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Abstract: The oxygen reduction reaction (ORR) is an important challenge in the development and
large-scale distribution of energy conversion devices, especially low-temperature proton exchange
membrane (PEM) fuel cells. In order to speed up the ORR kinetics and improve fuel cell performance,
iron-doped calcium titanate (CTFO) is proposed as a cocatalyst. Fundamental physical and chemical
characterizations by means of X-ray diffraction, infrared spectroscopy, and morphological and thermal
analyses for the understanding of the functional features of the proposed materials were carried
out. Composite catalysts containing different amounts of CTFO additive with respect to platinum
(i.e., Pt:CTFO 1:0.5 and 1:1 wt:wt) were studied using a rotating disk electrode (RDE). Fuel cell tests
were performed at 80 ◦C under 30% and 80% relative humidity. The best Pt:CTFO composite catalyst
was compared to a bare Pt/C and a Pt/C:CaTiO3−δ 1:1 catalyst, revealing superior performances
of the latter at high relative humidity fuel cell operation, as a combined result of an optimized
electrolyte-electrode interface and improved ORR kinetics due to the inorganic additive.

Keywords: CaTi0.8Fe0.2O3−δ cocatalyst; oxygen reduction reaction; PEM fuel cell

1. Introduction

Considerable attention has been spent on low-temperature proton exchange membrane
fuel cells (PEMFCs) due to their zero-pollutant emission, high power density, and high
efficiency [1]. The fundamental component of a PEM fuel cell is the membrane electrode
assembly (MEA), which comprises a polymer electrolyte membrane interposed between
the anode and cathode electrodes. At the current stage in technology, platinum (Pt)-based
materials and Nafion represent the standard catalysts and electrolytes, respectively [2,3].

On the one hand, Pt catalysts show high catalytic activity, high stability, and corrosion
resistance under fuel cell operating conditions; on the other hand, the Nafion membrane
provides high proton conduction and electronic insulation and may act as a physical barrier
supporting the separation of reactant gases.

However, to guarantee good fuel cell performance, a high hydration level (100% RH)
and high temperatures are required to promote Nafion proton conductivity and facilitate
electrode reactions [4,5]. Nevertheless, a PEM fuel cell must maintain the right balance
between the hydration level inside the cell and the water produced at the cathode side.
Otherwise, the flow of gases to the electrode could be obstructed because of the waterlogged
electrode phenomenon, contributing to the final cell resistance [6,7]. Consequently, the
optimization of PEM fuel cell components, aiming to work at high temperatures and low
relative humidity, becomes necessary [8]. Moreover, the commercialization of PEMFCs
is impeded because of the high cost of the above-mentioned components; the highest
contribution to the overall cost of the cell is provided by the platinum catalysts. The
prohibitive cost and scarcity of Pt have pushed researchers to find alternative electrode
materials without undermining the catalytic performance of the cell [9,10].
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Major attention has focused on the oxygen reduction reaction (ORR), which is the main
rate-determining step in these devices, causing a rise in fuel cell overpotentials [11–13]. A
high loading of a noble metal is needed to achieve an efficient ORR.

One way to design an active oxygen cathode material is based on the modification
of conventional Pt/C catalysts using appropriate non-noble metal oxides as cocatalysts
and supports promoters in both acidic and alkaline PEMFCs [14–16]. Indeed, thanks to the
outstanding advantages of metal oxide particles, such as higher corrosion resistance in the
electrochemical environment of fuel cells and the ability to establish strong interactions
with Pt catalysts, preventing the agglomeration of noble-metal particles, Pt usage has
increased, and the activity of the electrochemical reaction has improved [17,18].

Out of the numerous potential non-noble metal electrocatalysts, La-based perovskite
oxides (with a general structure of LaMO3) appear as promising materials to catalyze
the oxygen reduction reaction in alkaline environments [19–21]. Suntivichand and co-
workers examined a series of perovskites in terms of their electronic structure and ORR
performance, demonstrating that tuning their surface electronic structure features, such as
transition-metal eg-filling, is a promising strategy in developing highly active non-precious-
metal-containing perovskite oxide catalysts for oxygen reductions in electrochemical con-
version and storage devices [22]. Indeed, it was demonstrated that inorganic perovskite
oxides, which generally have lower ORR activity and accommodate partial substitution
(e.g., A1−xA′xB1−yB′yO3), could introduce oxygen vacancies, changing the valence states
of the metal cations and the surface chemistry of the oxide, providing a substantial electro-
catalytic performance improvement [23–25]. However, it was experimentally found that
some perovskites with identical eg possessed different intrinsic ORR performances, which
suggests that other factors, such as the covalency of the B–O bond, also affect the intrinsic
ORR activity of perovskite oxides. In particular, the B-site is also thought to be the main
active site which proceeds on perovskite oxides in a reverse process with the ORR [26,27].

