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Employing platinum-nanoparticle (Pt-Np) arrays with highly ordered and uniform arrangements of Nps
in fuel cell is a possible approach to reduce the Pt-Np aggregation and improve catalyst durability during
catalyst functioning. While the current methodologies for Pt-Np catalysts' synthesis can hardly achieve
the homogeneously distributed Pt-Np layer due to the difficulty of control over the growing/located sites
of Pt Nps precisely on carbon supporters. In this work, highly uniform and ordered Pt-Np arrays
supported on carbon paper are prepared by pattern formation based on the self-assembly of PS-P2VP
block copolymers (BCs). Cyclic voltammetry (CV) test of the arrays and the endurance test of the
corresponding fuel cell indicate that, due to the absence of the Pt-Np aggregation, no significant
performance loss is caused after 10000 cycles of CV and 100-hour running of the fuel cell. The
aggregation can be successfully overcome by the quasi-homogeneous spacing distribution, which leads
to higher electrocatalytic stability and better catalyst durability compared to the commonly used Johnson
Matthey Pt/C commercial catalyst with the same Pt loading. After the endurance test, the Pt-Np arrays
show almostly invariable size and spacing distributions, it has great potential in improving fuel-cell
lifetime. The BC route is a promising strategy to achieve ultra-long-life and high- efficient functioning
of the fuel cell.
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1. INTRODUCTION

Due to the advantages of the unlimited sources of reactants, the clean products, and the efficient
and reliable conversion of carbon-free fuel into electric power [1], fuel cell, especially proton exchange
membrane fuel cell (PEMFC), has been considered as one of the most promising candidates for future
power supply and can be widely applied to automotive, portable electronic device and distributed power
generation [2-5]. However, the large-scale commercial applications of fuel cell technology are seriously
hindered by the high cost associated with the most common-used electrocatalyst, platinum (Pt), which
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occupies more than 55% of the total cost [6]. Although non-Pt catalysts for fuel cell have recently draw
great attention and been frequently studied in order to lower the cost [7-10], Pt catalysts, particularly
carbon-supported Pt nanoparticles (Pt Nps), are the only electrocatalysts used in applied fuel cells
presently and remain irreplacable in the short term [11]. This is because carbon-supported Pt has not
only the highest catalytic activity for the oxygen reduction reaction (ORR) among all pure metals [11],
but also an excellent stability in the harsh chemical conditions of a fuel cell [12].

In view of this, constant efforts to obtain high-performance fuel cell with the least usage amount
of Pt possible have been made by improving Pt-catalyst utilization, which mainly include two strategies:
improving the intrinsic activity and improving the durability [13]. The former can be achieved by a great
number of methods, such as alloying, core-shell method, size control and shape control of Pt-Np catalysts
[14-18], after which both the Pt-reactant binding interaction and the Pt usage amount are able to be
optimized [19-22]. The latter can be achieved by adding metallic or organic species such as gold clusters
or carbon black to stabilize Pt Nps against dissolution [23-24]. Compared to the former, however,
significant results for durability improving have been reported less. This may be attributed to the
unavoidable Pt-Np aggregation during the running of fuel cell, which is another important factor
shortening the service life of Pt-Np catalyst besides Pt oxidation [12].

Employing the Pt-Np catalysts with highly dispersed and ordered arrangements of Nps is a
possible approach to reduce the Pt-Np aggregation. Theoretically, the arrangements require a
homogeneous spacing distribution of the catalyst particles, namely, a same center-to-center distance for
all the adjacent Pt Nps located on the surface of the supporting material, rely on which the Pt-Np
aggregation can be generally minimized due to the absence of the relatively dense-arranged area of the
particles [25]. Unfortunately, owing to the difficulty of control over the growing/located sites precisely
on carbon supporters, most of the current methodologies for Pt-Np catalysts' synthesis, including thermal
reduction process, microwave-assisted process , electrodeposition and many others [11], can hardly
achieve the homogeneously distributed Pt-Np layer discussed above.

