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Abstract: Porous Pt electrocatalysts have been developed as an example of carbon-free porous
metal catalysts in anticipation of polymer electrolyte membrane (PEM) fuel cells and PEM water
electrolyzers through the assembly of the metal precursor and surfactant. In this study, porous Pt
was structurally evaluated and found to have a porous structure composed of connected Pt particles.
The resulting specific electrochemical surface area (ECSA) of porous Pt was 12.4 m2 g−1, which was
higher than that of commercially available Pt black. Accordingly, porous Pt showed higher oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) activity than Pt black. When the
activity was compared to that of a common carbon-supported electrocatalyst, Pt/ketjen black (KB),
porous Pt showed a comparable ORR current density (2.5 mA cm−2 at 0.9 V for Pt/KB and 2.1 mA
cm−2 at 0.9 V for porous Pt), and OER current density (6.8 mA cm−2 at 1.8 V for Pt/KB and 7.0 mA
cm−1 at 1.8 V), even though the ECSA of porous Pt was only one-sixth that of Pt/KB. Moreover,
it exhibited a higher durability against 1.8 V. In addition, when catalyst layers were spray-printed
on the Nafion® membrane, porous Pt displayed more uniform layers in comparison to Pt black,
showing an advantage in its usage as a thin layer.

Keywords: oxygen reduction; oxygen evolution; PEM fuel cell; PEM water electorolyzer; durability;
porous structure; carbon-free

1. Introduction

Electrocatalysts composed of noble metal nanoparticles dispersed on carbon supports are
commonly used in polymer electrolyte membrane (PEM) fuel cells and PEM water electrolyzers.
Such dispersion of metal nanoparticles leads to high catalytic activity, even with small amounts of noble
metals. However, carbon supports are sometimes not usable. For example, in the case of PEM water
electrolyzers, carbon supports are highly corroded under high potential anodic conditions (over 1.8 V),
which are required to obtain a practical current density of 1 A cm−2 [1,2]. Even in the PEM fuel cell
system, carbon oxidation at the cathode is serious at a locally elevated potential (over 1.5 V) during the
start/stop cycling of fuel cell vehicles [3,4]. Additionally, even at the anode catalyst, carbon corrosion
has been reported in the situation of fuel starvation, where cell reversal occurs and the anode potential
is over 1.5 V [5]. Not only are the carbon supports themselves damaged, but the metal nanoparticles
also lose their support, leading to the agglomeration of particles and loss of their catalytic activity [6].
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Even though problems related to the durability of carbon supports have been reported, increasing the
electroactive surface area without a carbon support is rather challenging. A large quantity of novel metal
catalysts with a low surface area should generally be employed without carbon supports, which increases
their cost [7]. For that reason, the improvement of electrocatalysts without carbon supports has been
extensively studied. In some cases, metal oxide supports have been used, but this still results in a low
electronic conductivity in comparison to carbon, even though durability is high [8–14]. For example,
although the oxygen reduction reaction (ORR) mass activity of Pt/doped tin oxide at 0.85 V has been
reported to be around 600 A g−1, which is comparable to that of Pt-deposited carbon, under half-cell
measurements in solution the ORR activity at 0.9 V, which is common for standard comparisons, is expected
to be low [10]. In other cases, catalysts made of only metal nanoparticles have been studied owing to their
high surface area [15–18]. Although nanoparticles show high catalytic activity as powder, they cannot
usually maintain their structure in actual devices and mostly result in low performance. However, when
these nanoparticles are connected to each other, they can maintain their porous structure, even in actual
devices, and a current–voltage performance comparable to that of PEM fuel cells exhibited by Pt supported
on carbon at 0.8 V, with a value of 200 mA cm−1, has been reported [17]. Among many carbon support-free
catalysts, one of the most successful catalysts is 3M’s nanostructured thin film (NSTF) catalyst, which is
a pure, organic molecular solid in the form of a crystalline whisker coated by metal catalysts. The NSTF
catalyst has shown 2–3 times higher mass activity at 0.9 V, with a value of over 600 A g−1, and a higher
durability than Pt supported on a carbon support [19].

We are rather interested in developing metal-only catalysts and improving their structure as devices.
In our prior studies, mesoporous carbon supports were developed through a simple one-pot reaction
that involved heating a mixture of a surfactant and carbon precursors for PEM fuel cells, and high
performance and durability were achieved in accordance with their mesoporous structure [20–25].
The porous structure was also sustained, even after being built into a device. We are now trying to
apply the concept of mesoporous structures to metal-only electrocatalysts with the aim of increasing
the surface area and reducing the mass transfer loss of water and gases in the PEM fuel cell and water
electrolysis system based on the porous structure. In addition, conductivities superior to those of metal
oxide supports are expected for all metallic compositions.