At present, most electrocatalysts with a perovskite structure may only be active as
catalysts for alkaline fuel cells and water electrolyzers, showing promising ORR and OER
activity; in an acidic environment, the results are unstable. Very few examples of perovskites
with high OER/ORR activities in acid media exist [28–30].

Therefore, the search for an efficient and durable perovskite catalyst under a wide pH
range is a great challenge due to the consideration of safety and cost.

In our previous work, an improved ORR activity was achieved using a low-cost sub-
stoichiometric calcium titanate perovskite (CaTiO3−δ, CTO) as a Pt-oxide promoter [31,32].
The enhanced performance obtained with the CTO addition was considered to be due
not only to the strong interaction between Pt and the oxide particles but also to the better
stability and durability of the composite catalysts. Furthermore, the presence of oxygen
vacancies in the oxide lattice could act as active sites that absorb oxygen, promoting the
ORR’s kinetics.

As mentioned above, the doping of a B-site metal could effectively adjust the eg filling
of perovskite oxides, enhancing their electrochemical performance. In this regard, several
studies demonstrated that the presence of Fe in the B-site of perovskite oxides has favorable
effects on their activity and stability in alkaline media [33–35].

Taking inspiration from these findings, herein, we report a study on an iron-doped
calcium titanate perovskite used as a cocatalyst of Pt for the ORR. The substitution of the
Ti4+ with iron could maximize the defects’ structure, enhancing the oxygen ion vacancies
and electron-hole concentrations and becoming a promising mixed ionic and electronic
conducting material. Furthermore, this type of perovskite was studied for oxygen transport
membranes, demonstrating an improvement in oxygen surface exchange [36–38]. To the
best of our knowledge, a study about an iron-doped calcium titanate perovskite used as a
catalyst or cocatalyst of Pt for the ORR in acidic media is not yet reported.
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2. Results
2.1. Physicochemical Characterization

Three samples of Fe-doped CaTiO3 (CaTi1−xFexO3−δ, CTFO) were prepared with dry
high-energy ball milling. In all the syntheses, calcium carbonate CaCO3 (Sigma Aldrich,
Merck KGaA, Darmstadt, Germany, ≥99.0%) and titanium(IV) oxide TiO2 (Sigma Aldrich,
99.5%) were used as the raw materials, whereas iron oxide Fe2O3 (Sigma Aldrich) was used
as an iron precursor only in the first procedure (S1, according to specifications provided
in Table 1). In order to increase the effectiveness of milling to obtain a pure CTFO, Fe2O3
was replaced with iron(III)oxide-hydroxide FeO(OH) (Sigma Aldrich). In all the milling
procedures, the powders were mixed for 4 h at 25 Hz with a mass weight based on
stoichiometric calculations to obtain the desired CaTi1−xFexO3−δ compound. Subsequently,
the milled powder was calcined at 1100 ◦C for 5 h with a heating rate of 3 ◦C/min in the
air [39]. Only in one procedure (S3, according to specifications provided Table 1) was the
powder calcined at 800 ◦C for 5 h in an argon atmosphere to improve the CTFO purity and
reduce the crystallite size of the sample.

Table 1. Preparation procedures, compositions, and acronyms of the CTFO samples.

Acronyms Precursors Thermal Treatment CTFO
%

CTO
%

Fe2O3
%

Crystallite
Size, nm

S1
CaCO3,

TiO2,
Fe2O3

5 h, 1100 ◦C
air 66 22 12 107 ± 7

S2
CaCO3,

TiO2,
FeO(OH)

5 h, 1100 ◦C
air 86 5 9 70 ± 2

S3
CaCO3,

TiO2,
FeO(OH)

5 h, 800 ◦C
argon 93 3 4 65 ± 2

The synthesis procedures are summarized in Table 1, where the purity and the average
crystallite size for each CTFO sample, derived from the XRD studies, are also reported.

Figure 1a displays the XRD patterns of the three synthesized CaTi0.8Fe0.2O3−δ (CTFO)
samples. The presence of an orthorhombic CTFO characterized by the Pnma space group
was confirmed in all samples. The pattern in dark green corresponds to the CaTi1−xFexO3−δ
reference ICSD-51878. As minor components, iron oxide Fe2O3 (ICSD-15840) and calcium
titanate perovskite CaTiO3 (ICSD-50364) were found, as reported in Table 1.
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These samples were also characterized using infrared spectroscopy, as shown in
Figure 1b. Prior to the measurement, the samples were dried at 80 ◦C overnight in order to
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remove any physisorbed water. All spectra were normalized to the intensity of the Ti-O
peak placed at 570 cm−1.

