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ABSTRACT 

A Pt-Co alloy catalyst supported on a Ta-doped Ti-oxide was investigated for the oxygen reduction 

reaction in a polymer electrolyte fuel cell (PEMFC) operating between 80° and 110 °C at different 

relative humidity (100% and 33% R.H.). A crystalline Anatase phase was obtained for the Ta-doped 

Ti-oxide support with BET surface area of about 150 m
2
/g. Pt and Pt3Co1 nanoparticles dispersed on 

the Ta-doped Ti-oxide showed a crystallite size of 3.9 and 2.9 nm, respectively. These catalysts 

were investigated in PEMFC and benchmarked against a carbon supported Pt3Co1 of similar 

crystallite size (Pt3Co1/C). Under automotive relevant operating conditions, i.e. at intermediate  

temperatures (110 °C), and in the presence of low relative humidity (33% R.H.), the oxide- 

supported PtCo was approaching in performance the Pt3Co1/C catalyst. The performance of 

PtCo/oxide was better than that of Pt/oxide under all operating conditions. The oxide supported 

PtCo catalyst showed a lower electrochemically active surface area (ECSA) and larger ohmic 

resistance with respect to the Pt3Co1/C.  On the other hand, the oxide-supported catalysts appeared 

stable during an accelerated corrosion test at 1.4 V RHE while a dramatic decrease of the ECSA 

was observed for the Pt3Co1/C under the same condition. Thus, the oxide supported PtCo alloy 

catalyst appears promising in terms of electrochemical stability and for automotive applications. 

Key-words: Pt catalysts, Fuel cells,  Oxygen reduction reaction, Doped Ti-oxide support, 

Intermediate temperature. 
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1. Introduction 

The catalyst support plays an important role for fuel cell electro-catalysts [1]. A high utilization 

of noble metal active phase, usually Pt, is  achieved by dispersing nanosized electrocatalyst particles 

on a high surface area conducting support [1]. The support provides a physical surface for the 

dispersion of the active phase; this is necessary for achieving high electrochemically active  surface 

area as required to increase the number of catalytic sites involved in the fuel cell reactions [2]. A 

synergistic role of the support in terms of performance and stability can be played through catalyst-

support interaction [1]. Beside the high surface area, high electrical conductivity, suitable 

mesoporous morphology, suitable resistance to chemical and electrochemical corrosion are the 

properties required to a catalyst support for application in fuel cells [2].  Carbon black supports such 

as Vulcan XC and Ketjenblack EC are the primary choice since they combine proper morphology, 

high electronic conductivity and good capability of enhancing the dispersion of the active phase   

[1,3]. Yet, an important requisite for the support, i.e. the electrochemical stability, is not completely 

fulfilled by this class of materials causing relevant constraints especially when high electrochemical 

potentials occur during cycled operation, during OCV transients and under fuel starvation 

conditions [3]. All these conditions are relevant for the automotive applications since they affect the 

life-time of the fuel cell stack [3]. Typical degradation phenomena affecting carbon-supported fuel 

cell catalysts regard Pt dissolution and re-precipitation, particle growth, increase of agglomeration 

of Pt nanoparticles, occurrence of electrically isolated Pt particles due to dissolution and re-

precipitation in the membrane [4,5,6]. These effects reduce the durability of the cathode catalysts 

with severe consequences on the reliability of the  entire  fuel cell system. 

Alternative supporting materials such as tungsten oxide or carbide, Ti or Sn oxides and Ti 

borides or nitrides are chemically and electrochemically stable in an acidic environment and may 

represent interesting classes of catalyst supports for PEMFCs [7-17]. Conductive sub-oxides of 

titanium, such as Ebonex® characterised by a Magneli phase (e.g. Ti4O7), have been extensively 

studied [7,8,18-20]. Unfortunately, most of these sub-oxides supports are characterised by low 
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surface area due to the high temperature (> 1000 °C) of the reduction treatment  which makes 

difficult an effective dispersion of the active catalytic phase. The surface area of commercial Ti-

suboxides (Ebonex®) is around 2 m
2
/g [21], whereas it must be at least two orders of magnitude 

larger to allow for a good dispersion of the active phase. Proper chemical routes appear necessary to 

prepare Ti sub-oxides and doped Ti-oxides with  large surface area and optimal electronic 

conductivity.  Ti-suboxide or doped Ti-oxide supports may stabilise the Pt active phase through a 

strong catalyst-support interaction [2,22]. This could reduce the electrochemical degradation of Pt, 

e.g. dissolution, agglomeration and particle growth, which in conventional Pt/C catalysts is 

promoted by the corrosion of the carbon support [4-6]. 

At the present,  several approaches are actively pursued to enhance the stability of cathode 

electro-catalysts in PEMFCs. The most used approach is concerning with the development of highly 

graphitic carbon supports including graphitized carbons,  carbon nanotubes, nanofibers, graphene 

etc. [2]. A highly graphitic character appears a pre-requisite to increase the resistance to corrosion. 

The electrochemical corrosion is relevant especially for amorphous carbons [23]. However, a high 

surface area in a carbon support is often associated to the occurrence of amorphous carbon [1].  

Another approach regards the formation of a composite of TiO2 and carbon black or other 

carbonaceous materials such as carbon nanotubes [24-29]. TiO2 provides a stable support whereas 

the carbon component increases the electronic percolation. Although, some improvement has been 

recorded using this approach, the Pt stability under electrochemical operation appears only 

moderately improved. The carbon support in the composite material is electrochemically corroded 

and its positive effect in terms of enhancement of conduction and dispersion is progressively lost. 