In this paper, porous Pt has been synthesized as one example of a porous metal catalyst by
employing a Pt precursor and a surfactant. Step-by-step heat treatments were applied to reduce the
Pt precursor and remove the surfactant. Resulting carbon-free porous Pt was structurally evaluated,
and its electrochemical activity toward the ORR and oxygen evaluation reaction (OER) was studied in
detail. Additionally, a catalyst layer of porous Pt was prepared using a spray printing method and its
structure was evaluated.

2. Results and Discussion

2.1. Heat Treatment and Characterization of Porous Pt

The heat treatment conditions for porous Pt were controlled in order to remove the residual
derived from the surfactant and metal precursor. In the case where the sample was calcined at 210 ◦C
for 3 h and 240 ◦C for 3 h for the thermal reduction of Pt(acac)2 and also heat-treated at 300 ◦C for 1 h
for decomposition of the surfactant under a nitrogen atmosphere, a sticky product was obtained owing
to the residual surfactant. Therefore, the heat treatment condition for decomposing the surfactant was
altered to 400 ◦C for 3 h. As a result, a dry powder was obtained. However, based on thermogravimetric
(TG) analysis, a weight loss of 62.3% was further observed at around 200 ◦C (see Supplementary
Materials Figure S1a), indicating that the residual surfactant remained in this condition. In order to
further remove the residual surfactant completely, additional heat treatment at 200 ◦C under humidified
nitrogen was conducted. Consequently, the weight loss was minimized to 3.6% after calcining for
10 min with this condition (see Figure S1b), resulting in successful removal of the surfactant.
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Porous Pt was characterized by nitrogen sorption in comparison to commercial Pt black. Figure 1a,b
show nitrogen adsorption/desorption isotherms and corresponding pore size distributions, respectively.
The Brunaure–Emmett–Teller (BET) specific surface area of porous Pt was 32.4 m2 g−1, whereas that
of commercially available Pt black was 14.3 m2 g−1, which was slightly low compared to the value
of 25 m2 g−1 or less given by Sigma-Aldrich (St. Louis, MO, USA). Porous Pt showed mesopores
consisting of less than 100 nm in diameter and micropores, while Pt black mostly exhibited small
mesopores of less than 30 nm, with relatively fewer micropores. Since Pt black consists of nanoparticles
not connected to each other and does not contain pores within the particles, the size of 30 nm reveals
the particle size and interparticle pore size achieved by these nanoparticles.
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Figure 1. (a) Nitrogen adsorption/desorption isotherms and (b) corresponding pore distributions of
porous Pt and Pt black.

In order to view the nanostructure of porous Pt and Pt black, SEM images were observed and are
shown in Figure 2a,b, respectively. As seen in Figure 2a, pores consisting of connected Pt particles
were confirmed. Even though porous Pt does not have a common ordered porous structure like that of
zeolite, it shows pores, displaying a “porous structure” required for device application [17]. The domain
size of this porous structure was estimated to range from 500 nm to 2 µm based on SEM images with
a low magnification. As seen in SEM images with a higher magnification (Figure S2), the size of the
average particles in porous Pt was ca. 20 nm, while Pt black showed much smaller primary particles,
which were less than 10 nm. However, in the case of Pt black, much denser aggregates of such Pt
particles were observed, as shown in Figure 2b.
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Figure 2. SEM images of (a) porous Pt and (b) Pt black.

Pt 4f XPS spectra were recorded to evaluate the surface chemical states. Both porous Pt and Pt
black had two peaks at 71.1–71.3 and 74.4–74.6 eV of binding energy, corresponding to Pt4f7/2 and
Pt4f5/2, respectively. Those two peaks indicated that both materials mostly contained the metallic Pt (0)
surface [26]. Although oxygen bonding to the Pt surface was also indicated in the XPS spectra, this was
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mostly likely due to oxygen adsorption that occurred when transferring the sample in the air. This kind
of oxygen cannot be easily removed unless in-situ XPS methods, such as EC-XPS [27], are applied.

XRD patterns were also analyzed (Figure S3). Both porous Pt and Pt black showed typical metallic
platinum peaks [28], consisting of Pt (111) at 39.8◦, Pt (200) at 46.2◦, and Pt (220) at 67.4◦, which matched
the XPS result.