In Figure 1b, the typical bands corresponding to CaTiO3 due to the stretching of Ti-O
and bending vibration of O-Ti-O are recognized at 570 and 450 cm−1, respectively [40].
The absorption bands attributed to the bending vibrations of O-Fe-O and stretching of
the FeO3 groups in the perovskite structure are placed at frequencies of 508 cm−1 and
488 cm−1 [41], but these peaks are overlapped with those of the perovskite structure. The
only significant change appears in the shape of the Ti-O stretching band; in particular, the
S3 sample shows a roundish shape of this peak with respect to the other CTFO perovskites.
This behavior could be attributed to the increase in the bending energy resulting from a
reduction in B-site ordering in the perovskite structure due to the Ti4+ substitution with
Fe3+ [42]. Therefore, a change in the crystal symmetry due to more effective doping in the
S3 sample was observed, confirming the XRD results.

The thermal stability and the O2 adsorptive capacity of the oxides were evaluated
using a thermogravimetric analysis under air (80 mL/min) in a temperature range between
25 ◦C and 1000 ◦C.

Figure 2 shows the TGA curves for the CaTi1−xFexO3−δ materials, where a weight
gain is observed for each sample. This behavior was also previously observed in CaTiO3−δ
oxides [31] and was related to the incorporation of oxygen thanks to the presence of the
oxygen vacancies into the unit cell of the perovskite structure.
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Figure 2. TGA of the synthesized CTFO powders.

In detail, the S1 sample exhibits the highest incorporation of oxygen (3%), followed
by the S3 (2%) and S2 samples (1.5%). Moreover, the S1 sample showed a temperature-
dependent sorption kinetic, with a more rapid weight increase above 200 ◦C, as evident
from the slope change of the curve. Conversely, the S2 and S3 samples started absorbing
oxygen quite rapidly from room temperature, reaching a steady state at 251 ◦C for the S2
sample and 255 ◦C for the S3 sample, respectively. Based on the composition of the S1
sample (reported in Table 1), we could suppose that the O2 sorption process is positively
influenced by the major amount of CTO (22%), which probably emphasizes the presence
of oxygen vacancies in the perovskite lattices. On the contrary, the S2 and S3 samples
presented a lower oxygen sorption capacity due to a reduced amount of the CTO phase.
However, the S3 sample exhibited higher O2 sorption with respect to the S2 sample,
most likely due to the structural effect related to the pure relative concentration of the
CTFO phase.

Considering the promising features of the S3 perovskite in terms of purity and oxygen
adsorption capacity, the S1 and S2 samples were excluded from further assessments.

The morphology of the S3 sample was revealed with the SEM analysis and recorded
using two different magnifications, as shown in Figure 3. From the images, it is dif-
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ficult to identify individual particles. Nonetheless, uniform, irregularly shaped pores
were observed.
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In order to figure out the relative distribution of the elements in the S3 powder,
element mapping was carried out and reported in Figure 4. According to these results, the
uniform distribution of Fe in the calcium titanate compound is clearly visible, confirming
the effectiveness of iron doping.
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Figure 4. Ca, Ti, Fe, and O elemental mapping using EDS in the CTFO S3 sample.

2.2. Ex Situ Characterization of the Catalyst Inks

The composite catalysts were prepared by mixing the Pt/C and CTFO powders in
a weight ratio of 1:0.5 and 1:1, and the catalytic inks were obtained according to the
procedure reported in the experimental section. After being deposited on the glassy carbon
electrode surface, SEM images of the catalyst inks were taken before the electrochemical
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characterizations to analyze the particle distribution and morphology of the ink deposition.
As reported in Figure 5, the Pt/C sample results are more uniformly distributed and
homogeneous with respect to both composite inks. The presence of CTFO renders the ink
surface more compact and bright, being this latter effect due to the lower conductivity of
CTFO compared to platinum. In addition, in the Pt/C:CTFO 1:1 ink, particle agglomeration
is clearly visible.
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Figure 5. SEM images of the (a) Pt/C, (b) Pt/C:CTFO 1:0.5, and (c) Pt/C:CTFO 1:1 mixture at 50 k×
magnification.

