacancies are passivated with oxygen from atmospheric air: as reported in59, oxidized TiN can be 

considered a solid solution of TiN and TiO, and therefore according to Vegard’s Rule the lattice 
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parameter should lie between the reference material (4.235 Å) and the lattice parameter of cubic 

TiO (4.159  Å) . 

3.2 Catalyst testing 

Electrochemical surface area of the HTNTF electrode on RRDE was evaluated by integrating CV 

peaks between 0.05 V and 0.4V, corresponding to the hydrogen desorption from the crystal facets 

of the Pt as in60. The CV curve (Figure 4a) shows the usual features of a Pt catalyst in acid solution, 

with the hydrogen adsorption/desorption peaks at low potential, the onset of Pt oxidation at ~0.9 

V and lastly, the Pt oxides reduction peak in the reverse scan at ~0.85 V. ECSA value is found to 

be 94.6 cm2
Pt cm-2

 geom. or 32.5 m2 g-1, considering the 0.3 mgPt cm-2 loading. Even though this 

value lies below the standard Pt/C commercial products (~60 m2 g-1), it is adequate in this study to 

assess the electrochemical performances and stability of the HTNTF electrode. SEM images of the 

electrodeposited sample are shown in Figure 4b. Platinum clusters self-assembled in rather 

unusual lamellar shape are visible on top of the nanotrees. This evidence may be the consequence 

of a non-uniform distribution of the charge on the scaffold: the irregular surface of the film presents 

sharp edges (as visible in the terminations of the nanotree “branches” in Figure 2a) where, due to 

the small radius electrons can be concentrated possibly resulting in a reaction rate enhancement.  
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Figure 4. a) Cyclic voltammetry of the electrodeposited Pt/TiN in 0.5M H2SO4 solution, with a 150 mV s-1 scan rate. b) SEM top 

view of the electrodeposited Pt/TiN showing the lamellar structure of the metal 

From XRD analysis we learn that the platinum lamellae (Figure SI1) have a mean size of crystal 

domains of 19 nm (as calculated by the  Scherrer formula) and that a mean isotropic compressive 

strain of ≈ 1.1%40,61,62 is present, as calculated by the positive Pt peak shift. Since the most relevant 

expected characteristics of the HTNTF scaffold is its high corrosion resistance and stability, 

standardized US-DOE accelerated degradation tests (see Section 2 for details)  for the catalyst26 

and the support63 were first performed. The support corrosion AST on Pt/TiN catalyst is shown in 

Figure 5a. Such procedure is meant to test the resistance of the catalyst support to the harsh 

environment that can be present during fuel cell operation for the automotive field, which has the 
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strictest stability requirements: potential is swept between 1 and 1.5 V, simulating the most 

aggressive conditions (e.g. in cases of fuel starvation, and in start/stop transients) in which a 

PEMFC cathode could work. Under those pH/potential conditions, the platinum stable phase is the 

oxidised one, so it does not take part in any reaction once it is completely oxidized (except during 

scans meant to measure the ECSA value, which are performed between 0.05 and 0.6 V). Hence, 

the only possible pathway for ECSA decrease is support corrosion with the consequent loss of 

electrode material. Figure 5b shows that the shape of the CV is substantially constant over the 

5000 cycles of the test, and the final ECSA is as high as 7%. We performed other two subsequent 

identical AST protocols of 5000 cycles each to confirm the first outcome, and the results were 

similar, having a total loss of 13% after 15000 cycles. This result demonstrates the superior 

stability of the HTNTF as a cathodic catalyst support with respect to typical carbon-based catalytic 

inks64. 

 

Figure 5 a) Normalized ECSA value monitored during the 15000 AST cycle for support corrosion performed on the RRDE setup 

between 1 and 1.5V vs RHE at 0.5 Vs-1 scan speed. Red line marks the DOE target for 5000 cycles. b) Comparison between the 

hydrogen desorption features at low potential of the cyclic voltammetry taken at the first cycle versus the 15000th cycle 
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From an activity point of view, the LSV curves, Figure 6a, indicate that the HTNTF electrode can 

reach good diffusive currents, comparable, if not better to commercial catalysts. This might be 

attributed to the different interface between the liquid phase and he catalyst’s surface, with a lower 

thickness of the diffusive boundary layer during the hydrodynamic measurements. On the other 

hand, the onset potential is lower than typical LSV curves for Pt/C that generally starts showing 

catalytic activity from 1V. For the same reason, from the Tafel plot in Figure 6b, the i0 

correspondent to the intercept of the curve is around 1*10-8 A cm-2 (compared to a value of around 