2.2. Electrochemical Analyses of Oxygen Reduction and Evolution Reactions

Cyclic voltammograms of porous Pt and Pt black were recorded and are shown in Figure 3.
Pt/ketjent black (KB) was also analyzed and compared as a standard electrocatalyst. The electrochemical
surface area (ECSA) of porous Pt was 12.4 m2 g−1. The ECSA of Pt/KB was 76.5 m2 g−1, which stayed at
the low end of reported values (70–100 m2 g−1) [29–31], suggesting the formation of a non-uniform thin
film. Even though the film formation should be further optimized, with the films made under the same
condition, Pt/KB has an ECSA that is six times higher than that of porous Pt. This is reasonable because
Pt/KB has highly dispersed 2-nm Pt nanoparticles on the carbon support [32], but porous Pt consists of
aggregates of much larger Pt particles. Pt black showed a lower ECSA (4.7 m2 g−1) than porous Pt.
As shown in Figure 2b and Figure S2b, Pt black is composed of dense aggregates, even though primary
particles are as small as several nanometers. The structural difference most likely leads to different
ECSA. Additionally, cyclic voltammograms of three catalysts, where the current is normalized to the
specific surface area of Pt, are shown in Figure S4. The current of Pt/KB becomes smaller than that of
porous Pt and Pt black, suggesting that porous Pt and Pt black have higher activity than Pt on KB.
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The ORR activities of all electrocatalysts were evaluated at a rotating speed of 1600 rpm and
are shown in Figure 4. Pt had equivalent ORR activity to Pt/KB, even though a slightly slow ORR
current increase was seen for porous Pt. The values of the current density at 0.9 V were 2.5 and
2.1 mA cm−2 for Pt/KB and porous Pt, respectively. The reported ORR activity for Pt/C is even higher,
for example 3 mA cm−2 [30]. ORR mass activity is commonly calculated through the kinetic current,
which is the current at infinite speed extrapolated from a Koutecky–Levich plot, by measuring the
ORR polarization curves for different rotation speeds. In this experiment, only one rotational speed
was tried. Therefore, another method of calculating the kinetic current using the limiting current at
0.4 V [33] was used. The values of the mass activity at 0.9 V were 230 and 190 A g−1 for Pt/KB and
porous Pt, respectively. The reported ORR mass activity for Pt/C has the range but is mostly between
200 and 500 A g−1 [29,30]. The lower values of ORR current and ORR mass activity in this work is most
likely due to the non-uniform thin film acting as a working electrode; the development of uniform thin
films is required to precisely discuss ORR activity.
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Figure 4. Linear sweep voltammograms showing the oxygen reduction reaction (ORR) of porous Pt, Pt
black, and Pt/KB at 1600 rpm under oxygen saturation.

The OER activities of three electrocatalysts were evaluated at a rotating speed of 1600 rpm and are
shown in Figure 5 with solid lines. Porous Pt had an initial OER current equivalent to that of Pt/KB
(6.8 to 7.0 mA cm−2 at 1.8 V), while Pt black revealed a lower OER current (3.4 mA cm−2 at 1.8 V)
than the other two catalysts. When the reported OER activity of Pt catalysts is considered, Pt bulk
and nanoparticles show an OER current density of about 4 and 10 mA cm−2 at 1.8 V, respectively [34],
which reasonably match our results. We believe that the OER activity in the solution half-cell set-up
remains constant if enough active surface area is available.
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Pt black, and Pt/KB at 1600 rpm under nitrogen saturation. Solid and dotted lines show before and
after the durability test, respectively.

2.3. Electrochemical Durability of Catalysts at a High Potential

In order to evaluate durability against a high potential, the anode potential at PEM water
electrolyzers was considered, since it is a more severe condition than the cathode potential at PEM fuel
cells. Although the protocol for the durability examination of PEM fuel cells has been well established [4],
the protocol for PEM water electrolyzers has not been developed. Therefore, the potential of 1.8 V,
which is the voltage required to obtain the practical current density of 1 A cm−2, was applied to
evaluate the durability in this study. Among the three samples, only Pt/KB was found to continuously
lose OER current. Voltammograms of the three samples after the durability test were developed
and are indicated with dotted lines in Figure 5. As can be seen in Figure 5, Pt/KB lost most of its
OER activity by just applying 1.8 V for 10 min, owing to carbon corrosion that occurred at 1.8 V,
while both porous Pt and Pt black maintained the initial OER activity according to the carbon-free
condition. A similarly high durability can also be found in the literature for support-free catalysts,
even though the condition of durability examination is slightly different [2,17,35]. For PEM fuel cells,
current–voltage curves with the cathode of connected metal particles at 80 ◦C did not change much
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after 10,000 cycles of the start–stop durability test [17]. For PEM water electrolyzers, the changes in
the voltage at 2 A cm−2 under 60 ◦C [2] or 500 mA cm−2 under 80 ◦C [35] were monitored, and the
increase was less than 0.02 V during the 300 h test. Therefore, even though a longer test is required
to evaluate the durability of porous Pt, an advantage of a carbon-free catalyst was experimentally
observed in this study. Regarding the decrease in the current density observed in Figure 5, it was found
to be a reversible change. Such reversible loss probably comes from the fact that the unsuccessful
detachment of generated oxygen bubbles decreases the mass transfer capability of water on the
electrode surface [36].