The CV curves recorded after the conditioning procedure for all the investigated
catalysts are shown in Figure 6, where hydrogen adsorption/desorption processes, with
their corresponding platinum redox reactions, are observed in the low potential range. In
order to preliminarily evaluate the catalytic activity of our samples, the electrochemically
active surface area (ECSA) was calculated. Specifically, the ECSA values were derived by
integrating the H-adsorption peaks in the 0.4–0.05 V vs. RHE potential range, corrected for
the double-layer charging contribution [43].
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As reported in Table 2, among all the CTFO-added catalysts, the Pt/C:CTFO 1:1
composition exhibited higher ECSA values (80 m2 g−1) with respect to the Pt/C (71 m2 g−1)
and other composite electrode, Pt/C:CTFO 1:0.5 (65 m2 g−1). This result could be justified
considering either the good electronic conductivity of the CTFO additive or the presence
of oxygen vacancies that allowed the metal-oxide itself to exhibit active catalytic sites,
as explained in our previous work for the CTO additive [31]. However, by comparing
both perovskite-added catalysts, a more clearly visible hydrogen adsorption/desorption
process occurred when the CTFO was mixed with Pt. We could assume that the small CTFO
particles obtained via the solid-state reaction could provide optimized interactions between
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the platinum clusters and CTFO particles, which led to the enhanced surface area of the
composite catalysts. Indeed, by comparing the ECSA values obtained for the Pt/C:CTO
1:1 catalyst with the Pt/C:CTFO 1:1 sample, the ECSA of the Pt/C:CTFO 1:1 catalyst was
higher (80 m2 g−1) than the other composite Pt/C:CTO 1:1 catalyst (74 m2 g−1) [31]. The so-
called strong metal−support interaction, which provides an enhancement of the catalytic
activity of Pt, was also demonstrated by numerous researchers [44–47]. This phenomenon
is correlated to the degree to which the support could act as an electron donor with the
consequence of a shift of its d-band center [48].

Table 2. Electrochemically active surface area (ECSA) values for the various catalyst compositions.

Samples ECSA/m2 g−1

Pt/C 71
Pt/C:CTFO 1:0.5 65
Pt/C:CTFO 1:1 80

Furthermore, the agglomeration of CTFO particles found with the SEM images did not
seem to interfere with the Pt utilization. However, the Pt/C:CTFO 1:0.5 catalyst showed
a lower ECSA value compared to the other composite ink, revealing that a poor amount
of additive could not be sufficient to optimize the Pt accessibility and utilization and
consequently improve the Pt/C catalytic activity.

Finally, both carbon corrosion and platinum nanoparticles dissolution processes, re-
sponsible for the catalytic activity loss when the fuel cell was working, might be mitigated
when adding a metal oxide [49]. Therefore, the electrocatalytic properties of composite
electrodes are expected to improve, increasing the amount of the inorganic additive.

The oxygen reduction reaction (ORR) activity was examined using rotating disk
electrode (RDE) experiments at different rotation speeds in O2-saturated 0.1 M HClO4.
Figure 7a shows a comparison of the LSV curves recorded at 1600 rpm for the three catalyst
compositions, revealing an appreciable enhancement of the ORR activity in terms of a
higher reductive limiting current achieved for the composite catalysts with respect to the
reference Pt/C sample.
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From the curves in Figure 7a, except for slight differences, the onset potential (Eons)
and the half-wave potential (E1/2) resulted in approximately 0.9 V and 0.82 V, respec-
tively, for all samples. However, the Pt/C:CTFO 1:1 catalyst displayed the largest jd value
(−6.3 mA cm−2) associated with mass transport with respect to the Pt/C sample. The other
composite catalyst, Pt/C:CTFO 1:0.5, exhibited a limiting current density comparable with
the Pt/C catalyst, confirming that a lower amount of additive could not be sufficient to pro-
mote an improvement in Pt/C performance. However, contrary to what was claimed above
for the ECSA, a non-doped CTO additive had a little stronger effect on the ORR activity
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with respect to CTFO. Indeed, Pt/C:CTO 1:1 delivered a jd of −7 mA cm−2 [31]. Most prob-
ably, the presence of some impurities, such as iron oxide, in the pristine CTFO sample could
affect the oxygen adsorption/reduction capacity of the composite CTFO-based catalysts.

The number of electrons transferred in the ORR process for all the ink compositions
was calculated using the Koutecky-Levich equation in the diffusion-controlled region at
E = 0.3 V vs. RHE. As expected, these plots are linear with a non-zero intercept, indicating
that the kinetic limitations were not derived from the slow charge diffusion of oxygen
through the catalytic film; otherwise, they would result in non-linearity [50]. The number
of electrons exchanged during the ORR was estimated for the three catalytic systems
and reported in Figure 7b. The oxygen reduction reaction could occur via two pathways:
the direct four-electron transfer pathway from O2 to H2O and the two-electron transfer
pathway from O2 to hydrogen peroxide.

