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The rapid oxidation of carbon black (CB) is a major drawback for its use as a catalyst support in polymer
electrolyte fuel cells. Here, we synthesize poly[2,2’-(4,4’-bipyridine)-5,5-bibenzimidazole] (BiPyPBI) as
a conducting polymer and use it to functionalize the surface of CB and homogenously anchor platinum
metal nanoparticles (Pt-NPs) on a CB surface. The as-prepared materials were confirmed by different
spectroscopic techniques, including nuclear magnetic resonance spectroscopy, energy-dispersive X-ray,
thermal gravimetric analysis, and scanning-transmittance microscopy. The as-fabricated polymer-based
CB catalyst showed an electrochemical surface area (ECSA) of 63.1 cm? mgp % giving a catalyst
utilization efficiency of 74.3%. Notably, the BiPyPBl-based CB catalyst exhibited remarkable catalytic
activity towards oxygen reduction reactions. The onset potential and the diffusion-limiting current
density reached 0.66 V and 5.35 mA cm™2, respectively. Furthermore, oxidation stability testing showed
a loss of only 16% of Pt-ECSA for BiPyPBI-based CB compared to a 36% loss of Pt-ECSA for commercial
Pt/CB after 5000 potential cycles. These improvements were related to the synergetic effect between
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Introduction

Polymer electrolyte fuel cells (PEFCs) are a sustainable power
technology with massive potential for portable, automotive, and
stationary power applications.* The performance and lifetime of
PEFCs have been considered as the key constraints for the
widespread application of this technology.> Accordingly, the
components of PEFC units are gaining a lot of interest from
both scientific and industrial perspectives.

The catalyst layer (CL) of PEFCs is one of the key components
that strongly affect the performance and lifetime of PEFCs.? It
usually consists of a carbon-support nanomaterial with
a nanometal catalyst on which the FC reactions occur.* The
performance degradation of the CL is typically caused by
agglomeration, sintering, or the detachment of the nanometal
catalyst due to the corrosion of the carbon-support nano-
material.® Therefore, the design and surface-morphology of the
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atoms, and demolished the degradation of CB via the wrapping process.

CL are of great interest because they determine the catalyst
utilization efficiency and also define how the protons and
electrons transfer through the membrane electrode assembly
(MEA). Carbon black (CB) is one of the most popular carbon-
support materials in CL because it has a low production cost,
a high specific surface area, and high electronic conductivity.®
The main drawback of CB is its porous and amorphous struc-
ture, which contains a lot of oxygen-containing functional
groups.” This structure leads CB to a fast oxidation process
under the acidic operating conditions of FCs.® Thus, it is
important to offer an advanced formulation route for CB into
the CL to reach its optimum use in PEFCs.

The polymer modification of carbon supports showed
remarkable impacts on the durability of CL and activity of the
supported nanometal catalysts.” Numerous polymers including
polytetrafluoroethylene (PTFE), perfluoro-sulfonic acid polymer
(PFSA; Nafion), polypyrrole, and poly(ether-ether ketone)
(PEEK) were introduced to the CL to improve its proton
mobility, and to create contact between the CL and the
membrane of the PEFCs. However, some of these polymers
suffered from low stability under the harsh operating condi-
tions of FCs, and the others could not meet the required targets
for proton conductivity.'®"* Therefore, there is a need for an
ionomer that can provide high proton conductivity, high cata-
lytic activity, and high stability of the nanometal catalyst as well

This journal is © The Royal Society of Chemistry 2020
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as low degradation of the carbon-supports. Polybenzimidazole-
based (PBI) polymers are promising candidates for PEFCs that
work at high operating temperatures and under non-
humidifying conditions because they exhibit a high molecular
weight, high thermal stability, good proton conductivity with
a relatively lower production cost compared to other proton
conducting ionomers. PBI polymers are predominantly intro-
duced to PEFCs as proton conducting membranes in order to
improve the proton mobility into the assembled MEA. Also, its
aromatic structure is favored for the -7 interactions that occur
with the surface of the carbon support materials. These inter-
actions are advantageous for improving the catalyst stability at
high operating temperatures.