2.4. Evaluation of Catalyst Layers

Catalyst layers of porous Pt and Pt black were spray-printed on the Nafion®membrane. Pt-loading
was fixed to 0.50 mgPt/cm2. The cross section of catalyst layers was observed using Focused Ion Beam
(FIB)-SEM and is shown in Figure 6. Although a uniform thin layer of porous Pt with an average
thickness of 2.4 µm was observed, as shown in Figure 6a, in the case of Pt black, no continuous
layer was seen, as shown in Figure 6b. Even though relatively high catalyst loading is observed
for water electrolysis [37,38], the future direction for PEM fuel cells lies in reducing the catalyst
amount, for example to 0.10 mgPt/cm2 or less. The formation of thin films will be more difficult
when large-scale manufacturing methods of thin layers are considered. A high void volume is also
important for enhancing the electrocatalytic activity [39]. Consequently, porous Pt has an advantage
in its usage as a thin film, and the performance and durability of the new porous Pt catalyst-based
membrane/electrode assembly will be characterized in a future study.
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3. Materials and Methods

3.1. Materials

Platinum (II) acetylacetonate (Pt(acac)2), 5 N hydrochloric acid (HCl), ethanol, 2-propanol,
and 0.1 M perchloric acid (HClO4) were all purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan) Pluronic® F127 was obtained from Sigma-Aldrich. 5% Nafion® dispersion solution
and Nafion® 117 were obtained from Dupont (Wilmington, DE, USA). Milli-Q water was used in all
cases. Those chemicals were used without any further purification.

For the electrochemical evaluation, Pt black and Pt/KB (TEC10E50E) were used as standard
electrocatalysts for the comparison in this study and obtained from Wako Pure Chemical Industries,
Ltd. and Tanaka Kikinzoku Kogyo K.K. (Tokyo, Japan), respectively.

3.2. Synthesis of Porous Pt

Pluronic® F127 and Pt(acac)2 were used as a template to form a porous structure and as
a metal precursor, respectively. Typically, 0.4275 g of Pluronic® F127 was dissolved in a mixture
of water/ethanol/HCl (2.175 g/2.875 g/75 µL). Then, 0.675 g of Pt(acac)2 was added to this solution.
This mixture was stirred at 30 ◦C for 6 h, kept at room temperature for 6 h, and dried at 80 ◦C for 6 h in
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the oven. After further heat treatment of the resulting powder, porous Pt materials were obtained.
The heat treatment conditions, such as the temperature and atmosphere, were studied to optimize the
porous structure and are fully discussed in the “Results and discussion” section.

3.3. Material Characterization

For material characterization, nitrogen sorption measurements were carried out using
BELSORP-mini II-VS (MicrotracBEL Corp. Osaka, Japan). Before the measurement, samples were
pre-treated at 200 ◦C under vacuum for 2 h. The specific surface area was calculated by a BET method
using the adsorption area. The Barrett Joyner Hallenda (BJH) method was also applied to estimate the
pore size distribution.

Thermogravimetric (TG) analyses were conducted using Thermo Plus Evo2 (Rigaku, Tokyo,
Japan). Measurements were carried out in the air from room temperature to 400 ◦C via raising the
temperature by 4 ◦C/min.

SEM observations were performed using S-5200 (Hitachi High-Tech, Tokyo, Japan), with the
accelerating voltage of 30 kV. Studies with X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) were also conducted using Kratos Axis Ultra (Shimadzu, Kyoto, Japan) and RINT-UltimaIII/PSA
(Rigaku), respectively.

3.4. Electrochemical Analyses

The dispersion containing electrocatalysts (4.3 mg), water (0.35 mL), and 2-propanol (2.56 mL)
was mixed using an ultrasonic homogenizer and drop-cast onto a glassy carbon (GC) rod (the diameter:
5 mm, Tokai Fine Carbon Co., Ltd. (Tokyo, Japan)), and dried at room temperature for use as a working
electrode. The Pt loading was kept to 17.3 µg cm−2 in all cases. In this study, a Nafion® dispersion was
not used as a binder in order to simply observe electrochemical characteristics of catalysts without
a Nafion® effect. The fact that a binder is not essential for adhesion of the catalyst to the GC and
that low-loaded ionomer free catalyst (≤~18 µgPt cm−2) adheres with a sufficient strength during
measurements for ORR activity evaluation at room temperature has previously been reported [29].