As above mentioned, PEMFC stability can be enhanced by using Ti-suboxide supported catalysts 

[7,8,18-20]. The main drawback is a low dispersion due to the modest surface area of Magneli- 

phase materials. A progressive transformation of sub-oxides into a more stable stoichiometric 

titania phase has been also postulated [30]. However,  it is worth noting that these materials find 

application in electrolysers operating in a potential window much wider than that of a fuel cell.  
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TiO2 may be prepared with a suitable surface area to achieve proper dispersion of the active phase 

and with mesoporous structure [31,32]; moreover, it is an electrochemically stable material in acid 

environment but, due to its semiconducting properties, the electronic conductivity is modest. This 

problem has been addressed by enhancing the electronic percolation through the surface using a 

large concentration of metal phase on the support and/or using nanosized particles for the support 

[32]. Interesting performances and electrocatalytic activities have been reported in the literature for 

Pt/TiO2 catalysts [31,32]. However, it appears that an enhancement of electronic conductivity for 

the support can be achieved by doping TiO2 with Nb or Ta [22,33,34]. This corresponds to an 

increase of performance for Pt fuel cell catalysts supported on a doped TiO2  compared to similar 

catalysts supported on bare titania. The doped supports enhance the electronic percolation through 

the bulk. As an example, Nb-doping causes the occurrence of Ti
3+

 species to compensate in terms of 

electro-neutrality for the presence of Nb
5+

 species. The Ti
3+

 species introduce electronic levels in 

the titania band gap which are responsible for the increased electronic conductivity as in the 

Magneli phase [35]. A TiO2 highly doped e.g. a Ti0.75Ta0.25O2  has only a slightly different nominal 

fraction of Ti
3+

 species than Ti4O7 but the first can retain the Anatase structure whereas in the latter 

the sub-stoichiometry is not stabilized by effect of electroneutrality. Thus, in principle, the doped Ti 

oxide should be more stable than the sub-stoichiometric Ti oxide; however, Ebonex-type materials 

generally possess higher electronic conductivities than  doped Ti-oxides [27, 35].  

As above discussed the choice of a support material is governed by conductivity, BET surface 

area, mesoporous structure and intrinsic electrochemical stability. Our efforts have been addressed 

to the investigation of Ti0.75Ta0.25O2 as support because this material should, in principle, be 

characterised by the best compromise with regard to these relevant properties. In general, most of 

the research reports in the literature concerning with these novel oxide or doped-oxide supports deal 

with pure Pt or non-precious electrocatalysts while limited efforts have been addressed to Pt-alloys 

[36]. The electrocatalytic activity and the performance achieved with these new materials is 

generally benchmarked against conventional Pt/C catalysts. However, in recent years, significant 
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efforts have been carried out to develop carbon supported Pt-alloys [3,37,38]. Today, these better 

represent the state of the art of ORR catalysts in fuel cells. Accordingly, the aim of this work is to 

address the development of a Pt3Co1 alloys catalyst supported on Ti0.75Ta0.25O2. We have thus 

compared the electrocatalytic activity of the novel catalyst with respect to a Pt3Co1 alloy supported 

on a carbon black (Pt3Co1/C) and characterised by a similar crystallite size ~3 nm. In a previous 

work, we have observed that both the catalytic activity and the stability of carbon supported Pt3Co1  

alloy catalysts were superior than a Pt/C catalyst of similar particle size [38]. Several recent reports 

in the literature have shown that Pt3Co1/C catalysts are among the most performing cathode 

materials in fuel cells [3, 37]. Thus, we think that PtCo/C may represent a proper reference to 

compare performance and stability of the catalysts based on a novel support. We have also 

investigated the performance of the oxide supported alloy with respect to a Pt catalyst dispersed on 

the same oxide support material.  

Recently, significant efforts have been addressed to investigate catalyst activity for intermediate 

temperature operation (e.g. 110°-130 °C) that is more relevant for automotive applications [39,40]. 

It is known that an intermediate operating temperature allows a better thermal and water 

management. This may allow for a simplification of  the fuel cell system with a strong impact on 

volume, costs and reliability [39].  In the absence of a benchmark membrane for these operating 

conditions, we have preferred to work with a conventional Nafion membrane under pressurised 

mode thus avoiding the complete membrane dehydration above 100 °C [38,40]. The oxide 

supported PtCo-alloy shows interesting catalytic activities and stability for intermediate temperature 

operation. 

 

2. Experimental  

2.1 Ti0.75Ta0.25O2 support preparation  

 Ti  and Ta sulphite complexes were prepared by reaction of  Ti  and Ta  chloride salts (TiCl4 

and TaCl5) with sodium dithionite. These complexes were mixed in proper amounts in an acidic 
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solution to achieve an atomic ratio Ti/Ta=3:1 in the final oxide support. The complexes were 

decomposed in the presence of H2O2  to form a colloidal suspension. This gives rise to an 

amorphous oxide after flocculation.   The obtained amorphous doped Ti-oxides were thermally 

activated at various temperatures in the range 300°-600 °C and analysed in terms of surface area 

and crystalline properties. The temperature of 400 °C  was thereafter selected for the thermal 

treatment of the doped-support used for catalyst preparation since this resulted in a proper 

compromise  between suitable surface area (150 m
2
/g) and structural properties. Undoped TiO2 was 

prepared in the same  way (Supplementary Material section). 

2.2 Catalyst preparation 

Electro-catalysts consisted of Pt or Pt3Co1 alloy supported on Ti0.75Ta0.25O2 or on a carbon black.  

