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1. Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
have been considered a promising alternative to replace fos-
sil fuels in the transport sector. Nonetheless, maintaining 
high performance at the cathode side after extensive use re-
mains a key challenge for meeting the strict performance 
demands of automotive applications[1]. Typically, the ca-
thodic oxygen reduction reaction (ORR) requires the use of 
Pt-based catalysts - usually, Pt dispersed over carbon (Pt/C). 
Particularly during long-term operation, ORR electrocata-
lysts become less electron-conducting due to the transfor-
mation of graphitic carbon into amorphous domains upon 
uptake of capacitive groups. Moreover, carbon corrosion 
can lead to the detachment of the metal-active (Pt) nano-
particles from the support, which might result in system fail-
ure[2]. Therefore, different strategies have been introduced 
to prevent the adverse effects of the poor stability of 
PEMFC. An interesting strategy consists of using corrosion-
resistant and non-noble metal oxides as supports to partially 
replace carbon blacks. For instance, Nb2O5, TiO2, SnO2, 
Ta2O5, and WO3, among others have been studied as prom-
ising alternatives[3]. However, the development of ORR sup-
ports using metal oxides can be challenging since most of 
them reveal poor conductivity and low surface area. Typi-
cally, metal oxides performance improves when dopants are 
used to increase their conductivity. In this work, Pt nanopar-
ticles were dispersed over fluorine-doped SnO2-decorated 
carbon supports through an easy-to-use and scalable polyol 
method. Fluorine-doped tin oxide (FTO) displays higher 
chemical, mechanical, and thermal resistances than other 
doped tin oxides, such as indium (ITO), antimonium (ATO), 
or niobium (NTO)[4]. In fact, FTO is a low-cost conducting 
metal oxide that has been widely used in different applica-
tions ranging from solar cells, sensors, diodes, and lithium 
batteries[5]. Nevertheless, to the best of the authors’ 
knowledge, this work shows for the first time the role of flu-
orine doping level in improving the electrical conductivity of 
SnO2 to be used in hybrid supports for Pt-based ORR cata-
lysts. The stability of Pt/C/FTO electrocatalysts was studied 
by performing an accelerated stress test (AST) that consisted 
in 6000 potential cycles between 0.6 and 1.0 V (vs RHE). The 
results showed the extremely superior corrosion-resistance 
of C/FTO supports in acidic and oxidative environments 
compared to a Pt/C reference.  

2. Experimental

2.1 Preparation of Pt/C/FTO catalysts 

A sample of 26 mg of tin-precursor (SnCl2⸱2H2O; Sigma 
Aldrich) and 80 mg of Vulcan (Cabot Corporation) was dis-
persed in 60 mL of ultra-pure water @ pH 8. The solution 
was stirred for 2 h at 90 °C. The obtained powder was redis-
persed in 40 mL of MilliQ-water. Subsequentially, NH4F (Alfa 
Aeser) was added to the support solution which was stirred 
at 90 °C during 2 h. Distinct amounts of NH4F were used: 4, 
8, 12, and 16 mg, which corresponds to 1:1, 2:1, 3:1 and 4:1, 
molar F:Sn ratios. Then, the as-prepared supports were fil-
tered under vacuum, washed with MilliQ-water, and dried 
at 100 °C overnight. The relative C/SnO2 was produced using 
the same procedure[6]. Afterward, 80 mg of support was 
dispersed in an aqueous solution of 1:6 (v/v) ethane-1-2-diol 
(VWR Chemicals), with 20 wt.% of Pt-precursor H2PtCl6∙6H2O 
(Sigma Aldrich). Finally, the synthesis was performed by re-
fluxing the colloidal solution for 6 h under continuous stir-
ring. The reacting mixture was cooled down and the ob-
tained catalyst was filtered under vacuum, washed with Mil-
liQ-water, and dried at 100 ˚C overnight. The produced cat-

alysts were denoted as 4Pt/C/FTO, 8Pt/C/FTO, 12Pt/C/FTO, 
and 16Pt/C/FTO, according to the amount of NH4F used dur-
ing the synthesis process. 20 % Pt/C/SnO2 and a commercial 
20 % Pt/C (Alfa Aeser) were used as benchmark catalysts.  