Electrochemical measurements were performed using a common half-cell set-up in the solution.
A potentiostat (HZ-7000, Hokuto Denko, Tokyo, Japan) was used for all electrochemical measurements.
Besides the working electrodes, Ag|AgCl in a saturated KCl aqueous solution and Pt wire were utilized
as reference and counter electrodes, respectively. Measurements were taken in 0.1 M HClO4 under
nitrogen atmosphere with the scan rate of 50 mV s−1. ORR and OER activities were evaluated at
1600 rpm under the saturation of oxygen and nitrogen, respectively. In this study, all potentials were
converted to a reversible hydrogen electrode (RHE), and IR correction was applied for OER evaluation
by actually measuring the solution resistance using a potentiostat. Furthermore, in order to observe
the durability against the anodic condition of the water electrolysis, the potential of 1.8 V vs. RHE was
applied for 10 min, and OER activities before and after applying such potential were evaluated.

3.5. Evaluation of Catalyst Layers

Catalyst layers were prepared by employing a common spray printing method. The slurry
consisting of porous Pt (or Pt black) (81.5 mg), ethanol (1764 µL), 5% Nafion® dispersion solution
(919 µL), and MilliQ water (196 µL) was thoroughly stirred by an ultrasonic homogenizer. In this
condition, the ratio of ionomer and catalyst was fixed to 0.33. This slurry was spray-printed on Nafion®

117 by a spray printing system (Nordson, Westlake, OH, USA). Catalyst layers were made into a 1 cm ×
1 cm square. Pt-loading was fixed to 0.50 mgPt cm−2. The cross section of catalyst layers was observed
using FIB-SEM (Helios 600, FEI Company, Hillsboro, OR, USA). FIB processing was carried out at
an accelerating voltage of 30 kV and a beam current of 0.4 nA.
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4. Conclusions

A carbon-free porous Pt electrocatalyst was successfully prepared using the assembly of the metal
precursor and surfactant under the optimized heat treatment condition. The structure of porous Pt
was found to be composed of connected Pt particles with a size of 20 nm, leading to a relatively high
BET surface area of 32.4 m2 g−1, in comparison to a commercial Pt black electrocatalyst, which has
a value of 14.3 m2 g−1. The ECSA of porous Pt was 12.4 m2 g−1, whereas that of Pt black was 4.7 m2

g−1. Accordingly, porous Pt showed higher ORR and OER activity than that of Pt black.
In comparison to a standard electrocatalyst, Pt/KB, an equivalent ORR current density (2.5 mA

cm−1 at 0.9 V for Pt/KB and 190 mA cm−1 at 0.9 V for porous Pt), ORR mass activity (230 A g−1 at 0.9 V
for Pt/KB and 2.1 A g−1 at 0.9 V for porous Pt), and OER current density (6.8 mA cm−1 at 1.8 V for
Pt/KB and 7.0 mA cm−1 at 1.8 V) were obtained, even though the ECSA of porous Pt was only one-sixth
that of Pt/KB. However, Pt/KB lost most of its OER activity during the durability test against the anode
potential during water electrolysis owing to carbon corrosion, whereas porous Pt maintained its OER
activity due to the effect of the carbon-free condition.

In addition, when catalyst layers were spray-printed on the Nafion®membrane, porous Pt showed
more uniform layers in comparison to carbon-free Pt black, demonstrating the advantage of its usage
as a thin film.

Consequently, porous Pt with high ORR and OER activities and a high durability against a high
potential was successfully prepared in this study and showed potential to be used as an electrocatalyst
for PEM fuel cells and PEM water electrolyzers.

Supplementary Materials: The following are available online. Figure S1: Thermogravimetric (TG) analyses of
porous Pt (a) with heat treatment at 400 ◦C for 3 h under dry nitrogen and (b) with additional heat treatment
at 200 ◦C for 10 min under humidified nitrogen, Figure S2: SEM images of (a) porous Pt and (b) Pt black with
a higher magnification, Figure S3: XRD patterns of porous Pt (top, red) and Pt black (bottom, blue), Figure S4:
Cyclic voltammograms of porous Pt (red), Pt black (blue), and Pt/KB (black), where the current is normalized to
specific surface area of Pt.

Author Contributions: Conceptualization, M.M. and A.H.; Methodology, M.M. and A.H.; Validation, M.M.,
M.N., K.S., and A.H.; Formal Analysis, M.M. and M.N.; Investigation, M.M. and A.H.; Resources, A.K. and
K.S.; Writing—Original Draft Preparation, M.A.; Writing—Review and Editing, A.H. and M.N.; Supervision,
A.H.; Project Administration, A.H.; Funding Acquisition, A.H. and K.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by The Japan Science and Technology Agency (JST) through its
“Center of Innovation Science and Technology based Radical Innovation and Entrepreneurship Program (COI
Program), Grant Number JPMJCE1318”.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Kinoshita, K.; Bett, J.A.S. Potentiodynamic analysis of surface oxides on carbon blacks. Carbon 1973, 11,
403–411. [CrossRef]

2. Babic, U.; Tarik, M.; Schmidt, T.J.; Gubler, L. Understanding the effects of material properties and operating
conditions on component aging in polymer electrolyte water electrolyzers. J. Power Sources 2020, 451, 227778.
[CrossRef]