The total metal fraction on the doped-oxide support was 40% wt. This level of metal concentration 

was  selected as compromise between dispersion and coverage of support by metal particles to 

favour the electronic percolation.  A similar catalyst based on undoped TiO2 support with Pt 40% 

wt. content has not given suitable activity results for the oxygen reduction due to some electronic 

conductivity constraints (see Supplementary Material section).  

A Pt-sulphite  complex was prepared by reaction of H2PtCl6  with sodium dithionite. The Pt-

sulphite salt was first dissolved in acidic solution and subsequently decomposed with H2O2 to form 

a colloidal dispersion that was impregnated on the Ti0.75Ta0.25O2 support. Co was thus deposited by 

incipient wetness of cobalt nitrate on the amorphous PtOx  phase  previously obtained on the doped-

oxide support. The concentration of Co(NO3)2 was adjusted to achieve a Pt/Co atomic ratio of  3:1 

in the final catalyst. The as-formed catalyst was thus thermally treated in H2  atmosphere at 150 °C 

to form PtCo alloy nanoparticles. For comparison, a Pt/Ti0.75Ta0.25O2  catalyst was prepared by the 

same procedure. Whereas the Pt3Co1/C catalyst consisted of a Ketjenbalck EC support (850 m
2
/g). 

A similar procedure was used; but, regarding the final reduction treatment, a carbothermal treatment 

at 600 °C, instead of the reduction in a hydrogen stream, was carried out. The carbothermal method 

has permitted a better modulation of the crystallite size for the carbon black support-based catalyst 
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allowing to achieve the same crystallite size of the PtCo/oxide catalyst. Both cathode catalysts were 

pre-leached in HClO4 0.1 M at 80 °C before use. 

A 30% Pt/Vulcan XC-72R catalyst obtained by a similar procedure was used as anode in the 

PEMFC. 

2.3 Physico-Chemical Analysis 

Both supports and catalysts were characterised by X-ray diffraction (XRD) using a Philips X-

pert diffractometer with Cu Ka radiation. The peak profile of the (220) reflection in the face 

centered cubic structure of Pt and Pt-alloys was used to calculate the metal crystallite size by the 

Debye–Scherrer equation [38]. An X-ray fluorescence analysis was carried out by using a Bruker 

AXS S4 Explorer spectrometer. In the carbon supported material used as reference, the total metal 

content was determined by burning the carbon support in a thermal gravimetry experiment at 950 

°C in air. Transmission electron microscopy (TEM) analysis was carried out with a FEI CM12 

microscope. The surface area of  the support was determined by BET analysis. X-ray photoelectron 

spectroscopy (XPS) measurements were performed by using a Physical Electronics (PHI) 5800-01 

spectrometer with monochromatic Al Kα X-ray source. Thermal analysis of the doped-oxide 

support was carried out through thermal gravimetry (TG) and differential scanning calorimetry 

(DSC) at 5 °C/min by using a Netzsch thermal analyser. 

Experimental details for physico-chemical analysis are provided in the  Supplementary Material 

section. 

2.4 Electrochemical Studies 

The electrodes were prepared according to the procedure described in a previous report [37]. 

The catalytic layer was composed of 33 wt.% Nafion ionomer (1100 g/eq.) and 67 wt.% catalyst. In 

all experiments, the Pt loading was 0.3 mg cm
-2 

at both electrodes. MEAs were formed by a hot-

pressing procedure. A  Nafion 115 membrane (∼120 μm)  was used   in order to reduce the effect of 

H2 cross-over, to allow for a proper determination of  the mass activity at 0.9 V RHE.   
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Steady-state galvanostatic polarization experiments in PEMFC were performed in the presence 

of H2–O2 at various temperatures and R.H. under  pressurised conditions (3 bar abs) to avoid Nafion 

membrane dehydration above 80 °C. Electrochemical data were not corrected for gas cross-over. 

Cyclic voltammetry (CV) studies were carried out at 80 °C. Electrochemical active surface active 

area (ECSA) was determined from the integration of the hydrogen adsorption region, after 

correction for the double layer capacitance at 0.4 V and assuming that a charge of 210 µC cm
-2

 of 

real surface area was involved in the adsorption  process. Accelerated stress tests (AST)  were 

carried out under half-cell conditions in the presence of sulphuric acid electrolyte (0.5 M) by 

potential holding at 1.4 V RHE in the presence of N2 feed. A Ti grid as backing layer and current 

collector was used in these experiments. High electrochemical potentials occur in a fuel cell in the 

presence of a local fuel starvation or reverse current conditions  [2,3,41,42]. These represent the 

most critical situations which occur in a fuel cell affecting catalyst stability. In general, a driven 

electrode operation at 1.4 V RHE represents a relevant stress test providing, on a short time scale, 

information about degradation effects which are typical of long term fuel cell operation under 

normal conditions [3].  After the electrochemical stress test, the cathode layer was detached  and ex-

situ characterized by electron microscopy. 

The conduction properties of the support materials in the form of loose powders, as 

conventionally used in fuel cell electrodes, was determined in half cell  from the difference between 

the electrode series resistance recorded in the presence and absence of the support material on the 

electrode backing layer.   

Experimental details for the electrochemical studies  are provided in the Supplementary Material 

section. 

