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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are attractive power sources of the future
for variety of applications including portable electronics, stationary power, and electric vehicles.
However, sluggish cathode kinetics, high Pt cost, and durability issues inhibit the use of
PEMFCs for automobile applications [1, 2]. A number of factors contribute to the performance
degradation of PEMFCs including catalyst dissolution [3-8], catalyst sintering [7, 9], membrane
degradation [10-12], and carbon support corrosion [13-17]. The current progress in support
development, Pt-alloy catalyst development, and effect of Pt loading on the catalyst mass and

specific activities reported in the literature is summarized below.
1.1. Literature Overview of Progress in Support Development

High surface area carbon (HSAC) is widely used as the catalyst support to improve Pt
utilization because of its good electrical conductivity, pore structure suitable for Pt anchorage,
high-surface-area for uniform Pt particle dispersion, easy availability, and low cost [18, 19].
However, many studies have shown that HSAC has low resistance towards thermal and
electrochemical oxidation because of the HSAC structure containing mainly amorphous carbon
and a small portion of plane graphite carbon, which has an abundance of dangling bonds and
defects [20]. The dangling bonds can easily form surface oxides, which results in a higher
corrosion rate under electrochemical oxidation.

To improve the electrochemical stability of the carbon support and overall Pt/C catalyst,
new carbon materials have been tested as supports for PEMFC, including nano-diamonds [21-
23], carbon nanotubes (CNT) [24-26], carbon nanofibers (CNF) [25, 27, 28], carbon nanocages
(CNC) [27, 29], graphene [30, 31], etc. These carbon materials have shown enhanced thermal
and electrochemical stability due to higher degree of graphitization of carbon and inert surface
structures toward carbon oxidation [24]. However, these properties also act as drawbacks in the
preparation of Pt/C catalysts since they do not provide proper active sites for Pt deposition.
Furthermore, hydrophobic nature of their surfaces impedes dispersion in a polar solvent thus
preventing the Pt deposition on the surfaces [28]. It may cause difficulty in controlling the
particle size, uniform distribution of Pt particles, and achieving high metal loading, which results

in low activity of catalysts [32].



DE-EE0000460
University of South Carolina

In order to enhance Pt deposition on these carbons, a surface functionalization is
required, which makes the catalyst preparation more complex and increases the cost. In addition,
after attaching the functional groups on carbons, the surface properties are usually changed
which results in a decrease in the stability of functionalized material [28]. Relatively high cost of
the alternative carbon supports is another huge obstacle although the cost of these materials has
fallen continuously in recent years [33].

To examine the electrochemical stability of carbon support material in PEMFC condition,
various methods have been suggested [34]. Generally, it is required to operate more than 5000 h
to apply PEMFCs to the automotive application [35]. However, it is impractical and inefficient to
estimate the stability under practical conditions because of long testing time and cost. The U.S.
Department of Energy (DOE), U.S. Fuel Cell Council (USFCC), and the Fuel Cell
Commercialization Conference of Japan (FCCJ) proposed several effective accelerated stress test
(AST) methods to test the stability of Pt-based catalysts [36-39]. A good AST method should
meet several conditions: (i) relatively short testing time, (ii) good selectivity of carbon
degradation, and (iii) good degradation behavior of fuel cell performance [40]. To establish
appropriate AST protocol to meet all the conditions mentioned above, it is important to
understand the mechanism of carbon corrosion at various potential regions and potential profiles
(constant potential, triangular cycling, rectangular cycling, etc).

Reiser et al. suggested that a cathode interfacial potential difference increases up to ~1.5
V due to the “Hy/air front” mechanism in the case of start-up/shut-down process [41]. The same
phenomenon also occurs in the case of local hydrogen starvation in the MEA [42]. Furthermore,
it has been shown that the cathode potential behavior follows a triangular change with the
maximum potential of ~1.5 V when H; introduced to the anode compartment [39]. Recently,
Hashimasa et al. studied the effects of the potential waveform on carbon corrosion rate by
comparing 1.3 V constant potential and 0.9-1.3 V potential [40]. If the carbon corrosion is only
affected by high potential, holding the potential at high value would show high carbon corrosion
rate. However, the carbon corrosion rate of 0.9-1.3 V potential cycling was higher than that of
1.3 V constant potential. Park et al. proposed the reason of this phenomenon that de-passivated
Pt at the lower potential catalyzes carbon corrosion when potential is increased [43]. The result
shows that the potential cycling is more effective than potential holding to test carbon corrosion.