Very recently, we offered a nitrogen-rich PBI polymer, namely
poly[2,2’-(4,4"-bipyridine)-5,5-bibenzimidazole]| (BiPyPBI), with
remarkable physicochemical properties owing to the nitrogen
atoms of the polymer backbone.*” In this study, we controlled
the molecular weight of BiPyPBI to provide conducting
membranes with high oxidative stability, high resistance
towards thermal degradation, and improved proton conduc-
tivity. These properties allow BiPyPBI to be a promising ionomer
for CLs.

In the current study, we use BiPyPBI as an ionomer to
synthesize an advanced CL with improved performance and
durability. BiPyPBI is envisioned to deaccelerate the oxidation
stability of a CB catalyst-support through the wrapping of CB
pores, and to work as an interfacial binder for the nanometal
catalyst (platinum, Pt), forming a three-phase boundary struc-
ture (CB/BiPyPBI/Pt) with enhanced catalytic activity and dura-
bility. Typically, we investigate the oxygen reduction reaction
(ORR), the electrochemical surface area (ECSA), the oxidative
stability, and the degradation behaviour of the formed Pt/
BiPyPBI/CB catalyst in comparison to the commercially avail-
able Pt/CB catalyst to show the impact of BiPyPBI on the CL.

Experimental
Materials

3,3'-Diaminobenzidine tetrahydrochloride, 2,2'-bipyridine-4,4'-
dicarboxylic acid, chloroplatinic acid hexahydrate, poly-
phosphoric acid, N,N-dimethylacetamide, perchloric acid, and
ethylene glycol were purchased from AlfaAesar Chemicals, Ltd.
2-Propanol, methanol, sodium hydroxide, and phosphoric acid
were purchased from ElI-Gomhouria company for Trading
Chemicals and Medical Appliances. CB (Vulcan XC-72R) was
obtained from Cabot Chemicals, Ltd.

Synthesis of BiPyPBI

The BiPyPBI polymer was prepared by a condensation process
according to our previous paper (see Fig. 1a).*> Typically, equi-
molar ratios (60.0 mmol) of 3,3'-diaminobenizidine tetrahy-
drochloride and 2,2'-bipyridine-4,4’-dicarboxylic acid were
added to a three-necked flask and mechanically mixed in 300 g
of polyphosphoric acid at 200 °C for 36 h. The obtained polymer
was then precipitated in hot water, washed with water, and
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rinsed with 10 wt% sodium hydroxide solution. The BiPyPBI
was finally purified by hot methanol.

BiPyPBI wrapping of CB

First, 10 mg of the BiPyPBI polymer was added to 40 mL of N,N-
dimethylacetamide, and then the mixture was thoroughly stir-
red at room temperature overnight to completely dissolve the
BiPyPBI polymer. Next, 20 mg of CB was ultrasonically
dispersed in 20 mL of N,N-dimethylacetamide for 30 min. After
that, the BiPyPBI polymer and the dispersed CB solutions were
mixed, sonicated for 30 min, and finally stirred at room
temperature for 5 h to ensure the wrapping process. Subse-
quently, the obtained composite (donated as BiPyPBI/CB) was
filtered, washed with N,N-dimethylacetamide several times to
remove the unbound BiPyPBI polymer, and finally oven-dried at
80 °C overnight (see Fig. 1b). This synthetic process is assumed
to ensure a monolayer coating of the polymer on the surface of
CB.

Pt deposition on CB/BiPyPBI

The Pt nanoparticles (PtNPs) were deposited on the BiPyPBI/CB
composite-support by a dispersion-seeding technique using
chloroplatinic acid hexahydrate as the source of the Pt ions.
Ethylene glycol was used as a reducing agent for the Pt ions."
Typically, 10 mg of the BiPyPBI/CB composite was ultrasonically
dispersed in 100 mL of ethylene glycol aqueous solution for
30 min. For the Pt ions seeding, 0.85 mM of chloroplatinic acid
hexahydrate was added and the resultant suspension was
sonicated for 30 min, followed by a reflux process at 140 °C for
8 h to reduce the Pt ions. The formed Pt/BiPyPBI/CB catalyst was
filtered, rinsed with water, and then acetone and finally,
vacuum dried at 80 °C (see Fig. 1b).** Using the same process, Pt
was deposited on CB.