2.8*10-7 for a Pt/C). On the other hand, the Tafel slope, taken from the linear region of the IR-

corrected voltage curve reveals a value as low as 68 mV dec.-1. To exclude the possibility that the 

loss can be attributed to a non-optimal reaction pathway, the number of electrons exchanged is 

estimated using the Koutecky-Levich equation 65: 

1

𝑖
=  

1

𝐵
 𝜔−

1
2 + 

1

𝑖𝑘
 

with  

𝐵 = 0.62 𝑛𝐹 𝐶𝑂2
 𝐷𝑂2

2
3  ν−

1
6 

Where B= 2345 cm2 A-1 rad1/2 and ik = 576 mA cm-2 can be obtained from the fitting shown in 

Figure 6c. For a 0.5M H2SO4 solution66 DO2 = 2.1*10-5 cm2s-1, CO2 = 1.03*10-6 mol cm-3 and ν = 

0.0107 cm2s-1, a value of 4.2 is found for n, confirming the four-electron pathway. Moreover, the 
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ring current was monitored during the measurements, showed no significant signal when the ring 

potential was kept at constant 1V to oxidize the formed peroxide intermediates (Figure SI2).  
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Figure 6. a) Linear sweep voltammetries in RRDE setup, 0.1M HClO4, 0.005 Vs-1 scan rate. b) Tafel plot of the 1600 rpm LSV 

curve. c) Levich plot for the Pt/TiN. Each point is the average current between three points, taken respectively at 0.2, 0.4 and 

0.6V 

This suggests a reaction pathway that is mainly characterized by a four-electron transfer, that is 

preferable for ORR in acidic media67. Our hypothesis for this behavior relies on the high oxygen 
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content in the film (Figure 2c): the presence of amorphous TiO2 can hinder the catalytic activity 

since a semiconductor – metal or a semiconductor – electrolyte interface can cause a net activation 

loss due to a less efficient charge transfer. Moreover, there could be an effect of the low particle 

size on the electrical conductivity of the TiN network, as highlighted by Shin et al23. Nevertheless, 

the low slope obtained in the linear sweep voltammetry holds promises for further improvement 

in the performances: by reducing the oxygen content and at the same time increasing the crystal 

fraction and size of the HTNTF it should be possible to overcome the net potential loss introduced, 

and achieve better current densities, comparable with more conductive carbonaceous supports. 

3.3 MEA testing 

In the development of a fuel cell catalyst, actual fuel cell testing must be part of the process, to 

integrate the final catalyst design and optimize it in actual PEMFC hardware. In order to fabricate 

an electrode for MEA application, we chose the ALD process, that is able to coat conformally the 

complex morphology of the HTNTF. In this case, the electrodeposition is not a viable option, due 

to several factors: (i) it is difficult to scale up the pulsed electrodeposition process to a lab scale 

MEA while granting uniformity of the platinum electrodeposited over the area and (ii) the 

eletrodeposition process is not compatible with the modified decal method shown in Section 2.4, 

since the flat silicon substrate and the sacrificial MoOx layer are not electrically conductive. We 

set a loading of 0.360 mg cm-2, to maintain similarity with the previous catalyst obtained by 

electrodeposition on the RRDE tip.  
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Figure 7 a) SEM images of the platinum by ALD deposited on 5 µm HTNTF. In the inset is shown the Pt coverage over the film 

thickness (upper picture) and a detail of the precise coverage over the complex morphology of the HTNTF. c) schematic of the 

decal method for the HTNTF transfer on the Nafion ® membrane 

 

Active area is calculated from the hydrogen desorption peaks in the low potential region of the CV 

(Figure 8d). The cathodic contribution of hydrogen evolution in the total charge from the previous 

sweep has been subtracted to the total charge value. A value of 42.3 m2g-1 is calculated due to the 

high surface area that the nanotrees expose for the Pt coating, although the coverage, as seen from 

SEM images, Figure 7b, is only 2.5 µm over a total thickness of 5µm. XRD analysis is performed 

on the Pt by ALD (Figure SI3), the cell parameter is 3.919 Å, with a compressive strain of the 

cubic lattice of only 0.08%, meaning that the material, with respect to electrodeposited platinum, 

is less subject to stress during deposition. Mean crystalline domains is 11.7 nm. The polarization 

curve, Figure 8a, is characterized by a high OCV (> 0.9 V) and rather high ohmic resistance. The 

maximum power density achieved is 0.1 W cm-1 (Figure 8b), obtained at 0.3 V.  
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Figure 8. a) Polarization curve of the MEA performed at 80°C, 90% RH on both sides and 100kPa back pressure. The dotted line 

corresponds to the IR corrected curve. b) Power curve of the MEA. c) EIS performed at different voltage values. d) Cyclic 

voltammetry of the cell performed at 80°C, H2/N2 gases, 100% RH on both side and no back pressure 