But there is still an issue about the lower potential limit of potential cycling; lower potentials
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than 0.9 V in the potential cycling would also result in Pt degradation through the Pt oxidation

and reduction processes [44]. Therefore, the performance loss by carbon corrosion and the one
by Pt degradation will be mixed resulting in the poor selectivity of carbon support degradation.

Thus, the potential above 1.0 V at which Pt is passivated all the time should be used as
the lower potential limit of a potential cycling test to study the carbon support stability without
the contribution of Pt degradation. According to these studies, the potential cycling between 1.0
and 1.5 V would be a good AST protocol to test the carbon support stability in PEMFC.
Actually, the FCCJ suggested a potential cycling protocol (1.0-1.5 V, 5000 cycles, 500 mV s—1)
to test the support stability in 2011 [39], and the U.S. DOE revised their previous protocol (1.2 V
constant potential for 400 h) with the same protocol as the FCCJ in 2013 [45]. This protocol also
reduces the testing time (2 sec cycle—1, < 3 h total). Mukundan reported the comparison of the
old protocol (1.2 V constant potential for 400 h) and the new protocol (1.0-1.5 V, 5000 cycles,
500 mV s—1) of U.S. DOE [46]. It was observed that 200 h constant potential at 1.2 V is
equivalent to 2000 cycles at 1.0-1.5 V. According to the result, the author concluded that the new
protocol could reduce the testing time significantly (~100 times) when compared to the old
protocol with the same performance decay.

1.2. Literature Overview of Progress in Pt-based Cathode Catalyst Development

Durability, cost, and performance are the key issues for the commercialization of polymer
electrolyte membrane fuel cells (PEMFCs) for variety of applications including portable
electronics, automotive and stationary power. Platinum, due to its low overpotential and high
catalytic activity, is currently used in PEMFCs for hydrogen oxidation at the anode and oxygen
reduction reaction (ORR) at the cathode [47]. However, high-cost and limited supply of Pt
together with its sluggish ORR Kkinetics triggered the research and development of various Pt-
alloy cathode catalysts such as Pt-Fe, Pt-Co, Pt-Ni, and Pt-Cr [3, 48-52]. The requirements for
fuel cell lifetime significantly vary for different applications; 5,000 h for cars, 20,000 h for buses,
and 40,000 h of continuous operation for stationary applications [4].

One of the efforts in achieving increased catalytic activity is by alloying Pt with 3d
transition metals to obtain high mass activity at 0.9 Vir-fe for oxygen reduction reaction (ORR)
[48, 53-57]. In PEMFCs, Pt-alloys with various transition metals such as Cr, Co, Ni, etc. have
been extensively studied and shown superior electrocatalytic activity for the ORR when

compared to pure Pt [49, 55-58]. The enhancement in measured activity over Pt by alloying Pt
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with transition metals is due to various factors including lowering of the Pt oxidation state [26],

suppression of Pt oxide formation [59, 60], formation of a new electronic structure with higher Pt

5d orbital vacancies [53], decrease in the Pt-Pt interatomic distance and therefore a more

favorable O, adsorption [53], formation of a thin Pt skin on the surface of the alloy core [61-63],
and the altered electronic structures of the topmost Pt atoms [55, 56, 64].

Amongst the Pt-alloy catalysts, the PtCo catalyst has attracted much attention due to its
high activity and stability in acidic environment [49, 65]. Paulus et al. studied the bulk
compositions of 50 and 75 at. % Pt with Ni and Co as alloying elements [54, 66]. In comparison
to pure Pt, the results revealed a small activity enhancement of ca. 1.5 times for the 25 at. % Ni
and Co catalysts, and a more significant enhancement by a factor of 2-3 for the 50 at.% Co.
Huang et al. showed that PtCo alloy nanoparticles exhibit measured activity and specific activity
enhancements by a factor of ~1.3-3.2 and ~1.2—2.2, respectively for the ORR when compared to
pure Pt [67]. Antolini et al. reviewed the catalyst activity and stability, and concluded that PtCr
and PtCo are more stable than PtV, PtNi, and PtFe due to their high degree of alloying and
particle size [49]. Jayasayee et al. studied the activity and durability of PtCo, PtNi, and PtCu in
PEMFC cathodes as a function of alloying elements in a systematic manner [57]. They showed
that the performance of PtCo and PtCu catalysts was found to be most attractive when compared
to PtNi and Pt catalysts. Mani et al. investigated the activity of dealloyed PtCu, PtCo, and PtNi in
PEMFCs [58]. They found that Pt-alloy with Co and Cu are more active than PtNi. Mass and
specific activities of PtCo and PtCu were enhanced by a factor of 3-4 times, compared to the
commercial Pt/C catalyst.