As shown in Figure 7b, the number of electrons exchanged during the oxygen re-
duction was 3.6 for Pt/C, 3.8 for Pt/C:CTFO 1:0.5, and 4 for Pt/C:CTFO 1:1. Despite the
presence of impurities and particle agglomerations, the Pt/C:CTFO 1:1 composition showed
perfect ORR performance with a four-electron pathway, whereas the other samples seemed
to be less efficient towards the desired pathway. This could be explained considering the
presence of oxygen vacancies on the CTFO lattice. Indeed, it was demonstrated that the
presence of oxygen defects could change the surface chemistry and the electronic structure
of a perovskite oxide, promoting charge transfer in the ORR and enabling the perovskite
oxide to have high oxygen ion mobility [51]. The presence of oxygen vacancies and the
ability of the CTFO particles to adsorb oxygen molecules were demonstrated with the TGA
analysis. As a consequence, these new oxygen adsorption sites on the perovskite oxide
surface could act as active catalytic sites, facilitating the oxygen reduction reaction. These
results, in accordance with the ECSA values reported in Table 2, recognize the composite
Pt/C:CTFO 1:1 sample as the most active catalyst among those investigated here.

2.3. Fuel Cell Tests

Based on the results above, the Pt/C:CTFO 1:1 composite catalyst was selected to be
used as the active cathode component in a PEM fuel cell, maintaining the same weight
ratio between Pt and CTFO used for the RDE analysis. For the sake of comparison, a
bare Pt/C catalyst was also studied. The PEMFC performances were evaluated under
desirable practical conditions by recording the polarization and power-current curves at
80 ◦C and two relative humidity (RH) levels of 30% and 80%. To better investigate the effect
of iron doping on the perovskite activity towards the ORR, the fuel cell performances of
the Pt/C:CTFO 1:1 composite catalyst were compared with those of a membrane-electrode
assembly (MEA) equipped with a Pt/C:CaTiO3−δ 1:1 cathodic catalyst (with the same Pt
loading). It should be noted that CaTiO3−δ (CTO) was previously studied as a cathode
additive in a direct methanol fuel cell (DMFC), showing a 40% increase in power density
compared with the benchmark Pt/C catalyst at a high temperature (90 ◦C) [32].

As reported in Figure 8a, better fuel cell performances were obtained at 80 ◦C and
30% RH with the Pt/C-based MEA in terms of the maximum current and power densities
delivered. By comparing the behaviors of both composite catalysts, the Pt/C:CTFO 1:1-
based MEA showed a higher loss of potential in all regions of the polarization curve. These
findings are in contrast with the results of the RDE experiments, confusing the hypothesis
that the presence of CTFO particles at the cathode side could promote the kinetics of the
ORR. The Pt:CTO1:1-based MEA exhibited a performance comparable with that of the
Pt/C catalyst only at low current density, whereas at a higher current density, superior
over-potentials were found.
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To better elucidate the different fuel cell performances, the power densities delivered
by each cell at specific current densities of 10, 50, and 100 mA/cm2 were compared.
The power densities delivered at 10 mA/cm2 were 7.96 mW cm−2, 7.89 mW cm−2, and
8.13 mW cm−2 for the Pt/C, Pt/C:CTFO, and Pt:CTO-based MEAs, respectively. Despite
the small differences, these values suggest lower overpotentials for the Pt:CTO-based
MEA, confirming the positive role of the CTO perovskite as a promoter for the ORR. At
50 mA cm−2 the power densities delivered were 31.07 mW cm−2, 28.79 mW cm−2, and
30.30 mW cm−2 for the Pt/C-, Pt/C:CTFO-, and Pt:CTO-based MEAs, respectively. Here,
the composite Pt/C:CTFO catalyst decreased its performance with respect to Pt, and an
enhanced electrode/electrolyte impedance was observed from the EIS results, as reported
in Figure 8b and Table 3. At 100 mA cm−2, the cell based on the Pt/C MEA showed a strong
increase in performance with respect to the other samples, delivering a power density
of 49.35 mW cm−2, whereas 45.76 mW cm−2 and 42.77 mW cm−2 were obtained for the
Pt:CTO and Pt/C:CTFO-based MEAs, respectively.

Table 3. Resistance values for all catalyst compositions from EIS at 0.6 V under 30% RH and 80 ◦C.

Samples Rohm/mΩ Rp/mΩ Rct/mΩ

Pt/C 263 320 583
Pt/C:CTFO 1:1 286 545 831
Pt/C:CTO 1:1 292 377 669

These aspects are highlighted by the Nyquist plots of the impedance spectra, recorded
during fuel cell operation and reported in Figure 8b. The spectra of all these samples
were fitted by using the equivalent circuit RΩ(CPE-Rp), where RΩ is the ohmic resistance
which corresponds to the intercept on the real axis in the higher frequency region, and
Rp represents the interfacial electrolyte/electrode charge transfer resistance and could be
visualized as the amplitude of the semi-circle. In contrast, the CPE is the double-layer
capacitance at that interface [52].