Pattern formation based on self-assembly of block copolymers (BCs) is known as one of the most
significant methodologies for the preparation of highly uniform Np arrays [26-28]. The copolymers
formed by two inverse blocks, such as poly (styrene)-block-poly(2,4-vinylpyridine) (PS-b-P(2,4)VP),
are preferred because of their formation of micelle composed of a insoluble core and a soluble corona in
the selective solvent. By means of spin-coating or dip-coating, these micelles can be loaded on
supporting materials as ordered BC nanopatterns for the fabrication of nanostructures [25]. It has been
reported that the Pt precursors such as chloroplatinate or chloroplatinic acid (H2PtCle) can protonate the
nitrogen atom of P(2,4)VP and bind to P(2,4)VP core [29-30], thus PS-b-P(2,4)VP micelles can act as
ideal BC nanopatterns for the growth of Pt Nps. Further removing of the BC nanopatterns and reduction
of the Pt precursors can be achieved by plasma-cleaning process at the same time [31], leading to the
formation of Pt-Np arrays. These Pt Nps will be anchored on the surface by the micelles and arranged
as ordered hexagonal lattice with an almostly homogeneous distribution of the particle spacing [32-33].
Although a few reports have focused on the catalytic activities of the BC-synthesized Pt-Np arrays in
fuel cell applications [34-35], the electrocatalytic stability of the carbon-supported Pt-Np arrays and the
durability of the corresponding fuel cell have been less reported.
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In this work, highly ordered Pt-Np arrays supported on carbon paper have been prepared from
BC nanopatterns consisting of PS-b-P2VP micelles. Size and spacing statistic results show
approximately ideal hexagonal arrangements of the Pt-NP arrays. Electrocatalytic stability of the arrays
and durability of the PEMFC using the arrays as the cathode are investigated in detail by the following
cyclic voltammetry (CV) test and the endurance test, respectively. Morphology of the arrays after 100
hours of PEMFC running are also investigated.

2.EXPERIMENTAL

2.1 Pt-Np Arrays Preparation

PS(16000)-b-P2VP(3500) (Polymer Source Inc. Canada, the molecular weights of the blocks are
given within the brackets) was selected to synthesize the BC nanopatterns and used as received. 20
milliliter of tetrahydrofuran (THF) solution added with 0.5 wt % PS(16000)-b-P2VP(3500) was first
prepared to obtain self-assembled micelles, each of which was composed of a P2VVP(3500) core and a
PS(16000) corona. Then the Pt precursor HoPtClg-6H20 purchased from Shanghai Chemical Reagent
Co. was dissolved in the micelle solution at an H:PtCle/2VP molar ratio of 0.824. Carbon paper
(HCP120, 20*10*0.21 mm) obtained from Hesen Co. Ltd. was cleaned with a stream of nitrogen (N3)
for 15 minutes and selected as the supporter. The subsequent spin-coating process of the HoPtCle/micelle
solution on carbon paper was conducted at 5000 rpm for 2 minutes by an KW-4A spin-coater purchased
from Institute of Microelectronics of Chinese Academy of Sciences. Then the carbon paper coated with
H2PtCle/micelle was dried in air for 24 hours, and finally placed in an YZD08-2C plasma cleaner (110W,
Tonson Tech.) for a 15-minute cleaning, after which the BC nanopatterns were removed and the Pt
precursors were reduced, resulted in the formation of carbon-supported Pt-Np arrays.

2.2 Characterization

An S-4800 scanning electron microscope (SEM) at 2.0 kV was employed to observe the surface
morphology of the as-prepared specimens. The investigations of the Pt-Np arrays’ bonding energy were
carried out by X-ray photo electron spectroscopy (XPS) detection with an ESCALAB 250Xi
spectrometer equipped with an Mg Ka source. Pt-loading calculations of the specimens were achieved
by X-ray fluorescence (XRF) measurements with an AXIOSmAX-PETRO facilities, and 5 pg Ir was
selected as a reference sample during the measurements.