2.2 Electrochemical characterization 

The electrochemical tests were carried out using a rotat-
ing disk electrode (RDE) from PineResearch. A carbon rod 
was used as an electron-donor whereas a saturated Ag/AgCl 
in 3 M KCl(aq) was used as the reference electrode. A sam-
ple of 5 mg of catalyst was dispersed via ultrasonication in 2 
mL of isopropanol (VWR) and 8 mL of water (Mili-Q); 40 µL 
of Nafion ionomer (Quintech, 5 wt.%) was added to the so-
lution. Then, 20 µl of catalyst suspension was deposited 
onto the glassy carbon electrode (0.196 cm2; working elec-
trode) and dried under rotation of 700 rpm at 25 °C. The 
ohmic-drop was subtracted from the electrode potential by 
performing the electrochemical impedance spectroscopy 
(EIS) at 0.4 V using a small amplitude perturbation of 5 mV 
in the frequency range of 1 kHz to 980 Hz to obtain the im-
pedance assigned to the electrolyte. Cyclic voltammograms 
(CVs) were obtained by sweeping the potential of the work-
ing electrode at 20 mV∙s-1, under an inert atmosphere and 
immersing in 0.1 M HClO4(aq) (70 % conc. Sigma Aldrich) 
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electrolyte. The ORR performance was evaluated by per-
forming Linear Sweep Voltammograms (LSVs) in O2-satu-
rated 0.1 M HClO4(aq) electrolyte at 25 °C. LSVs were ob-
tained by scanning the potential of the working electrode 
from 0.05 to 1 V at a scan rate of 20 mV∙s-1 with a rotation 
rate of 1600 rpm. The accelerated stress test (AST) consisted 
in cycling the potential between 0.6 and 1.0 V vs RHE for 
6000 cycles at a scan rate of 100 mV∙s-1 in O2-saturated elec-
trolyte. 

 
2.3 Membrane Electrode Assembly (MEA) preparation 

A cathodic electrode was prepared via spray deposition 
using an airbrush and nitrogen as carrier gas. The catalyst 
ink was prepared by redispersing the catalyst powder 
(Pt/C/FTO) in a 1:4 (v/v) water to isopropanol solution. The 
ratio between Nafion ionomer (Quintech, 5 wt.% solution) 
and the loading of total solid nanoparticles was set to 20 
wt.%. The Pt loading was defined as 0.3 mgPt∙cm-2 using an 
active area of 6.25 cm2. 28BC gas diffusion layer (Quintech) 
was chosen for the cathode side and Nafion 212 (Quintech) 
was used as the membrane. At the anode side, a commercial 
gas diffusion electrode (GDE; Fumatech) was used, loaded 
with 0.3 mgPt∙cm-2 of a Pt/C catalyst. The MEA was assem-

bled in a fuel cell (Pragma cell) with carbon-based bipolar 
plates grooved with a single serpentine flow field. The oper-
ating pressure of 1.5 bar (absolute) was kept constant on 
both electrodes. The relative humidity (RH) was set to 100 
% using two external humidifiers, while the cell temperature 
was kept at 80 ˚C. The conditioning (break-in) step was con-
sidered completed when the cell achieved a stable current 
density at 0.6 V. The polarization curves were recorded in 
the galvanostatic mode under stoichiometric H2/Air. AST 
was performed by cycling the potential between 0.6 V and 1 
V vs RHE, for 6000 cycles at 100 mV∙s-1. The electrochemical 
results of the most promising Pt/C/FTO were compared to 
those obtained employing commercially available GDEs (Fu-
matech; 0.3 mgPt∙cm-2) in both electrodes. 

3. Results 

CVs and LSVs, Fig. 1 a) and b) respectively, were carried 
out to determine the ORR catalytic activity of the prepared 
catalysts and exhibited mostly the classical behavior ob-
served on Pt-based catalysts between 0.05 and 1 V vs RHE. 
The performance dependence with the loading of F is evi-
dent, which is particularly noticeable in the ohmic region. 
The catalyst 8Pt/C/FTO showed higher ECSA, ORR mass-ac-
tivity, and ORR diffusion-limited current at 0.4 V (vs RHE), as 
well as lower ohmic drop. Thus, this was considered the op-
timal content of fluorine in the SnO2 structure. In fact, a 
small change of F content produces catalysts with ohmic 
and/or mass-transport issues. Interestingly, all catalysts sup-
ported on C/F-SnO2 showed a redox peak at anodic/cathodic 
0.7/0.6 V (vs RHE) potentials not seen for common Pt/C cat-
alysts. This behavior is linked to a modification of Pt surface 
by the redox couple Sn (II)/Sn (IV)[7], enhanced by the pres-
ence of the highly electronegative F in the SnO2 lattice. This 
effect shows the strong interaction between Pt and FTO na-
noparticles, which in turn might play an important role in the 
overall ORR stability of the catalyst. 

 
 
Fig. 1 a) CVs at beginning of life (BoL) of Pt/C/FTO catalysts pro-
duced using distinct loadings of fluorine, compared to that ob-
tained with no addition of dopant - Pt/C/SnO2; in Ar-purged 0.1 M 
HClO4 and b) LSVs at BoL in O2-purged 0.1 M HClO4 electrolyte at 
1600 rpm. Scan rate of 20 mV∙s−1. 