Characterizations and measurements

The nuclear magnetic resonance (NMR) spectrum of the
BiPyPBI polymer was measured using a Bruker 400 MHz
(Bruker, Biospin AG) at Kafr Elsheikh University. The thermal
behavior of the formed catalyst and the content of the Pt metal
in the CL was determined (TGA) using a Shimadzu thermogra-
vimetric analyzer (TGA-50). The TGA measurements were per-
formed at a heating rate of 10 °C min~" and an air flow rate of
20 mL min . The size and distribution of PtNPs were analyzed
using an ultra-high resolution scanning electron microscope
(Hitachi-SU9000) equipped with an energy-dispersive X-ray
detector (EDX), operated at 30 kV. The X-ray photoelectron
spectroscopy was performed on an XPS from Thermo Scientific.
The Brunauer-Emmett-Teller (BET) surface area was obtained
from the N, adsorption-desorption isotherms measured at
a —196 °C.

Molecular weight (MW) determination of the BiPyPBI polymer

The MW of BiPyPBI was measured by evaluating the inherent
viscosity of BiPyPBI in the sulfuric acid solvent and**** applying
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Fig. 1 Synthetic protocol for the (a) BiPyPBI polymer and (b) Pt/BiPyPBI/CB composite.

the Mark-Houwink-Sakurada equation.’ The calculated MW
was 139 kDa.

Electrochemical surface area (ECSA) and oxygen reduction
reaction (ORR) measurements

The ECSA of PtNP was calculated by performing the cyclic vol-
tammetry (CV) of the CL at room temperature in deoxygenated
0.1 M perchloric acid using a conventional three-electrode
electrolytic cell connected with an ALS-potentiostat (Model
DY2323). Typically, 14 pg cm™ > of PtNP was loaded onto the
working electrode (which possesses a geometric surface area of
0.282 cm?), while the counter and the reference electrodes were
a Pt-wire and a Ag/AgCl system, respectively. The total catalyst
loading on the working electrode was 43.75 ng and 38.88 pg for
the commercially CB/Pt catalyst and the Pt/BiPyPBI/CB catalyst,
respectively. The catalyst was deposited on the working elec-
trode using a drop-cast/vacuum deposition process and a cata-
lyst ink solution. No additional ionomer was added to the
catalyst layers, which were composed of CB and Pt for
commercial CB/Pt, and CB, BiPyPBI, and Pt for the Pt/BiPyPBI/
CB systems. The cyclic voltammograms were collected at a scan
rate of 50 mV s~ '. The ECSA values were calculated from the
hydrogen adsorption region in the negative-going potential
scan of the CVs.'*® The utilization efficiency of the Pt/BiPyPBI/
CB catalyst was then determined to evaluate the preparation
process of the catalyst in comparison to the commercial Pt/CB
catalyst (see Table 1)." The specific surface area (SSA) was
determined from the following equation. SSA = 6 x 1000/P x d,

30778 | RSC Adv, 2020, 10, 30776-30784

where P is the platinum density (21.4 g cm ), and d is the Pt
particle size (nm).” The ORR activity was evaluated from the
linear sweep voltammetry (LSV) measurements at 1600 rpm in
an oxygen-saturated 0.1 M perchloric acid solution using
a rotating disk electrode (RDE) at a scan rate of 10 mV s~ *. The
RDE consisted of a glassy carbon disc surrounded by a layer of
polytetrafluoroethylene.

Oxidative stability testing

The oxidative stability of the CL was tested in a deoxygenated
0.1 M perchloric acid solution at room temperature via an
accelerated durability protocol provided by the Fuel Cell
Commercialization Conference of Japan (FCCJ).>* Typically, the
durability was measured by potential cycling in the potential
range from 1.0 to 1.5 V at a scan rate of 0.5 V s~' for 5000
potential cycles. To see the effect of carbon corrosion on the CL
stability, the ECSA of PtNPs was determined every 1000 cycles.
Also, the CL after the durability test was investigated by ultra-
high resolution scanning electron microscopy.