As summarized in Table 3, the composite Pt/C:CTFO 1:1-based MEA showed the
highest total resistance (Rct), evaluated from the intercept with the real axis at a low
frequency and corresponding to the sum of Rohm and Rp, thus justifying its worst fuel cell
performance. In addition, higher ohmic resistance (Rohm) values were detected for both
MEAs containing the composite catalysts, suggesting reduced proton conductivity. As the
electrolyte has the same Nafion 117 membrane for all the cells, higher ohmic resistance
could be related to a non-optimized electrode-electrolyte interface or polymer distribution
within the composite electrodes, as also confirmed by the higher Rp values reported in
Table 3.
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Apparently, the inorganic particles induce a higher local oxygen diffusion resistance
that becomes important when the CTFO perovskite is used as a cocatalyst. As a conse-
quence, the Pt/C:CTFO 1:1 composite sample exhibits a more significant potential loss in
the activation region of the polarization curves with respect to the other samples, demon-
strating more sluggish ORR kinetics. The addition of CTFO particles seems to be also
ineffective in promoting ion transfer across the membrane-electrode interface, causing
inefficient “triple phase boundaries” (TPBs) by reducing the simultaneous contact between
the electrolyte, gas reactants, and catalyst particles.

On the contrary, as already observed, a better charge transfer resistance is associated
with the Pt/C:CTO 1:1 sample, and in the activation region, a potential loss comparable
with the Pt/C catalyst is observed. This confirms how the surface of Pt is activated by the
presence of these CTO particles, which act as active sites for the ORR [31,32]. However, from
the impedance spectra recorded at 0.6 V, both the ohmic and charge-transfer overpotentials
become important. Furthermore, in this case, we could suppose non-optimized electrode-
electrolyte contact induces a decrease in ionic conductivity, reducing the overall fuel cell
performance.

When moving to 80% of relative humidity (Figure 9a), the composite Pt/C:CTO
1:1-based MEA increases its performance with respect to both the benchmark Pt/C and
Pt/C:CTFO 1:1-based MEAs, exhibiting higher power and current densities.
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At this condition (80% RH), the presence of water impacts electrochemical fuel cell
performance. In particular, a good degree of humidification provides high Nafion conduc-
tivity and improves the charge transfer resistance at the electrode-electrolyte interface in
the Pt/C:CTO 1:1-based MEA. The combined presence of CaTiO3−δ particles and water
promotes the ORR kinetics facilitating the proton transfer from the Pt particles and the
adjacent polymer. This cannot be obtained when the cell is working at critical conditions of
low RH due to the absence of water.

Unfortunately, the Pt/C:CTFO-based MEA starts showing a change in the polarization
curve slope already at a relatively low current density because of higher over-potentials and
mass constraints that affect the whole system. It is evident how the presence of iron-doped
calcium titanate particles at the cathode side obstructs Pt utilization, impeding the processes
occurring in fuel cell devices (i.e., electrode reactions and gas diffusion).

As shown in Table 4, a lower resistance at the electrolyte/electrode interface (Rp) was
detected in the Pt/C:CTO 1:1-based MEA. Water becomes an active element capable of
supporting calcium titanate activity without causing flooding in the cathode channels.
Conversely, the Pt/C:CTFO 1:1-based MEA did not improve its performance at a high RH
due to mass transport constraints and higher charge-transfer resistance.
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Table 4. Resistance values for all catalyst compositions from EIS at 0.6 V under 80% RH and at 80 ◦C.

Samples Rohm/mΩ Rp/mΩ Rct/mΩ

Pt/C 90 190 280
Pt/C:CTFO 1:1 92 284 376
Pt/C:CTO 1:1 93 173 266

Overall, calcium titanate (CaTiO3−δ) is recognized as a promising cocatalyst of Pt for
the ORR under the humidified condition of 80%. This indicates that the addition of CTO
particles to the cathode catalyst ink improves the electrode-electrolyte interface, providing
the best fuel cell performance with respect to the benchmark Pt/C catalyst. Anyhow, the
activity of this perovskite is strongly influenced by the humidification degree of the catalyst
according to the fuel cell operating conditions adopted. At a lower humidity (30%), the
electrolyte-electrode interface is not optimized.

Overall, the CaTiO3−δ additive is addressed as a good cocatalyst of Pt for ORR kinetics
either in DMFCs or humidified PEMFCs, revealing the non-functional effect of iron-doping
in the perovskite structure.

3. Materials and Methods
3.1. Synthesis of CaTi1−xFexO3−δ

High-energy ball milling (Fritsch Pulverisette P6 mill, Idar-Oberstein, Germany) was
used to synthesize the iron-doped calcium titanate perovskite (CaTi1−xFexO3−δ, CTFO)
using stoichiometric amounts of CaCO3, TiO2, and Fe2O3/FeO(OH) precursors. These
compounds were mixed for 4 h and calcined at 1100 ◦C or 800 ◦C for 5 h under an air/argon
atmosphere (with a heating rate of 3 ◦C/min), as reported in Table 1.