Canestrato et. al, designed a theoretical model that con-
sidered the existence of three types of F dopants on SnO2: F 
on oxygen sites, F on interstitial sites, and neutralized defect 
complexes by the presence of these two types of fluorine[8]. 
The authors assumed that at critical doping levels, the 
proper incorporation of fluorine in the SnO2 lattice positions 
results in increased conductivity, as fluorine act as a donor 
species providing free carriers. However, at higher doping 
levels, FTO conductivity decreases, as shown in the electro-
chemical results. In fact, higher amounts of F can create in-
terstitial F atoms that act as compensating acceptors, which 
in turn leads to a decrease in FTO conductivity. Additionally, 
because the radius of fluorine is slightly smaller compared 
to oxygen (1.33 and 1.40 Å, respectively), the lattice of tin 
oxide is contracted with F substitutional incorporation[9]. 
Therefore, as the amount of F dopant increases, the cata-
lysts exhibit a well-defined volcano-type dependency be-
tween contraction percentage and ORR activity. At a critical 
FTO contraction point, the Pt-Pt (dispersed over the sup-
port) distance is lower, and thus, the adsorption of the oxy-
genated species becomes less strong, enhancing the ORR ki-
netics.  

Fig. 2 shows the thermal behavior of the most promising 
samples. Thermogravimetric analyses (TGA) were per-
formed using a thermogravimetric analyser (TG 209 F1 iris, 
NETZSCH). The highest mass loss observed between 350-
500 °C is related to carbon decomposition. According to TGA 
residual weight, Sn content is approximately 15 %; conse-
quently, the optimal F content in 8Pt/C/FTO is ca. 5 ± 1 %. 
 

 

Fig. 2 Thermograms recorded under oxygen flow, from 25 ̊ C to 700 
˚C, at 5 ˚C∙min-1.  

The best performing catalysts were subjected to an AST 
consisting of 6000 cycles between 0.6 - 1 V (vs RHE) under 
oxygen at 100 mV∙s-1 and 25 °C. Table 1 highlights the 
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exceptional stability of 8Pt/C/FTO, whereas Pt/C was com-
pletely outperformed upon accelerated degradation. In de-
tail, 8Pt/C/FTO retained 100 % of its initial ECSA and ORR 
mass-activity after 6000 cycles, while the commercial Pt/C 
catalyst lost 32 % of ECSA and 33 % of ORR mass-activity at 
0.9 V (vs RHE).  Undoubtedly, the presence of FTO and SnO2 
was beneficial in terms of less structural modifications in the 
electrode since minor changes can also be noticed in their 
mass-transport region, Table 1.  

Table 1 Electrochemical parameters of the most promising cata-
lysts, before and after applying the degradation protocol; consid-
ering RDE measurements. 

 

To the best of the authors’ knowledge, this work shows 
for the first time the potential of C/FTO supported catalysts 
towards ORR under single-cell tests for PEMFCs. Fig. 3 a) 
represents 8Pt/C/FTO performance curves obtained at 80 
˚C, 100 % RH, and 1.5 bar. The AST protocol was repeated to 
assess the electrochemical stability of each catalyst loaded 
in the cathode of the prepared MEAs. 

 

Fig. 3 a) Performance curves of 8Pt/C/FTO applied as the cathodic 
catalyst and b) single-cell performance of commercial GDEs (Pt/C, 
0.3 mgPt∙cm-2); under 100 % RH, 80 ˚C and 1.5 bar with stoicheio-
metric H2:Air, before and after potential cycling between 0.6 and 1 
V (vs RHE) during 6000 cycles. 

Despite commercial GDEs having exhibited slightly higher 
power density at BoL, Fig. 3 b), the corrosion-resistance of 
8Pt/C/FTO was remarkably superior throughout the entire 
stability test. The outstanding stability of 8Pt/C/FTO largely 
surpasses the results reported for promising catalysts such 
as Pt/C/TiO2 [10], Pt/C/SiO2[11], or Pt/Mn-CNF [12]. 

4. Conclusions 

The stability and ORR activity of Pt/C/FTO are highly de-
pendent on the F doping level, following a volcano-type be-
havior. When the optimal content of F is used - F/Sn 2:1 mo-
lar ratio - fluorine ions (F-) replace O2- ions in SnO2 lattice, 
contributing to free electrons which promotes the higher 
conductivity of FTO. The most promising catalyst - 
8Pt/C/FTO - revealed a remarkable 100 % stability when ap-
plied as ORR catalyst, even after 6000 cycles between 0.6 
and 1 V (vs RHE). These results reveal a quite encouraging 
stability of Pt-based catalysts supported on C/FTO for mo-
bile applications. 

Following this work, 8Pt/C/FTO-based catalyst layers for 
single-cell tests must be optimized, particularly by applying 
advanced coating processes and drying techniques. 
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Catalyst 
ECSA 
(m2∙gPt

-1) 

Mass Activity 
@ 0.9 V  
(mA∙mgPt

-1) 

j @ 0.4 V  
(mA∙cm-2) 

8Pt/C/FTO 28.0 58.8 5.56 

8Pt/C/FTO 6k 31.5  58.8 5.45 

Pt/C/SnO2 20.1 49.0 5.39 

Pt/C/SnO2 6k 24.5  39.2  5.31 

20 % Pt/C 34.9 58.8 5.25 

20 % Pt/C 6k 23.8  39.2  4.89 