 

3. Results and discussion 

3.1. Ex-situ physico-chemical studies 
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The structure and morphology of the Ti0.75Ta0.25O2 support was studied by using X-ray 

diffraction and transmission electron microscopy (Fig. 1) whereas the Ti/Ta ratio was determined 

by X-ray fluorescence. The XRF results have essentially confirmed the nominal composition. Fig. 1 

shows the XRD patterns of the support revealing mainly the presence of an Anatase phase. An 

amorphous halo in the 2θ range 20-40° indicates that there is no complete conversion of the 

precursor amorphous colloidal oxide into Anatase at 400 °C. However, this mixed amorphous-

crystalline structure is analogous of that of carbon blacks, such as the Ketjenblack carbon used here 

for comparison. In most of the carbon blacks used in fuel cells, graphitic basal planes (sp
2
) are 

present in conjunction with amorphous  carbon (sp
3
) [1,2]. This mixed structure can favour the 

dispersion of the metal phase. No relevant occurrence of chloride or sulphur impurities from the 

precursors has been observed in this material from XRF. The TEM analysis showed the presence of 

a mesoporous structure and particle sizes in the range 10-20 nm for the oxide support (Fig. 1 inset) 

in agreement with the measured BET surface area of 150 m
2
/g.   

XRD analysis of the catalyst powders (Fig. 2) showed that both carbon and oxide-supported 

catalysts were characterised by a Pt or a Pt3Co1 disordered face centered cubic structure (fcc) 

related to the (Fm 3 m) space group (JCPDS card 04-0802).  Peaks corresponding to the main 

reflections of the hexagonal structure of carbon black (002) and Anatase structure of the oxide 

support were also observed (Fig. 2).  A shift of the diffraction peaks to higher Bragg angles for the 

face centered cubic  phase in the PtCo catalysts with respect to a pure Pt phase was evident (Fig. 2). 

This confirmed the occurrence of a Pt-Co metal alloy.  Mean crystallite size, lattice parameter, 

atomic ratio in the true alloy or degree of alloying, as derived from the analysis of 220 reflection in 

Pt or PtCo structure are reported in Table 1. Line broadening analysis of the 220 reflection  (Fig. 2)  

indicated a crystallite size of 2.9 nm for the carbon supported PtCo alloy whereas this was 2.9 nm 

and 3.9 nm in the oxide supported PtCo and Pt catalysts.  For both PtCo catalysts, a large lattice 

(A220) contraction compared to the  Pt  catalyst (A220=0.392)  corresponding to a specific degree of 

alloying  has been observed (Table 1). The Pt/Co atomic ratio in the alloy, as determined by XRD, 
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was about 4.4  and  3.2 in the samples based on oxide and carbon supports, respectively. These 

values were close to the nominal ratio and essentially similar to the atomic Pt/Co ratios obtained 

from XRF.  However, the degree of alloying was slightly lower in the oxide-supported PtCo 

catalyst compared to the carbon supported one. This could be due to the different thermal treatment 

experienced by these catalysts (reduction in hydrogen at 150 °C for the oxide-supported catalyst vs. 

carbothermal treatment at 600 °C for the carbon black supported catalyst). Such different thermal 

treatments were selected to obtain the same crystallite size for the Pt3Co1 phase in both materials as 

necessary to compare the different electrocatalytic activities as a function of the support.    

 TEM analysis (Fig. 3) has shown excellent dispersion for the carbon supported PtCo catalyst. 

Whereas, lower dispersion was observed for the oxide supported catalysts. The moderate surface 

area of the oxide support (150 m
2
/g vs. 850 m

2
/g for the Ketjenblack carbon) caused the occurrence 

of densely packed particles with very small inter-particle distance.  A different level of interaction 

between metal particle and support surface for the oxide and carbon black may be also responsible 

of the particle agglomeration in the oxide-based catalyst. However, a good coverage of the oxide 

support particles by the metal phase was observed. This is appropriate in order to favour the 

electronic percolation on the surface in the presence of a less conductive but electrochemically 

stable support [43]. A drawback of this approach sometime concerns with a reduced of Pt 

utilization.  The dimensions of metal particles in the TEM micrographs (4-5 nm) were slightly 

larger than the size of crystallite domains  derived from XRD.  

X-ray photoelectron survey spectra of the PtCo/oxide and PtCo/C catalysts are shown in Fig. 4. 

The typical Auger and photoelectron lines of Pt, Co, C and O were observed in the first sample 

whereas the second sample also showed similar lines for Ti and Ta. There was no significant  

evidence of impurities. An intense Pt4f signal was observed for the PtCo/oxide catalyst indicating a 

large coverage of the oxide support surface by Pt metal particles. Whereas, in the PtCo/C catalyst 

the carbon signal deriving from both carbon support and adventitious carbon was prevailing.  
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By comparing the Pt4f and Co2p photoelectron lines and their sensitivity factors, it was 

possible to estimate the Pt/Co atomic ratio. This was about 5 in both catalysts. Thus, a clear 

enrichment of Pt on the surface for both samples was present. This was probably caused by the pre-

leaching procedure in acid. The surface Ti/Ta atomic ratio was about 4  in agreement with the 

nominal value for the bulk. After deconvolution of the high resolution Pt 4f spectra for both 

PtCo/oxide and PtCo/C samples (Fig. 5), it was observed that in both cases there was a large 

prevalence of metallic Pt with a small fraction of Pt
2+

 species that reached an amount of 10% in the 

PtCo/oxide catalyst.  

It is derived from the XPS analysis that some surface characteristics relevant for the ORR, such 

as  Pt oxidation state  and Pt/Co ratio on  the surface, are essentially similar in these catalysts.   