2.3 Electrochemistry

CHIG00E tri-electrode electrochemical system purchased from Shanghai chinstruments Inc. was
employed to evaluate the electrocatalysis performance of the specimens, in which saturated
mercury/mercurous sulfate electrode (Hg/Hg2SOs4, -0.7 V vs. reversible hydrogen electrode (RHE)), Pt
wafer (10*10 mm), 0.5 M H2SOg4 solution saturated by N» and as-prepared Pt-Np coated carbon paper
(10*10*0.21 mm, half of the specimen obtained in section 2.1) were selected as the reference electrode,
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the counter electrode, the electrolyte and the working electrode, respectively. The electrocatalysis
stabilities were examined by CV method at a scanning rate of 50 mV-s™ within a range of -0.65 ~ 0.6 V
versus Hg/Hg>SO4 (0.05 ~ 1.3 V versus RHE) on the tri-electrode system described above.

2.4 Membrane-Electrode Assembly Preparation

To evaluate the durability of the Pt-Np arrays in corresponding fuel cell, another half of the
carbon-supported Pt-Np arrays prepared from section 2.1 (10*10*0.21 mm) were fabricated as a
membrane-electrode assembly (MEA) for a single PEMFC, within which the arrays were placed as the
cathode, the carbon paper sputtered by Johnson Matthey Pt/C 20% commercial catalyst (JM 20%, Pt
content of the catalyst: ~20 wt% , average Pt particle size: ~3nm) with a Pt loading of 0.4 mg-cm™ was
selected as the anode, and DuPont Nafion membrane (NRE212, 30*30 mm) as the proton exchange
membrane, which was placed between the cathode and the anode after the cleaning processes of both
boiling H202 and H2SO4. No hot pressing process was carried out in consideration of the vulnerability
of the arrays’ high-dispersed and ordered particle arrangements, and the arrays-membrane-JM 20%
structures were compacted directly by a PEMFC fixture.

3.RESULTS AND DISCUSSION

Typical SEM images of the as-prepared BC nanopatterns and the obtained Pt-Np arrays are
shown in Fig.1a and 1b, respectively. The BC micelles were regularly coated on carbon paper, resulting
in the formation of carbon-supported Pt-Np arrays exhibited as highly uniform and ordered particle
arrangements as other reported arrays synthesized from BC route [31, 33, 36]. Fig.1c gives the SEM
micrograph of the JM 20% catalysts sputtered on the carbon supporter with a same Pt loading as the
arrays, which shows disordered and overlapped particle arrangements.

Figure 1. SEM images of (a) as-prepared BC nanopatterns, (b) BC-patterned Pt-Np arrays and (c) the
JM 20% catalysts with a same Pt loading as the Pt-Np arrays.

Pt-Np size distribution of the corresponding arrays was obtained from random diameter statistics
of 50 Pt Nps in Fig.1b. Similarly, the distribution of center-to-center distance of 50-pair adjacent Pt Nps
within the arrays were also collected. All the collected diameters and center-to-center distances were
measured based on the scale bar shown in Fig.1b. Corresponding size and spacing statistic results are
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given in Fig.2a and 2b, in which diameters of over 95% particles are within a range of 3 £ 0.75 nm and
center-to-center distances of near 90% pairs of adjacent particles are within 32 = 4 nm, demonstrating
that the as-prepared Pt Nps are arranged as quasi-homogeneously distributed arrays. The XPS
measurement of the Pt-Np arrays is shown in Fig.2c. Main Pt (4f7,2) peak of the Nps is centered at 71.3
eV as the Pt (0) Nps reported previously [37]. Meanwhile, no peaks attributed by Pt (I1) are observed in
the spectrum, suggesting that PtO species are barely produced on the surface of the Nps synthesized
from our BC route, which is beneficial for the increasing of Pt utilization.
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Figure 2. (a) Diameter and (b) center-to-center distance statistic results of the Pt Nps; (c) XPS spectrum
of the Pt-4f region for the BC-patterned Pt-Np arrays.