A non-stoichiometric calcium titanate perovskite (CaTiO3−δ, CTO), used for compara-
tive purposes, was prepared using a template-driven hydrothermal procedure proposed
by our group [31,51], where a Pluronic F127 was used both as a structure-directing and
reducing component to obtain oxygen vacancies in the lattice of the perovskite. An or-
thorhombic CaTiO3−δ perovskite with an average crystallite size of approximately 145 nm
was obtained.

3.2. Physical and Chemical Characterizations

The X-ray diffraction (XRD) analysis was performed to study the phase of the pre-
pared inorganic compounds using a Rigaku D-Max Ultima+ diffractometer (Tokyo, Japan)
equipped with a Cu Kα radiation source and graphite monochromator in the 2θ range of
20–90◦. The average crystallite size of the oxide was calculated using the Maud code.

The infrared spectroscopy analysis was carried out in the transmission mode by
grinding the inorganic powders with potassium bromide (KBr). The mixture was pressed
as a transparent pellet using a hydraulic pressing system. The spectra were collected with a
Perkin Elmer 2000 FT-IR spectrometer (Waltham, MA, USA), recording 240 scans for each
sample at an ambient temperature in the range of 400–4000 cm−1.

To determine the thermal stability of the sample, a thermal gravimetric analysis (TGA)
was carried out with a TGA2 instrument (Mettler-Toledo, Zaventem, Belgium) under air
flux (80 mL min−1) from 25 ◦C to 1000 ◦C at a scan rate of 10 ◦C min−1.

Through a high-resolution field emission scanning electron microscope (HR-FESEM),
the morphologies of the synthesized powder and catalyst inks were evaluated using an
Auriga Zeiss instrument (Oberkochen, Germany) at the Interdepartmental Research Center
on Nanotechnologies applied to Engineering (CNIS) of Sapienza University of Rome.

3.3. Electrochemical Investigations
3.3.1. Rotating Disk Electrode (RDE) Analysis

The catalyst’s activity was tested using a three-electrode cell set-up equipped with
a Hg/Hg2SO4 reference electrode (Amel 383/SHG/12J), a glassy carbon (GC, geometric
surface area A = 0.126 cm2) working electrode, supporting the catalytic powders, and a
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platinum wire counter electrode. With the aim of optimizing the uniformity of the current
density distribution, the reference electrode was connected to the electrolyte via a Luggin
capillary probe placed close to the working electrode. A 0.1 M HClO4 solution was used as
an electrolyte.

Three different catalytic compositions were prepared and compared: (i) Pt/C with
20 wt.% Pt content with respect to C (BASF Fuel Cell, Inc., ELAT College Station, TX, USA),
(ii) Pt/C+CTFO, with a Pt:CTFO 1:0.5 weight ratio, and (iii) Pt/C+CTFO, with a Pt:CTFO
1:1 weight ratio. To obtain homogeneous catalytic inks, a suspension of Pt/C powder and
5 wt.% Nafion solution (E.W. 1100, Ion Power Inc., München, Germany) was prepared in
isopropyl alcohol, and after the desired amount of CTFO was added, it was sonicated in an
ultrasonic water bath for 30 min.

The final ink was dropped onto the GC disk electrode to obtain a Pt loading equal to
25 µg cm−2 for all the samples. The GC was pre-cleaned using a dispersion of aluminium
oxide (20 wt.% in water, Sigma Aldrich, Merck KGaA, Darmstadt, Germany).

The electrochemical measurements were performed with a BiStat (BioLogic Science
Instruments, Seyssinet-Pariset, France) potentiostat/galvanostat. All catalytic compositions
were subjected to an activation procedure consisting of 50 voltammetric cycles (CVs) under
a nitrogen atmosphere at a scan rate of 50 mV s−1; subsequently, five cycles were recorded
at a scan rate of 20 mV s−1 to evaluate the electrochemically active surface area (ECSA). The
samples were tested in the potential range from 0.05 to 1.2 V vs. the reference hydrogen
electrode (RHE). Successively, the oxygen reduction reaction (ORR) was studied by means
of linear sweep voltammetry (LSV) after saturating the electrolyte solution with O2 for
30 min. The LSV curves were evaluated in the potential range from 1.2 to 0.2 V vs. RHE, at
a scan rate of 5 mV s−1 using a rotating disk electrode (RDE) at different rotational speeds
(200, 400, 600, 1000, 1600, and 2500 rpm), according to Figure S1.