XPS data of the Ta-doped Ti oxide support in the alloy catalyst are reported  in the 

Supplementary Material section (Fig S1). The analysis of the Ti2p3/2 region has indicated that Ti 

was mainly present on the surface as Anatase Ti
4+

 species (91 %) with a modest content of sub-

stoichiometric Ti
3+

 species (9%). The latter was much lower than the amount expected from electro-

neutrality considerations. However, such evidence does not exclude the presence of a larger amount 

of Ti
3+

 species in the bulk. The analytical XPS region of Tantalum (Ta4f) showed a strong  

overlapping  with the O2s signal (Fig. S2). This did not allow to quantify the oxidation states for 

Ta. The main peak of the Ta 4f doublet  has occurred at a B.E. of about 26.3 eV which 

corresponded to the Ta2O5 specie. 

The series resistance measured in half cell for the supports in the form of loose powders (no 

compression other than that used for the electrode lamination) was significantly higher for the 

doped oxide than the carbon black (0.4 vs. 0.05 Ohm cm
2
 mg

-1
). 

3.2  Electrochemical studies 

The performance of the three cathode catalysts for the oxygen reduction reaction was  

investigated in-situ in a membrane-electrode assembly using the same Pt/C anode. The anode was 

fed with hydrogen and, being only moderately polarised (few mV) at low current densities (ORR 
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mass activities for the cathode were recorded at 0.9 V RHE), it could be considered both as 

reference and counter electrode. This approach was also useful for the high current density region 

since it allowed a direct comparison of ohmic and mass transfer properties for the three 

electrocatalysts under investigation. Fuel cell polarization curves at 80 °C and full humidification 

are reported in Fig. 6 for the cathode catalysts under study. Under these conditions, it is clearly 

observed that the PtCo/C catalyst performs better than the oxide-supported alloy. Whereas, the 

PtCo/oxide shows both superior electrocatalytic activity and higher performance than the Pt/oxide 

catalyst. Beside a lower electrocatalytic activity, further polarization constraints at relevant current 

densities are observed for the oxide-supported catalysts. A larger slope at intermediate current 

densities for the oxide-supported catalysts is indicative of a larger ohmic drop caused by the 

semiconducting properties of the Ta-doped Ti oxide. This reveals that, despite the aim to cover a 

good fraction of the oxide surface with metal particles, part of the electronic percolation in the 

present catalysts occurs through the bulk. Mass transport constraints at high current densities for Pt 

and PtCo/oxide catalysts possibly derive by the fact that the oxide support affects the 

hydrophobicity of the catalytic layer causing flooding of the cathode at high current density under  

low temperature and high relative humidity (80 °C, 100 % R.H.) operating conditions. 

To get more information onto these aspects,  ac-impedance spectra for the various catalysts 

were carried out at 0.7 V (a cell potential of practical interest) at 80 °C and 100 % R.H. (Fig. 7).  

The cell made of the carbon supported PtCo catalyst has shown similar values of series and 

polarization resistances, about 0.1 Ohm cm
2
. The series resistance was 0.18 Ohm cm

2
 for both 

oxide supported catalysts; this indicated that some ohmic polarization constraints were due to the 

semiconducting support; the polarization resistances were 0.32 and 0.6 Ohm cm
2
 for the oxide 

supported PtCo-alloy and Pt electrocatalysts, respectively.  

On a quantitative basis, the polarization losses for the PtCo/oxide vs. the PtCo/C catalyst are 

about twice of the electronic percolation losses. This suggests than an improvement of the 

PtCo/oxide catalyst morphology is more urgent than the improvement of the support conductivity. 
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In the polarization curves of Fig. 6, at 1 A cm
-2

 (a current density of practical interest), the potential 

loss, passing from PtCo/C to PtCo/oxide  catalyst, is about 200 mV and even larger for the Pt/oxide 

catalyst. From the ac-impedance spectra, we can derive that, at  1 A cm
-2

, a potential loss of about 

80 mV is due to the ohmic drop and the remaining loss of 120 mV must be ascribed to 

electrokinetic and mass transport constraints (flooding) in the oxide supported catalyst. 

Ohmic drop-corrected Tafel plots for the oxygen reduction reaction (ORR) with the current 

normalised with respect to the Pt loading are shown for the three catalysts in Fig. 8 at 80 °C. The 

Tafel slope was around 70 mV/dec for the PtCo catalysts in agreement with a Temkin adsorption 

condition for the coverage of oxygenated species [44]. The potential difference for the two PtCo 

catalysts in the Tafel plots was around 100 mV in the eletrokinetic region. This gap can be 

attributed almost entirely to the electrokinetic losses. The mass activity at 0.9 V RHE has increased 

from 32 to 316  mA/mgPt (about one order of magnitude) passing from PtCo/oxide to PtCo/C 

catalyst. In the literature, a mass activity at 0.9 V RHE of 18 mA/mg and a Tafel slope of 113 

mV/dec at ambient temperature have been recently reported for a composite Pt/TiO2-carbon catalyst 

[27]. Whereas, there are not many reports concerning with the mass activity determination under 

practical fuel cell operating conditions for oxide-supported catalysts. At 0.85 V RHE, the mass 

activity of the PtCo/oxide catalyst has reached 186 mA/mgPt that was just slightly lower than that 

recorded for the best Pt/Ebonex catalysts (219 mA/mg @ 0.85 V RHE) [19]. However, it is 

observed that the performance in a fuel cell at conventional operating conditions is still not 

appropriate for the present oxide supported PtCo alloy.  By examining the in-situ CV profiles (Fig. 