Results and discussion
Proton NMR confirmation of BiPyPBI structure

The "H-NMR signals were in accordance with the structure of
BiPyPBI. Typically, the signals of BiPy-PBI were noted at ¢ (ppm)
13.26 (2H, s, N-H), 9.15-9.17 (2H, d, Ar-H), 8.3-8.33 (2H, d, Ar-
H), 8.05 (2H, s, Ar-H), 7.85-7.9 (2H, d, Ar-H), 7.75 (2H, s, Ar-H),
and 7.6-7.65 (2H, d, Ar-H)."”

This journal is © The Royal Society of Chemistry 2020
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Table 1 Particle size, ECSA, specific surface area, utilization efficiency, and current—potential data for the Pt/BiPyPBI/CB and Pt/C catalysts

Pt particle

Utilization efficiency Onset potential
(V vs. Ag/AgCl)

Limiting current
density (mA ecm™?)

Sample name size (nm) ECSA (cm® mgp ') Specific surface area (cm® mgp. ) (%)
CB/BiPyPBI/Pt 3.3 63.1 84.9
CB/Pt 3.0 65.2 93.4

The composite structure of Pt/BiPyPBI/CB

The XPS surface analysis was performed to confirm the BiPyPBI
surface coating of CB. Fig. S11 shows the XPS survey scan of the
BiPyPBI/CB composite. The XPS spectrum shows the charac-
teristic Ny and Cy; signals of BiPyPBI and CB, respectively. The
N/C ratio, determined from the XPS spectrum, was 3/97. This
indicated a very small loading ratio of the BiPyPBI polymer and
supports the monolayer nature of the BiPyPBI coating.

EDX spectroscopy was used to confirm the composite
structure of Pt/BiPyPBI/CB. As expected, the EDX result showed
the spectral peaks of the Pt, N, and C elements (Fig. 2a), which
are characteristic for the Pt-metal catalyst, BiPyPBI polymer,
and CB of the composite, respectively. The peak of the O
element was due to the oxygen-functional groups of CB. As
proposed, the -1t and CH-7 interaction forces were in charge
of the interactions between BiPyPBI and the CB surface.** Also,
coordination bonding was responsible for the binding of the Pt
metal ions on the surface of the BiPyPBI/CB composite.?
Besides, the transmission image and the surface image of the
composite (Fig. 2b and c) showed the Pt metal as bright and
dark nanoparticles spots, evenly distributed with no aggregates
on the surface of BiPyPBI/CB. The particle size distribution
histogram (Fig. 2d) indicated the formation of PtNPs with an
average size of 3.3 nm. The transmission and surface images of
the commercial Pt/CB composite also showed Pt-NPs with an
average size of 3.0 nm, homogenously distributed on the
surface of CB (see Fig. 3).

TGA was performed to evaluate the effect of the BiPyPBI
polymer on the thermal behavior of the assembled composite
and was also used to determine the loading ratio of the Pt metal
catalyst. Fig. 4a shows the thermal behavior of CB. As seen, the
thermal decomposition temperature of CB was around 700 °C.
The commercial Pt/CB catalyst (Fig. 4b) showed a much lower
decomposition temperature of around 398 °C due to the catalytic
activity of the loaded Pt metal catalyst, which promoted the
thermal degradation of carbon.”®*** As observed, the Pt loading
ratio in the Pt/CB composite was 32%. On the other side, the Pt/
BiPyPBI/CB composite showed an enhanced thermal behavior
compared to that of Pt/CB (Fig. 4c). The decomposition temper-
ature of CB in the Pt/BiPyPBI/CB composite was recorded at
450 °C (around 52 °C higher than that of CB in Pt/CB). This
improvement was correlated to the BiPyPBI polymer, which has
high thermal stability with a decomposition temperature of
600 °C (see Fig. S27). The BiPyPBI polymer in the Pt/BiPyPBI/CB
composite worked as a protective layer, blocking the active
oxidation sites of CB, and accordingly raised the activation energy
required for the thermal decomposition of CB.*® Notably, there

This journal is © The Royal Society of Chemistry 2020
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was a decrease in temperature at around 460 °C. This behavior
was related to the heat absorbed by CB during its rapid decom-
position process,*® resulting in the cooling down of its
surroundings. When the oxidation of CB was complete, the
composite temperature increased and then thermalized with the
TGA apparatus temperature. In addition, there was a small
weight loss of 3% at around 500 °C. This weight loss was related
to the amount of BiPyPBI in the composite.*”