In order to understand the cell behavior better, EIS spectra were performed at 0.7 V, 0.5 V and 0.1 

V (Figure 8c). The values of the high frequency resistance (HFR) values reported are as high as 

0.3 Ω cm-2. Moreover, a considerable linear branch at high frequency is registered, which is 

generally associated with the presence of proton transport resistance inside the electrode68, similar 

to dehydration. This suggests that the Nafion® coverage is not yet optimal. No oxygen transport 

feature is registered in the spectrum in the low frequency region69 as no oxygen transport limitation 

is visible in the polarization curve, so the reactant diffusion is able to sustain current densities as 
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high as 0.5 A cm-2 without limitations. Therefore, the predominant semicircular features can be 

attributed to the ORR charge transfer process in all the spectra, as confirmed by the related 

frequencies typical of such reaction70. By investigating the charge transfer semicircle, some 

considerations can be done about the reaction mechanism. Using the following formula: 

𝑅𝐶𝑇 =  
𝑏

𝑖
 =   

𝑅𝑇

𝑖 𝛼 𝐹
 

Where RCT is the charge transfer resistance, taken as double of the maximum in the imaginary 

part of the impedance, b the Tafel Slope, i the specific current taken from the polarization, and α 

the charge transfer coefficient71. For typical ORR reaction in a fuel cell α is 0.5 and therefore b is 

0.061 V. The slopes for our cell are 0.102 V dec-1, 0.140 V dec-1, 0.212 V dec-1 at 0.7 V, 0.5 V and 

0.1 V, respectively. These higher values of the slope can be attributed to a modification of the 

dominant reaction mechanism and to a limiting proton transport, since the α coefficient is also 

different. We attribute this behavior, similarly to the RDE case, to the oxidation of the catalyst 

support and the interaction of platinum with semiconducting titanium monoxide. Further 

improvements are necessary together with the HTNTF morphology and composition tuning, 

accounting for the resistive behavior, that is noticeable in the low potential region, as a reflection 

of the high HFR registered in the EIS spectra, according to23. The optimization of the Pt coverage 

through a fine tuning of the ALD process is also necessary to achieve monolayer/sub-monolayer 

coverage, being able to meet rate of consumption of the Pt resource that are sustainable for the 

mass production. Nafion® loading and dispersion must be optimized as well, to have better 

coverage of the nanostructure and therefore improving the proton transport.  
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4. Conclusions and perspectives 

In this work, a novel approach to the fabrication of hierarchical TiN nanostructure thin-film 

electrodes is presented. The flexibility of the PL-SBD process allows to easily reach the 

characteristic morphology, such as porous nanotrees required for optimal catalyst layer 

morphology for PEMFCs. The tree-like HTNs were obtained and decorated with the active 

platinum electrocatalyst and showed exceptional stability with an ECSA loss after 15000 cycles 

of only 13%, compared to the >50% loss for carbonaceous materials after 5000 cycles. We have 

also demonstrated the electrode to be functional within an actual MEA: a Pt/TiN catalyst layer was 

fabricated by means of ALD on the TiN films and transferred onto a Nafion membrane through a 

modified decal method, developed for our application. The proof-of-concept cell has shown 

substantial power densities and high ECSA values, demonstrating that the novel fabrication 

method holds significant promise for future MEA optimization and scale-up. If we can replicate 

the same stability obtained in the RDE setup, an increase of the device lifetime of the entire fuel 

cell can be achieved.   
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SUPPORTING INFORMATION 

SI 1. Platinum XRD 

 

 

Figure SI 1. XRD pattern of the TiN/Pt catalyst with the reference from55 

 

SI 2. Ring Current  

 

No relevant ring current was measured at the platinum ring kept at 1V during LSV measurements 

 

Figure SI 23.  Current monitored during LSV of Pt/TiN catalyst on the ring f the RRDE.  The potential of the Pt ring was kept at 

1V constant during the measurements. Measurement was performed in 0.1 M HClO4 
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SI 3. ALD platinum XRD pattern 

 

 

Figure SI 34. XRD pattern of the ALD deposited Pt on HTNTF, with reference to55 

 