3. Borup, R.; Meyers, J.; Pivovar, B.; Kim, Y.S.; Mukundan, R.; Garland, N.; Myers, D.; Wilson, M.; Garzon, F.;
Wood, D.; et al. Scientific aspects of polymer electrolyte fuel cell durability and degradation. Chem. Rev.
2007, 107, 3904–3951. [CrossRef]

4. Ohma, A.; Shinohara, K.; Iliyama, A.; Yoshida, T.; Daimaru, A. Membrane and catalyst performance targets
for automotive fuel cells by FCCJ membrane, catalyst, MEA. WG. ECS Trans. 2011, 41, 775.

5. Qin, C.; Wang, J.; Yang, D.; Li, B.; Zhang, C. Proton exchange membrane fuel cell reversal: A review. Catalysts
2016, 6, 197. [CrossRef]

http://dx.doi.org/10.1016/0008-6223(73)90080-8
http://dx.doi.org/10.1016/j.jpowsour.2020.227778
http://dx.doi.org/10.1021/cr050182l
http://dx.doi.org/10.3390/catal6120197


Molecules 2020, 25, 2398 9 of 10

6. Shao-Horn, Y.; Sheng, W.C.; Chen, S.; Ferreira, P.J.; Holby, E.F.; Morgan, D. Instability of supported platinum
nanoparticles in low-Temperature fuel cells. Top Catal. 2007, 46, 285–305. [CrossRef]

7. Rasten, E.; Hagen, G.; Tunol, R. Electrocatalysis in water electrolysis with solid polymer electrolyte.
Electrochim. Acta 2003, 48, 3945–3952. [CrossRef]

8. Lirong, M.; Sui, S.; Zhai, Y. Investigations on high performance proton exchange membrane water electrolyzer.
Int. J. Hydrog. Energy 2009, 34, 678–684.

9. Huang, S.-Y.; Ganesan, P.; Park, S.; Popov, B.N. Development of a titanium dioxide-Supported platinum
catalyst with ultrahigh stability for polymer electrolyte membrane fuel cell applications. J. Am. Chem. Soc.
2009, 131, 13898–13899. [CrossRef] [PubMed]

10. Kakinuma, K.; Chino, Y.; Senoo, Y.; Uchida, M.; Kamino, T.; Uchida, H.; Deki, S.; Watanabe, M.
Characterization of Pt catalysts on Nb-doped and Sb-doped SnO2 support materials with aggregated
structure by rotating disk electrode and fuel cell measurements. Electrochim. Acta 2013, 110, 316–324.
[CrossRef]

11. Zhang, Z.; Liu, J.; Gu, J.; Su, L.; Cheng, L. An overview of metal oxide materials as electrocatalysts and
supports for polymer electrolyte fuel cells. Energy Environ. Sci. 2014, 7, 2535–2558. [CrossRef]

12. Yin, M.; Xu, J.; Li, Q.; Jensen, J.O.; Huang, Y.; Cleemann, L.N.; Bjerrum, N.J.; Xing, W. Highly active and
stable Pt electrocatalysts promoted by antimony-doped SnO2 supports for oxygen reduction reactions.
Appl. Catal. B 2014, 144, 112–120. [CrossRef]

13. Ioroi, T.; Yasuda, K. PEM-type water electrolysis/fuel cell reversible cell with low PGM catalyst loadings.
ECS Trans. 2015, 69, 919–924. [CrossRef]

14. Karimi, F.; Peppley, B.A. Metal carbide and oxide supports for iridium-Based oxygen evolution reaction
electrocatalysts for polymer-Electrolyte-Membrane water electrolysis. Electrochim. Acta 2017, 246, 654–670.
[CrossRef]

15. Sawy, E.N.E.; Birss, V.I. Nano-Porous iridium and iridium oxide thin films formed by high efficiency
electrodeposition. J. Mater. Chem. 2009, 19, 8244–8252. [CrossRef]

16. Nakagawa, T.; Beasley, C.A.; Murray, R.W. Efficient electro-Oxidation of water near its reversible potential by
a mesoporous IrOx nanoparticle film. J. Phys. Chem. C 2009, 113, 12958–12961. [CrossRef]

17. Tamaki, T.; Kuroki, H.; Ogura, S.; Fuchigami, T.; Kitamoto, Y.; Yamaguchi, T. Connected nanoparticle catalysts
possessing a porous, hollow capsule structure as carbon-free electrocatalysts for oxygen reduction in polymer
electrolyte fuel cells. Energy Environ. Sci. 2015, 8, 3545–3549. [CrossRef]