9), it appears evident that the electrochemically active surface area is significantly lower for the 

oxide-supported catalysts (Table 1). On the other hand, it can be observed a shift of the Pt-oxide 

reduction peak towards higher potentials (from 0.71 to  about 0.8 V RHE)  for the oxide-supported 

catalysts compared to the carbon supported one (Fig. 9). This may be indicative of a better intrinsic 

(specific) activity for the oxygen reduction [45-46]. Such effect is not necessarily caused by the 

different supports but it may be due to the Pt particle agglomeration and the lower active surface 
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area in the oxide-supported catalysts [47-49]. However, such possible increase in specific activity 

does not compensate the negative effects of the decrease of surface area. Since the dimension of the 

primary crystallites was similar in these catalysts as observed  from XRD, we should assume that 

the agglomeration in the oxide supported catalysts is mainly responsible for such poor 

electrochemical active surface area. On the other hand, such agglomeration of particles on the 

support to form an almost continuous metal layer appears appropriate in order to improve electronic 

percolation through the surface for the modest conductivity of the oxide. However, this approach, in 

parallel, decreases the catalyst utilization and a proper compromise appears thus necessary. Beside  

this aspect, the catalyst-support interaction may affect the value of surface area for the oxide 

supported catalysts. The interaction between oxide support and dispersed metal catalyst was studied 

in the literature by X-ray absorption near edge structure spectroscopy (XANES)  [22]. It was shown 

that this interaction can cause a decrease of OH coverage on Pt and an enhancement of the specific  

activity. The oxide support  may also cause spillover effects for other adsorbed species such as 

hydrogen. Accordingly, a decrease of the current density for the Pt-H and Pt-OH waves is expected 

in the case of strong-metal support interaction since the Pt atoms involved in this strong bond with 

the support are not available for the electrochemical process. Thus, the metal-support interaction 

may significantly affect the ECSA in the oxide-supported catalyst [19, 50,51]. 

By increasing the temperature at 100 °C under pressurised conditions and maintaining full 

humidification, the oxide supported catalysts showed still relevant electrokinetic losses with respect 

to the PtCo/C catalyst (Fig. 10a). A larger slope at high current densities was also present. This 

could be due to the ohmic drop induced by the oxide support (Fig. 10a). However, the mass 

transport limitations previously envisaged for the oxide supported catalysts were not observed at 

100 °C, possibly due to the fact that the higher temperature promotes mass transport or reduces the 

flooding of the catalytic layer. The voltage gap at 1 A cm
-2

 was decreased for the two PtCo catalysts 

from 200 mV to 160 mV passing from 80 ° to 100 °C (Fig. 10a). Being the series resistance similar 

to that observed at 80 °C, this decrease of voltage gap can be assigned to a decrease of 
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electrokinetic and mass transfer constraints. Ohmic drop-corrected Tafel plots are reported in Fig. 

10b. In this specific case, the voltage gap at 100 °C between  the two PtCo catalysts was 50-60 mV 

whereas it was 100 mV at 80 °C. Thus, the decrease of voltage gap was mainly due to improved 

reaction electrokinetics for the oxide supported catalyst and in a minor part to enhanced mass 

transfer characteristics. By decreasing at 100 °C the R.H. to 33% at 100 °C, the overall voltage gap 

at 1 A cm
-2

 between the two PtCo catalysts was further decreased to 136 mV (Fig. 11a)  with 

respect to 160 mV under full humidification at the same temperature; however, the difference in 

potential in the Tafel plots has remained 60 mV (Fig. 11b)  indicating that a change of R.H. under 

this conditions does not affect electrokinetics but probably reduces the flooding. The mass activity 

of the PtCo/oxide catalyst for ORR at 100 °C, 33% R.H. and 0.85 V RHE was larger than that 

recorded at 80°C, 100% R.H. at the same potential (251 vs. 186 mA/mg). It is worth considering 

that under pressurised conditions at 100 °C, there were no significant effects of ionomer dry-out in 

the catalytic layer; however, at 33% R.H., a slight increase of ohmic resistance associated to proton 

transport in the membrane was observed. The different ohmic behaviour for the MEA based on 

oxide or carbon black  supports, observed at 80°C under full humidification, appeared less 

exacerbated at high temperature and lower R.H.  

The performance of these catalysts was thus investigated under conditions that are generally 

relevant for automotive applications i.e. intermediate temperature (110 °C) and low relative 

humidity (R.H. 33%). Under such conditions, the proton transport in the membrane and ionomer 

dry-out effects in the catalytic layer may play an important role and affect the catalytic activity at 

the interface. An increase both in terms of voltage drop in the activation region and slope at 

intermediate current density were observed in the polarization curves (Fig. 12a). The performance 

of the Pt catalyst was much lower than that of the PtCo alloys (Fig. 12a). The PtCo/oxide catalyst 

performance was approaching that of the carbon supported catalyst with a voltage gap of just 60 

mV (Fig. 12a) observed in a wide current density range of practical interest (400-900 mA cm
-2

). 