ECSA and ORR performance

Fig. 5a shows the cyclic voltammograms of both Pt/BiPyPBI/CB
(red curve) and Pt/CB (black curve) CLs. As seen, the cyclic vol-
tammograms of both CLs display identical peak shape and
position for hydrogen adsorption and desorption on the surface
of Pt in the low potential region as well as the Pt reduction and
oxidation position in the high potential region.”” The initial
ECSAs calculated from the hydrogen adsorption region in the
negative-going potential scan of the cyclic voltammograms were
63.1 and 65.2 cm® mgp, * for Pt/BiPyPBI/CB and Pt/CB, respec-
tively. The slight decrease in the ECSA of Pt/BiPyPBI/CB was due
to the slight increase in the Pt particle size, as confirmed by the
TEM images. In addition, and as seen from the data in Table 1,
the Pt specific surface area of Pt/BiPyPBI/CB was 84.9 cm* mgp "
compared to 93.4 cm® mgp, ' for the commercial Pt/CB catalyst,
giving utilization efficiencies of 74.3% and 69.8%, respectively.
This improvement in the utilization efficiency of Pt/BiPyPBI/CB
was related to the BiPyPBI polymer, which partially covered the
surface pores of the CB support, preventing the Pt-NPs from
impeding into the pores of CB. The nitrogen-gas adsorption/
desorption measurements of CB before and after BiPyPBI wrap-
ping (Fig. S31) confirmed this hypothesis. The calculated BET
surface area was 181 m”> g~ for CB and became 91 after BiPyPBI
polymer wrapping (see Table 2). In addition, the pore volume of
CB decreased by a ratio of 86% as a result of the BiPyPBI polymer
filling of CB pores (see Fig. S4, and Table 2). Fig. 5b shows the
polarization curves of Pt/BiPyPBI/CB in comparison to Pt/CB.
When comparing the onset potential and the diffusion-limiting
current density, Pt/BiPyPBI/CB exhibited a higher ORR activity
compared to Pt/CB (see Table 1). The onset potential and the
diffusion-limiting current density of Pt/BiPyPBI/CB reached
0.66 V and 5.35 mA cm ™, respectively. These improvements were
due to the synergetic effect of the nitrogen-based BiPyPBI, which
promoted ORR through the nitrogen atoms of the BiPyPBI
backbone.?

In order to show the impact of BiPyPBI on the oxidation
stability of CB, potential-stress testing was performed. Fig. 6a
and b show the cycling voltammograms (CV) of Pt/BiPyPBI/CB

RSC Adv, 2020, 10, 30776-30784 | 30779
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Fig.2 (a) Energy dispersive X-ray (EDX) spectrum of the Pt/BiPyPBI/
CB composite. STEM images of the Pt/BiPyPBI/CB composite: (b)
surface image, and (c) transmission image. (d) Particle size distri-
bution histogram of Pt-NPs supported on the BiPyPBI/CB
composite.
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Fig.3 STEM images of the Pt/CB composite: (a) surface image, and (b)
transmission image. (c) Particle size distribution histogram of the Pt-
NPs supported on CB.

and Pt/CB catalysts, respectively, before and after the potential-
stress testing. When comparing the CV profiles, a massive
decrease in the current density of Pt/CB was noticed compared
to that of the Pt/BiPyPBI/CB catalyst after durability testing. This
performance was related to the loss of the ECSA of the Pt metal
catalyst. High ECSA loss results in a large drop in the current

This journal is © The Royal Society of Chemistry 2020
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density.> This observation clearly showed how important the
BiPyPBI coating is as it suspended the aging process of the CB
that is responsible for the sintering of Pt and the loss of the
ECSA. To clarify the variation in the ECSA during durability
testing, the normalized-ECSAs are plotted against the number
of potential cycling, as displayed in Fig. 6¢. As observed, the

This journal is © The Royal Society of Chemistry 2020
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Fig.5 Cyclic voltammograms (a), and polarization curves (b) of the Pt/
BiPyPBI/CB (red curves) and Pt/CB (black curves) systems.