18. Da Silva, G.C.; Perini, N.; Ticianelli, E.A. Effect of temperature on the activities and stabilities of hydrothermally
prepared IrOx nanocatalyst layers for the oxygen evolution reaction. Appl. Catal. B 2017, 218, 287–297.
[CrossRef]

19. Debe, M.K. Tutorial on the fundamental characteristics and practical properties of nanostructured thin film
(NSTF) catalysts. J. Electrochem. Soc. 2013, 160, F522–F534. [CrossRef]

20. Hayashi, A.; Notsu, H.; Kimijima, K.; Miyamoto, J.; Yagi, I. Preparation of Pt/mesoporous carbon (MC)
electrode catalyst and its reactivity toward oxygen reduction. Electrochim. Acta 2008, 53, 6117–6125. [CrossRef]

21. Hayashi, A.; Kimijima, K.; Miyamoto, J.; Yagi, I. Oxygen transfer and storage processes inside the mesopores
of platinum-Deposited mesoporous carbon catalyst thin-Layer electrode. J. Phys. Chem. C 2009, 113,
12149–12153. [CrossRef]

22. Hayashi, A.; Kimijima, K.; Miyamoto, J.; Yagi, I. Direct observation of well-Dispersed Pt nanoparticles inside
the pores of mesoporous carbon through the cross section of Pt/mesoporous carbon particles. Chem. Lett.
2009, 38, 346–347. [CrossRef]

23. Minamida, Y.; Noda, Z.; Hyashi, A.; Sasaki, K. Development of MEAs with Pt/Mesoporous carbon as
a cathode catalyst. ECS Trans. 2014, 64, 137–144. [CrossRef]

24. Sonoda, Y.; Hayashi, A.; Minamida, Y.; Matsuda, J.; Akiba, E. Nanostructure control of porous carbon
materials through changing acidity with a soft-Template method. Chem. Lett. 2015, 44, 503–505. [CrossRef]

25. Fu, B.; Minamida, Y.; Noda, Z.; Sasaki, K.; Hayashi, A. Development of MEAs by controlling carbon structures
in cathode layers. ECS Trans. 2016, 75, 827–835. [CrossRef]

26. Yue, B.; Ma, Y.; Tao, H.; Yu, L.; Jian, G.; Wang, X.; Wang, X.; Lu, Y.; Hu, Z. CNx nanotubes as catalyst support
to immobilize platinum nanoparticles for methanol oxidation. J. Mater. Chem. 2008, 18, 1747–1750. [CrossRef]

http://dx.doi.org/10.1007/s11244-007-9000-0
http://dx.doi.org/10.1016/j.electacta.2003.04.001
http://dx.doi.org/10.1021/ja904810h
http://www.ncbi.nlm.nih.gov/pubmed/19739667
http://dx.doi.org/10.1016/j.electacta.2013.06.127
http://dx.doi.org/10.1039/C3EE43886D
http://dx.doi.org/10.1016/j.apcatb.2013.07.007
http://dx.doi.org/10.1149/06917.0919ecst
http://dx.doi.org/10.1016/j.electacta.2017.06.048
http://dx.doi.org/10.1039/b914662h
http://dx.doi.org/10.1021/jp9060076
http://dx.doi.org/10.1039/C5EE02450A
http://dx.doi.org/10.1016/j.apcatb.2017.06.044
http://dx.doi.org/10.1149/2.049306jes
http://dx.doi.org/10.1016/j.electacta.2008.01.110
http://dx.doi.org/10.1021/jp901298r
http://dx.doi.org/10.1246/cl.2009.346
http://dx.doi.org/10.1149/06403.0137ecst
http://dx.doi.org/10.1246/cl.141202
http://dx.doi.org/10.1149/07514.0827ecst
http://dx.doi.org/10.1039/b718283j


Molecules 2020, 25, 2398 10 of 10

27. Wakisaka, M.; Mitsui, S.; Hirose, Y.; Kawashima, K.; Uchida, H.; Watanabe, M. Electronic structures of Pt-Co
and Pt-Ru alloys for CO-tolerant anode catalysts in polymer electrolyte fuel cells studied by EC-XPS. J. Phys.
Chem. B 2006, 110, 23489–23496. [CrossRef] [PubMed]

28. Zhang, Y.; Zhang, H.; Ma, Y.; Cheng, J.; Zhong, H.; Song, S.; Ma, H. A novel bifunctional electrocatalyst for
unitized regenerative fuel cell. J. Power Sources 2010, 195, 142–145. [CrossRef]

29. Shinozaki, K.; Zack, J.W.; Pylypenko, S.; Pivovar, B.S.; Kocha, S.S. Oxygen reduction reaction measurements
on platinum electrocatalysts utilizing rotating disk electrode technique II. Influence of ink formulation,
catalyst layer uniformity and thickness. J. Electrochem. Soc. 2015, 162, F1384–F1396. [CrossRef]