To evaluate the number of transferred electrons (n) per O2 molecule, the Koutecky-
Levich (K-L) equation, here reported, was used:

1/j = 1/jk + 1/jd = 1/jk + 1/(0.62nFCO2DO2
2/3v−1/6ω1/2) (1)

where j, jk, and jd represent the measured current density, the kinetic-limiting current
density, and the diffusion-limiting current density, respectively; all the parameters used to
calculate the n values referred to the 0.1 M HClO4 solution, as reported in the literature [52].

3.3.2. Proton Exchange Membrane Fuel Cell (PEMFC) Tests

The membrane-electrode assembly (MEA) was realized by depositing the catalytic
ink onto dry carbon cloth gas diffusion layers (ELAT College Station, TX, USA.) using a
brushing technique. The catalytic ink was prepared with platinum supported on carbon
(20 wt.% Pt/C, BASF Fuel Cell, Inc., ELAT College Station, TX, USA), Nafion solution
(5% w/w E.W. 1100, Ion Power Inc., München, Germany), glycerol (Sigma Aldrich), and
tetrabutylammonium hydroxide solution (1 M in methanol, TBAOH, Sigma Aldrich).

To prepare the composite cathode catalysts, iron-doped calcium titanate perovskite
powder was added into the above solution in a proper amount to reach the same composi-
tions studied with the RDE experiments (i.e., the Pt:CTFO 1:1 weight ratio).

The obtained suspension was deposited onto the carbonaceous substrate in order to
achieve 0.35 ± 0.1 mg·cm−2 Pt loading for all the investigated MEAs.

The membrane employed for the fuel cell measurements was a commercial Nafion
117 (Ion Power Inc., München, Germany). Before realizing the assembly, both electrodes
and the Nafion membrane were activated sequentially with 3 wt.% H2O2, 0.5 M H2SO4,
and distilled water at 80 ◦C for 1 h. Finally, the assembly was created by hot pressing the
membrane between the electrodes at 120 ◦C and 2 tons for 7 min. The electrochemical
evaluations of the MEAs were carried out with a single cell (5 cm2 active area) connected
to a compact fuel cell system (850C, Scribner Associates Inc., Southern Pines, NC, USA)
feeding humidified hydrogen (150 mL min−1) and air (700 mL min−1) at the anode and
cathode side, respectively, at ambient pressure [51].
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In situ electrochemical impedance spectroscopy (EIS) was performed with the
880 Impedance Analyzer in the 10 kHz–1 Hz frequency range, considering an amplitude of
the sine wave of 10% of the DC current present at 0.6 V cell voltage. The performance of
each MEA was measured at 80 ◦C and relative humidities of 30% and 80% [53].

4. Conclusions

In this work, an easy, highly reproducible high-energy ball milling process was de-
veloped to obtain homogeneous iron-doped calcium titanate perovskite (CTFO). This
compound was used as an additive to platinum for the oxygen reduction reaction in acidic
media. Two composite catalysts with different amounts of oxide, i.e., Pt/C:CTFO 1:0.5
and Pt/C:CTFO 1:1, were prepared and compared to a commercial Pt/C catalyst used as a
reference. From the RDE results, the Pt/C:CTFO 1:1 composite catalyst shows a superior
electrochemically active surface area and oxygen reduction activity in comparison with
other catalysts.

However, the fuel cell tests revealed worse performances for the Pt/C:CTFO 1:1
catalyst due to higher ohmic and charge transfer resistances, achieved by in situ impedance
spectroscopy under cell polarization, with respect to the Pt/C based-MEA.

For a better understanding, fuel cell performance analyses were carried out also for
the Pt/C:CaTiO3−δ 1:1 composite catalyst, already studied by us, as a promising cathode
material in DMFCs. In this work, the proposed Pt/C:CTO catalyst showed improved fuel
cell performance in terms of higher current/power densities and lower charge-transfer
resistance compared to the other samples under 80% RH. This enhancement was described
as the positive combination of ORR activity due to a CTO additive and the presence of an
adequate amount of water to guarantee good membrane-electrode interface contact. At a
lower RH, the fuel cell performance of this composite catalyst was lower with respect to
the Pt/C-based MEA; the lack of water produced a non-optimized electrode-electrolyte
interface, reducing all electrochemical processes that occurred on the cathode’s surface.

Overall, the presence of a specific inorganic oxide, in this case, a non-stoichiometric
calcium titanate perovskite, could play a key role as an effective electrode component for
the ORR in PEM fuel cell systems. When the CTO perovskite is combined with platinum,
higher power and current densities are achieved under humidified conditions, overcoming
the Pt/C-based MEA performances.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010127/s1, Figure S1: Linear Sweep Voltammetry (LSV)
at various rotation speeds for (a) Pt/C catalyst, and for (b) Pt/C CTFO 1:0.5 and (c) Pt/CTFO 1:1
composite catalysts.
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