ECSAs of both the Pt/BiPyPBI/CB and Pt/CB catalysts decreased
with increasing potential cycling. After 5000 cycles, a loss of only
16% of the initial Pt-ECSA of Pt/BiPyPBI/CB was observed
compared to a 36%-loss for Pt/CB. The delay in the ECSA loss
upon potential cycling of Pt/BiPyPBI/CB suggests outstanding
electrochemical stability against corrosion. This delay in the
degradation of the Pt/BiPyPBI/CB catalyst highlights the impact
of wrapping CB with BiPyPBI.

To gain a better understanding of the degradation perfor-
mance of both catalysts, STEM images (surface and trans-
mittance) were captured after the durability tests (see Fig. 7 and

Table 2 BET surface area and pore volume of the BiPyPBI/CB and CB
systems

Average pore volume

Sample BET (m® g ") (em® A g™
CB 181 0.022
BiPyPBI/CB 92 0.003

RSC Adv, 2020, 10, 30776-30784 | 30781
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8). As seen, the Pt-NPs sintered and agglomerated in both
catalysts.® The rate of sintering was high in the case of Pt/CB
compared to the Pt/BiPyPBI/CB catalyst, resulting in larger Pt-
NPs, as determined by the particle size histograms in Fig. 7c
and 8c. In addition, and as noticed from the dark STEM images
(Fig. 7a and 8a), the number of Pt-NPs left on the surface of the
CB-support was low in the case of the Pt/CB composite
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Fig. 7 STEM images of the Pt/BiPyPBI/CB composite after 500
potential-cycles: (a) surface image and (b) transmittance image. (c)
Particle size distribution histogram of the Pt-NPs.

compared to the Pt/BiPyPBI/CB composite, reflecting a loss of
many active Pt-NPs in the case of the Pt/CB catalyst. The bright
field images (Fig. 7b and 8b) indicated the presence of these Pt-
NPs inside the CB support. These observations clearly indicate
a higher corrosion process in the case of the Pt/CB catalyst, and

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 STEM images of the Pt/CB composite after 500 potential-
cycles: (a) surface image and (b) transmittance image. (c) Particle size
distribution histogram of the Pt-NPs.

consequently a faster loss of in catalytic activity towards ORR.
Based on these results, it became clear that BiPyPBI played
a significant role in improving the electrochemical stability of
CB, leading to higher durability against corrosion and

This journal is © The Royal Society of Chemistry 2020
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accordingly a lower loss of Pt-ECSA. The BiPyPBI wrapping
process and the BiPyPBI nitrogen-rich chemical structure
strongly contributed to capturing and preventing the Pt-NPs
from embedding into the pores of CB, keeping them stable on
the surface.

Conclusion

A BiPyPBI conducting polymer was synthesized and used to
functionalize the surface of CB. The formed BiPyPBI/CB
composite showed homogenous loading of the Pt-NPs. The Pt-
NPs had an average size of 3.3 nm with an ECSA of 63.1,
which is comparable to the ECSA of the Pt/CB catalyst. The Pt
specific surface area of Pt/BiPyPBI/CB reached 84.9 cm” mgyp, "
compared to 93.4 cm® mgp, ' for the Pt/CB catalyst. The utili-
zation efficiencies were 74.3% and 69.8%, respectively. In
comparison to Pt/CB, Pt/BiPyPBI/CB showed improved catalytic
activity towards ORR. This improvement in the catalytic activity
was due to the synergetic effect between the nitrogen-based
BiPyPBI, which promoted ORR through the nitrogen atoms of
the BiPyPBI backbone. A loss of only 16% of initial Pt-ECSA of
Pt/BiPyPBI/CB was recorded after 5000 potential cycles
compared to a 36% loss for Pt/CB. This delay in the degradation
of the Pt/BiPyPBI/CB catalyst highlighted the impact of wrap-
ping CB with BiPyPBI. The electron microscopy investigations of
the catalysts after durability testing indicated a higher corrosion
rate for Pt/CB, and consequently, confirmed the faster ECSA loss
of the Pt/CB catalyst. In general, the BiPyPBI wrapping of CB
and the nitrogen-rich chemical structure of BiPyPBI are
advantageous for improving both the catalytic activity towards
ORR and the oxidation stability that prevents corrosion.
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