30. Garsany, Y.; Ge, J.; St-Pierre, J.; Rocheleau, R.; Swider-Lyons, K.E. Analytical procedure for accurate
comparison of rotating disk electrode results for the oxygen reduction activity of Pt/C. J. Electrochem. Soc.
2014, 161, F628–F640. [CrossRef]

31. Sievers, G.W.; Jensen, A.W.; Brüser, V.; Arenz, M.; Escudero-Escribano, M. Sputtered platinum thin-films
for oxygen reduction in gas diffusion electrodes: A Model System for Studies under Realistic Reaction
Conditions. Surfaces 2019, 2, 25. [CrossRef]

32. Zhao, X.; Hayashi, A.; Noda, Z.; Kimijima, K.; Yagi, I.; Sasaki, K. Evaluation of change in nanostructure
through the heat treatment of carbon materials and their durability for the start/stop operation of polymer
electrolyte fuel cells. Electrochim. Acta 2013, 97, 33–41. [CrossRef]

33. Garsany, Y.; Baturina, O.A.; Swider-Lyons, K.E.; Kocha, S.S. Experimental Methods for Quantifying the
Activity of Platinum Electrocatalysts for the Oxygen Reduction Reaction. Anal. Chem. 2010, 82, 6321–6328.
[CrossRef] [PubMed]

34. Reier, T.; Oezaslan, M.; Strasser, P. Electrocatalytic oxygen evolution reaction (OER) on Ru, Ir, and Pt catalysts:
A comparative study of nanoparticles and bulk materials. ACS Catal 2012, 2, 1765–1772. [CrossRef]

35. Li, G.; Yu, H.; Song, W.; Dou, M.; Li, Y.; Shao, Z.; Yi, B. A hard-Template method for the preparation of
IrO2, and its performance in a solid-Polymer-Electrolyte water electrolyzer. ChemSusChem 2012, 5, 858–861.
[CrossRef] [PubMed]

36. Dastafkan, K.; Li, Y.; Zeng, Y.; Han, L.; Zhao, C. Enhanced surface wettability and innate activity of an iron
borate catalyst for efficient oxygen evolution and gas bubble detachment. J. Mater. Chem. A 2019, 15252–15261.
[CrossRef]

37. Siracusano, S.; Baglio, V.; Di Blasi, A.; Briguglio, N.; Stassi, A.; Ornelas, R.; Trifoni, E.; Antonucci, V.; Arico, A.S.
Electrochemical characterization of single cell and short stack PEM electrolyzers based on a nanosized IrO2
anode electrocatalyst. Int. J. Hydrog. Energy 2010, 35, 5558–5568. [CrossRef]

38. Liu, C.; Carmo, M.; Bender, G.; Everwand, A.; Lickert, T.; Young, J.L.; Smolinka, T.; Stolten, D.; Lehnert, W.
Performance enhancement of PEM electrolyzers through iridium-Coated titanium porous transport layers.
Electrochem. Commun. 2018, 97, 96–99. [CrossRef]

39. Lee, M.; Uchida, M.; Tryk, D.A.; Uchida, H.; Watanabe, M. The effectiveness of platinum/carbon
electrocatalysts: Dependence on catalyst layer thickness and Pt alloy catalytic effects. Electrochim. Acta 2011,
56, 4783–4790. [CrossRef]

Sample Availability: Samples of the compounds porous Pt is available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jp0653510
http://www.ncbi.nlm.nih.gov/pubmed/17107203
http://dx.doi.org/10.1016/j.jpowsour.2009.07.018
http://dx.doi.org/10.1149/2.0551512jes
http://dx.doi.org/10.1149/2.036405jes
http://dx.doi.org/10.3390/surfaces2020025
http://dx.doi.org/10.1016/j.electacta.2013.02.062
http://dx.doi.org/10.1021/ac100306c
http://www.ncbi.nlm.nih.gov/pubmed/20590161
http://dx.doi.org/10.1021/cs3003098
http://dx.doi.org/10.1002/cssc.201100519
http://www.ncbi.nlm.nih.gov/pubmed/22441767
http://dx.doi.org/10.1039/C9TA03346G
http://dx.doi.org/10.1016/j.ijhydene.2010.03.102
http://dx.doi.org/10.1016/j.elecom.2018.10.021
http://dx.doi.org/10.1016/j.electacta.2011.03.072
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Heat Treatment and Characterization of Porous Pt 
	Electrochemical Analyses of Oxygen Reduction and Evolution Reactions 
	Electrochemical Durability of Catalysts at a High Potential 
	Evaluation of Catalyst Layers 

	Materials and Methods 
	Materials 
	Synthesis of Porous Pt 
	Material Characterization 
	Electrochemical Analyses 
	Evaluation of Catalyst Layers 

	Conclusions 
	References