Area-normalized curves of initial and 10000th CV cycle were investigated for both the Pt-Np
arrays (Fig.3a) and the JM 20% (Fig.3b). A negligible area loss less than 2% is found for the adsorption—
desorption of hydrogen (-0.65 to -0.3 V versus Hg/Hg>SO4, namely, 0.05 to 0.4 V versus RHE) in Fig.3a,
which results in an almost constant value of the electrochemically active surface area (ECSA), thus the
Pt-Np arrays show an excellent electrocatalytic stability during 10000 CV cycles. While a loss more than
16% is found in Fig.3b, indicating that the stability of the arrays is much better than that of the JM 20%.
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Figure 3. CV curves of (a) the Pt-Np arrays and (b) the JM 20%, in which solid curves represent for the
initial CV, dashed curves for the 10000th CV.

According to the previous reports of Pt-based catalysts [38-40], the loss of electrocatalytic
activity during long-time CV running is mainly attributed to Pt-Np aggregation and Pt loss, and the latter
arises mostly from Pt oxidation, which follows by Pt corrosion or passivation [12]. Moreover, it has been
widely confirmed that the particular voltammetric profile which constructs hydrogen adsorption—
desorption area is closely connected with the specific surface structure of Pt Nps [41]. Therefore, each
H-desorption peak can be identified as the presence of wide domains, terraces, steps or sites of the
corresponding Pt crystal face [42]. This also means that relative shifts of the H-desorption peaks will be
observed after Pt-Np aggregation or Pt loss due to the changes of particle surface structure. For the Pt-
Np arrays synthesized from our BC route, neither of the two H-desorption peaks (Fig.3a, marked by
dashed lines) has shifted after 10000th CV, suggesting that no significant Pt-Np aggregation or Pt loss
is caused. In consideration of the same testing conditions as the Pt-Np arrays, Pt loss of JM 20% could
also be ignorable, which has been demonstrated by the nearly invariable value of Pt loading shown in
Table 1. Thus, Pt-Np aggregation is the main reason caused the H-desorption peak shifts (Fig.3b, marked
by dashed line) and the electrocatalytic activity loss of JM 20% after 10000th CV. We believe that, the
large-scale particle overlapping and close packing of the JM 20% result in a higher possibility of Pt-Np
aggregation, which leads to significantly larger loss of the electrocatalytic activity compared to the
arrays. Furthermore, there is no major difference between the two tested specimens except the
arrangements of the Pt Nps on supporting surface. In view of this, quasi-homogeneous spacing
distribution, namely, ordered and uniform particle arrangement, has contributed most to the absence of
the Pt-Np aggregation as well as the optimization of the electrocatalytic stability.

Table 1. Specimens' Pt loading (ug -cm™) measured by XRF before CV test and after 10000th CV.

Specimen Initial 10000th
Arrays 0.186 0.183
JM 20% 0.184 0.182

Further investigations of the durability of both the arrays and the JM 20% in fuel-cell cathode
are carried out on a same home-made PEMFC fixture as the one reported by Gan's study [34], which
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includes one pair of both bipolar plates and current collectors composed of graphite and copper,
respectively. The center of each bipolar plate is patterned with serpentine-type channel as the flow fields.
Thermostatic control of the PEMFC was achieved by HD701 temperature controller (Tianjin ida Co.
Ltd.) linked to the two copper current collectors. The MEA of the arrays mentioned in section 2.4 and
the MEA fabricated by the JM 20% specimen were sandwiched in the middle of two identical silica-gel
seals, respectively. Both of the silica-gel seals were center-hollowed, which insured the direct contact
between the MEAs and the flow fields. 100-hour endurance of the PEMFC was evaluated on a same
electronic load as Gan reported [34] at both a constant current density and a constant temperature of
0.5A-cm™ and 80°C, respectively, during which 0.1MPa fully humidified H, as well as O, was used and
the cell potential (E) was recorded every 5 hours.

We believe that, due to the same testing conditions, the Pt loss of the arrays and the JM 20% after
100-hour running of the fuel cell are almost same. Meanwhile, based on the results discussed above,
more serious Pt-Np aggregation within the fuel cell may be found for the JM 20% compared to the
arrays. Hence the fuel cell assembled by the arrays' MEA may exhibit better durability than JM 20%-
fabricated fuel cell. This has been demonstrated by the E vs. time (t) plots shown in Fig.4, in which a
negligible E loss of 1.2 mV is found after 100 hours for the fuel cell using the arrays, yet a significant
loss of 8.6 mV for that using the JM 20%. In addition, due to the open space for the Pt/reactants contact
and periodic catalytic active sites [25, 34], the arrays show larger hydrogen adsorption—desorption area
as well as higher ECSA (Fig.3) compared to the JM 20%, leading to higher E at the same current densities

(Fig.4).
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Figure 4. E vs. t plots of the fuel cell within 100 hours using the arrays and the JM 20% as cathodic

catalysts.