Under these conditions (110 °C and 33 % R.H.), the main drawbacks of the PtCo/oxide catalyst vs. 
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the carbon supported one, i.e. lower electrochemically active surface area and electronic 

percolation, has appeared less relevant than at 80 °C. It seems that the elevated temperature can 

promote reaction kinetics for the oxide supported PtCo catalyst through mitigation of  the effects 

related to a less effective water assisted  proton transport mechanism. In other words, we think that 

the hydrophilicity of the oxide support and its water retention properties, already demonstrated in 

fuel cell [52], are of relevant impact for high temperature operation since these characteristics can 

mitigate ionomer dry-out effects. The TG analysis of the Ta-doped Ti-oxide support (Fig.12b) 

showed a continuous weight loss until 300 °C. The DSC profile showed an endothermic peak at 

about 50 °C and an exothermic peak at about 300 °C corresponding to the loss of physically and 

chemically adsorbed water. This evidence was compatible with the water retention mechanism at 

intermediate temperatures during fuel cell operation. A second weight loss mechanism, clearly 

distinguishable from the first one but significantly smaller, was observed above 325 °C. This was 

ascribed to the removal of surface hydroxyl groups (there were no organic residues in this sample 

being prepared from an inorganic route). The latter process showed an endothermic  peak at 400 °C 

partially overlapping with the one occurring at 300 °C. Since the material was prepared at 400 °C, 

its thermal properties were not investigated at very high temperatures. It is pointed out that the 

sample was characterised by the crystallographic Anatase structure in the low temperature range. At 

650 °C, the onset of the  phase transition to Rutile was observed. The water retention characteristics 

of the oxide support can allow to recover part of the performance gap with respect to carbon–

supported electrocatalysts or promote the ORR under automotive relevant operating conditions. 

As discussed above, one relevant problem affecting carbon supported Pt catalysts is their poor 

stability at high electrochemical potentials. High potentials are experienced by the catalyst during 

cycled operation, during OCV transients and under fuel starvation conditions [2,3,41,53, 54]. These 

aspects  are especially relevant for the automotive applications since they affect the life-time of the 

fuel cell stack [3]. The use of an oxide instead of a carbon black or a graphitic carbon support is 

promoted by the perspective of achieving an increased stability under critical conditions. The most 
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used accelerated stress test (AST) protocols in the literature consist in electrochemical step cycles 

between 0.6 and 0.9 V under fuel cell operation or cycling voltammograms in half cell in the range 

0.05-1.25 V [33,38,55,56].  However, these stress tests do not account for the fuel starvation 

condition (potential increase up to 1.4 V RHE) and are considered much less aggressive with 

respect to a potential holding experiment  at high electrochemical potentials [3,55]. In fact, the 

electrochemical corrosion is essentially driven by the electrochemical potential and the acidic 

environment whereas relative humidity and temperature play a minor role [4-6]. Accordingly, we 

have analysed the variation of electrochemical active surface area for the three catalysts in a 

sulphuric acid electrolyte  half cell after potential holding at 1.4 V RHE using a Ti grid as both 

backing layer and current collector.  

The variation of normalised ECSA, i.e. the ECSA recorded during the experiment, referred to its 

value at the beginning of the test, is reported as a function of time in Fig. 13. Under such extremely 

corrosive conditions, the carbon supported PtCo catalyst shows a dramatic decrease of 

electrochemical active surface area. After 2 h at 1.4 V RHE, about 50% of ECSA is lost in the 

PtCo/C catalyst (Fig. 13).  This result is the direct consequence of carbon oxidation to CO2. Since 

Pt nanoparticles are supported on carbon, when the support is corroded,  these are lost into the 

ionomer or in the membrane forming electrically isolated Pt particles. Completely different is the 

situation for  Pt and PtCo catalysts dispersed on the oxide support. The oxide is inert under these 

conditions, moreover, at 1.4 V RHE, a stable and protective  Pt-oxide layer is formed. Curiously, 

the ECSA increases with respect to its initial value at the beginning of the stress test in both oxide-

based catalysts (Fig. 13). This increase is the largest for the Pt/oxide catalyst where an almost 100% 

increase in ECSA is recorded before reaching a steady-state condition (Fig. 13). At the moment, it 

is difficult to interpret this phenomenon. It may be  due to a surface corrugation induced by the 

formation of the oxide layer; however, such an increase of ECSA should be in principle more 

pronounced in the case of PtCo since Co atoms on the surface can be leached under corrosive 

conditions. Whereas, the PtCo/oxide catalyst shows a less pronounced effect. As speculative 
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hypothesis, we can assume that the metal-support interaction is diminished  under these oxidizing 

conditions and some Pt sites which were involved in the metal-support interaction are available for 

the electrochemical process after this electrochemical activation. It is useful to mention that a large 

OHad coverage on the electrode surface has been observed in the literature for Pt dispersed on a 

ceramic support compared to Pt/C [57]. This effect could influence the ECSA causing remarkable 

enhancement during operation [57]. 

TEM observations of the catalytic layers scraped from the electrodes (Fig. 14), apparently, do 

not show relevant morphology change in the Pt/oxide catalyst after the stress test at 1.4 V RHE. 

Indeed, the presence of the ionomer/oxide catalyst mixture does not allow to distinguish clearly the 

primary  particles in this catalyst. However, at the edges of the support agglomerates, we can see 

primary particles with a slightly enhanced interparticle distance with respect to the raw material 

(Fig.14). In the case of PtCo/C subjected to the degradation test at  1.4 V RHE, it is clearly 

observed a strong degradation of the carbon black support, a growth of metal particles with respect 

to the raw catalyst,  the presence of uncatalysed regions as compared to the raw material. These 

relevant changes of the morphology clearly indicate that dissolution and re-precipitation phenomena 

which involve  Pt particles have occurred during the test and such evidences provide an explanation 

for the large loss of surface area.   