Platinum based catalysts dissolve during fuel cell operation when the cathode is subjected
to potential cycles [68-73]. Pt dissolution occurs in a narrow potential and pH window near 1.0 V
vs. RHE [68, 69] A kinetic model developed by Darling and Meyers [70] indicates that platinum
dissolution in PEMFC is negligible at low and high potentials but significantly large at
intermediate potentials. The effect of potential on Pt dissolution was explained by considering
three possible reactions:

Pt — Pt?* + 2e~ Q)
Pt + H,0 - PtO + 2H* + 2e~ )
PtO +2H* - Pt** + H,0 (3)
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The model showed that the equilibrium concentration of dissolved Pt decreased between 1.1 and
1.5V due to the formation of passivating oxides at high potentials [70].

Accelerated durability test (ADT) and accelerated stress test (AST) have been used to
evaluate the durability of Pt and Pt-alloy catalysts since it allows degradation in the catalyst
activity to be observed within several days, rather than several weeks otherwise required before
any significant decrease in fuel cell performance is noticed [74]. A large number of studies have
been reported in the literature for the degradation of Pt and Pt-alloy cathode catalysts using
RRDE in three-electrode cell [75-87] and MEA [2, 88-97]. The losses in catalyst mass activity
(in A/mgpy) measured at 0.9 Vig.tee, electrochemical surface area (ECSA, in m?/gey), and fuel cell
performance under H,-O, or H-air were used to evaluate the catalyst stability. The catalyst
durability studies using three-electrode electrochemical cell in flooded electrolyte is very
different from the actual fuel cell operating conditions and they provide only a fundamental
understanding of Pt-based catalysts’ degradation under potential cycling conditions. A more
reliable means of acquiring in-depth knowledge would be the performance evaluation of Pt and
Pt-alloy catalysts in MEASs subjected to potential cycling experiment and measuring the decay in
mass activity, ECSA loss, and H-air fuel cell performance. The Pt/C catalyst stability in
PEMFCs has been reported in the literature by measuring the fuel cell performance under H»-air
[90-94] or under H2-O, [95, 96]. The fuel cell performances were evaluated after subjecting to
triangular wave cycling (TWC) [90-92, 95, 96] or square wave cycling (SWC) [90, 93, 94]. The
potential cycling experiments were performed either under H,-N, [90-93, 95, 96] or under Hy-air
[94] supplied to the anode and cathode compartments, respectively.

The durability of carbon-supported PtCo catalysts is the core advantage as cathode
catalysts in PEMFCs. Yu et al. studied the durability of Pt/C and PtCo/C cathode catalysts with
continuous water fluxing on the cathode under a potential cycling test between 0.87 and 1.2 V
vs. RHE [88]. The authors found that cobalt dissolution neither detrimentally reduced the cell
voltage nor dramatically affected the membrane conductance. Cell performance enhancement by
PtCo/C over Pt/C catalyst was sustained over 2400 cycles and the overall performance loss of the
PtCo/C membrane electrode assemblies (MEAS) was less than that of the Pt/C MEA.

Uchimura et al [89] suggested a hypothesis to attribute the higher dissolution under
higher anodic sweep rates to the lower coverage of Pt with oxides which exposed bare Pt to high
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potentials. Other durability studies such as particle size effect [90] Pt loading effect [91] and the
effect of nature of solvent used for making the catalyst ink [92] have also been reported.