CV curve (Fig.5a) was conducted for the Pt-Np arrays after the endurance test. Two resolved H-
desorption peaks (marked by dashed lines) are observed and located at -0.57V and -0.44V, respectively,
which is in consistent with the results shown in Fig.3a. This indicates that, similar to the CV test, no
significant Pt loss of the arrays is caused during the endurance test, and even in the harsh chemical
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environment within the fuel cell, Pt-Np aggregation can be successfully overcome by quasi-
homogeneous spacing distribution. The results in Fig.3, Fig.4 and Fig.5a demonstrate that, because of
the ordered and uniform particle arrangements, Pt-Np arrays synthesized from our BC route are not only
able to show more excellent catalyst durability compared to the commercial Johnson Matthey catalyst
with the same Pt loading, but also capable of ensuring long-life and highly efficient functioning of the
fuel cell.
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Figure 5. (a) CV curve of the Pt-Np arrays after endurance test; (b) SEM image and the distribution of
(c) diameter and (d) center-to-center distance of the corresponding arrays

Fig.5b, 5¢ and 5d give the SEM image of the Pt-Np arrays after endurance test and the
corresponding size & spacing statistic results, respectively. Quasi-homogeneous size and spacing
distributions with same dominant values as the results in Fig.2a (dominant diameter: 3 nm) and 2b
(dominant center-to-center distance: 32 nm) are found, suggesting an invariable morphology of the
arrays after 100-hour running of the fuel cell. On one hand, this again demonstrates that the Pt-Np
aggregation has been prevented effectively. On the other hand, this means that the advantages of quasi-
homogeneous spacing distribution to the durability will be maintained in the following running of the
fuel cell, namely, highly efficient fuel-cell functioning which continues far more than 100 hours can be
achieved, in view of which the Pt-Np arrays have great potential for the improvement of fuel-cell life.
Furthermore, the ordered and uniform Np arrangements are the intrinsic morphology characteristics for
the Pt-Np arrays prepared from a wide range of BC routes using various kinds of PS-PVP nanopatterns
[29-33]. Therefore, besides the previously reported advantages of improving catalytic performance [25,
34], employing BC route to synthesis Pt catalysts is a promising strategy to achieve ultra-long life of
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fuel cell, and the ordered and uniform Pt-Np arrays from BC are perfectly suitable for the cathodic
application of fuel cell.

4.CONCLUSION

In this work, carbon paper loaded with highly ordered and uniform Pt-Np arrays has been
obtained based on PS-P2VP nanopatterns. The statistic results show that the arrays' distributions of both
size and spacing are quasi-homogeneous distribution. The following CV measurements exhibit a higher
electrocatalytic stability of the arrays than the JM 20% catalyst with the same Pt loading, and ECSA loss
of the arrays is negligible after 10000 cycles of CV. Similar to the results of CV tests, the arrays show
higher catalyst durability than the JM 20% within the PEMFC, and the potential of the PEMFC using
the arrays maintains nearly constant after 100-hour running. According to the invariable locations of the
H-desorption peaks, no significant Pt-Np aggregation or Pt loss is caused for the arrays after those two
tests. Meanwhile, quasi-homogeneous spacing distribution can successfully overcome the Pt-Np
aggregation, thus excellent stability and durability have been shown by the arrays. Further morphology
investigations of the arrays after the endurance test show almostly invariable size and spacing
distributions compared to the initial ones, in view of which the arrays have great potential for the
improvement of fuel-cell life, and employing BC route to synthesis ordered and uniform Pt arrays is a
promising tactic to achieve ultra-long-life and highly efficient functioning of the fuel cell.
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