The accelerated stress test at 1.4 V RHE reveals that the oxide supported PtCo catalyst is 

substantially stable under extremely corrosive conditions. Thus,  during the life-time of the fuel cell 

system, this oxide supported catalyst may reach and surpass the performance of a carbon black 

based catalyst that instead experiences strong degradation effects due to the electrochemical 

corrosion of carbon. Thus, it is important a further progress to produce an amelioration of the 

performance of the oxide-supported alloy catalyst in combination with the perspectives of enhanced 

stability. In parallel, the addition of a stable conductive carbonaceous material into ceramic supports 

may be also promising. This has shown to greatly improve the ECSA while assuring increased 

stability [58]. 
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4. Conclusions  

Ta-doped Ti-oxide supported Pt and PtCo alloy catalysts have been  investigated for the oxygen 

reduction process in PEMFCs. The relevant properties of these materials for operation as cathode in 

PEM fuel cell were compared to those of a carbon supported Pt3Co1 alloy.  This  is considered as 

one of the most performing and reliable materials among the cathode catalysts presently used in fuel 

cells.    

All catalysts were characterised by a similar crystallite size; however, the carbon supported one 

was performing better in fuel cell under low temperature operation due to a larger electrochemical 

active surface area and lower ohmic drop constraints. The oxide-supported PtCo alloy showed 

superior electrocatalytic activity than the Pt/oxide catalyst. The performance gap between oxide-

supported and carbon-supported PtCo alloys was progressively decreased by increasing operating 

temperature and decreasing relative humidity. This behaviour appears to be related to the 

hydrophilicity of the oxide support and its water retention properties at intermediate temperature. 

Such characteristics may significantly reduce the drawback of ionomer dry-out under automotive 

operating conditions (high temperature and low relative humidity). It was observed that at 110 °C  

and 33% R.H., the cell potential for the carbon and oxide-supported cathode electrocatalysts 

differed by only 60 mV. As a relevant aspect, oxide supported catalysts showed a much better 

resistance to electrochemical corrosion than the carbon supported one in an accelerated stress test at 

1.4 V RHE. Thus, a larger durability is expected for the oxide supported catalysts. 

Accordingly, it is derived that supporting a Pt alloy on doped Ti-oxides is a promising route for 

enhancing PEM fuel cell stability. This approach is also useful to enhance the oxygen reduction 

reaction at intermediate temperatures and low R.H. due to the suitable water retention 

characteristics of the oxide support. Both aspects appear of relevant interest for automotive 

applications.  
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Captions to Figures 

Fig. 1 XRD patterns and TEM micrograph (inset) of the Ti0.75Ta0.25O2  support used for preparing 

fuel cell catalysts. 

Fig. 2  XRD patterns of oxide supported Pt and PtCo alloy and carbon supported PtCo alloy. 

Fig. 3 TEM micrographs of oxide supported Pt (a) and PtCo alloy (b) and carbon supported PtCo 

alloy (c). 

Fig. 4 X-ray photoelectron survey spectra of oxide supported  and carbon supported PtCo catalysts. 

Fig. 5 High resolution X-ray photoelectron spectra of the Pt4f region in oxide supported  and 

carbon supported PtCo catalysts. 

Fig. 6 Polarization curves for the PEM fuel cells based on  oxide supported Pt (a) and PtCo alloy (b) 

and carbon supported PtCo alloy (c) at 80 °C and 100 % R.H. 

Fig. 7 Ac-impedance spectra at 0.7 V for the PEM fuel cells based on  oxide supported Pt (a) and 

PtCo alloy (b) and carbon supported PtCo alloy (c) at 80 °C and 100 % R.H. 

Fig. 8 IR-free Tafel plots for oxide supported Pt (a) and PtCo alloy (b) and carbon supported PtCo 

alloy (c) at 80 °C and 100 % R.H. 

Fig. 9 In-situ cyclic voltammetry for oxide supported Pt (a) and PtCo alloy (b) and carbon 

supported PtCo alloy (c). 

Fig. 10 Polarization curves (A) and corresponding Tafel plots (B) for oxide supported Pt  (a) and 

PtCo alloy (b), and carbon supported PtCo alloy (c) at 100 °C, 100 % R.H., 3 bar abs. 

Fig. 11  Polarization curves (A) and corresponding Tafel plots (B) for oxide supported Pt (a) and 

PtCo alloy (b), and carbon supported PtCo alloy (c) at 100 °C and 33 % R.H., 3 bar abs. 

 Fig. 12 (a) Polarization curves for oxide supported Pt and PtCo alloy, and carbon supported PtCo 

alloy at 110 °C and 33 % R.H., 3 bar abs. (b) TG-DSC curves for the Ta-doped Ti-oxide. 

Fig. 13 Variation of the normalised electrochemically active surface area for oxide supported Pt  

and PtCo alloy, and carbon supported PtCo alloy during an accelerated stress test in half cell 

consisting of potential holding at 1.4 V (RHE).  
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Fig. 14 TEM micrographs of oxide supported Pt (a) and carbon supported PtCo (b) electro-catalysts 

after the accelerated stress test at 1.4 V vs. RHE. 
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Table 1 

Catalyst properties. 

 

Cathode catalysts 

 

Overall 

Pt/Co 

at. ratio 

(XRF) 

 

Alloy 

Pt/Co  

at. ratio 

(XRD) 

 

 

A220  

 

 

 nm  

 

Crystallite 

size  

(XRD)  

 nm  

 

ECSA  

 

(CV) 

 m
2
/g  

50% Pt3Co1/C  3.4 3.2 0.383 2.9 55.0 

40% Pt3Co1/ Ti0.75Ta0.25O2   3.2 4.4 0.385 2.9 12.1 

40% Pt/Ti0.75Ta0.25O2   - - 0.391 3.9 5.5 
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