Arico et al. reported the performance and durability of carbon-supported PtCo under
high temperature (110-130 °C) operation in PEMFCs [98]. A potential cycling test at 130 °C in a
pressurized PEMFC showed a better stability for the PtCo alloy than pure Pt/C. Furthermore,
better performance was obtained at high temperatures for the pre-leached PtCo/C than the Pt/C
catalyst. They observed that the amount of Pt oxides on the outermost atomic layers was much
smaller in PtCo than in Pt catalyst. These characteristics appeared to influence catalysts’
performance and durability. Stassi et al. investigated the effect of thermal treatment on the
structure and surface composition of PtCo catalysts during AST [99]. They reported that
different thermal treatments caused significant structural and morphological modifications in the
PtCo catalysts. Yu et al. studied the cycling stability of dealloyed PtCos and PtCus catalysts
between 0.6 and 1.0 V (vs. RHE) for up to 30,000 cycles [100]. In situ X-ray absorption
spectroscopy (XAS) analysis showed stronger bulk Pt-Pt compressive strains and higher bulk d-
band vacancies for the dealloyed PtCus than the dealloyed PtCos; which was correlated to the
higher initial activity of dealloyed PtCus;. MEA tests showed poor durability towards voltage
cycling for the dealloyed PtCus catalyst when compared to dealloyed PtCos catalyst due to Cu
plating on the anode.

Based on the catalyst durability studies available in the literature, it is evident that Pt
based catalysts are not stable under PEMFC operating conditions and Pt degradation occurs
through Pt dissolution/re-deposition and Ostwald ripening mechanisms. Pt alloy catalysts appear
to provide enhanced ORR activities even in the absence of alloying elements on the surface layer
which are leached out when exposed to acids leaving Pt-rich surface for ORR [97]. Furthermore,
the catalyst supports play an important role in determining the overall stability of the catalyst
when subjected to potential cycling or high constant potentials. Carbon supports with high
degree of graphitization as support materials is proved to be effective ways to improve the
catalyst durability [20, 94]. However, the durability studies of Pt and Pt-alloy catalysts with
ultra-low loading (0.1-0.2 mge/cm?) in practical fuel cells are scarce. Most of the catalyst and
support durability studies available in the literature do not fulfill the automotive PEM fuel cell
cathode catalyst requirements described by U.S. DRIVE Fuel Cell Tech Team in “Cell
Component Accelerated Stress Test Protocols for PEM Fuel Cells” [45].

7
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1.3. Impact of Catalyst Loading on Pt Mass and Specific Activities

Mass activity is defined as the current density measured at 0.9 V (iR-corrected) and
normalized by the cathode mass loading [101, 102]. It is frequently applied for the comparison of
the activity of different catalysts in fuel cells [1, 58, 103-105]. In spite of the broad application of
mass activity there are still uncertainties, that which material and experimental parameters
influence the measured values.

Mass and specific activity were first applied to characterize the technical activity of the
dispersed Pt particles in phosphoric acid fuel cells [106, 107]. The analysis of nano-scale effects
on catalyst activity at low and high currents [101, 107-109] revealed the influence of catalyst-
support interactions [110-112], support surface area [113, 114], catalyst layer thickness [115,
116], and diffusion profiles [117, 118]. Particularly, a maximum of mass activity was found at 3-
5 nm Pt particle size. It was assumed that the small particles have more low coordination Pt
atoms which may increase the strength of adsorption of surface oxide species [101]. Watanabe
[113] showed that the inter-crystallite distance is also an important factor which can cause a
similar relationship in mass activity as it was found by Peuckert [107].

Recently, density functional theory calculation showed that the OH is more strongly
adsorbed at steps, edges and kinks of the Pt catalyst particles. Consequently, the contribution of
these under-coordinated Pt site to the ORR are negligible [108]. Nesselberger et al. [109]
compared 6 different commercial Pt electrocatalysts having different particle sizes deposited on
the same support and found no particle size effect in the range of 1-5 nm and the effect is
noticeable only in the range of 5-30 nm and poly-Pt samples. At macro-scale (i.e. catalyst layer
level) the nano-scale effects can be eliminated by depositing the catalyst layer prepared using the
same catalyst (same particle size and support area). Gasteiger et al. [119] in their study of
dependence of polymer electrolyte membrane (PEM) fuel cell performance at three different Pt
catalyst loadings (0.4, 0.24, and 0.15 mgpyecm?) concluded that the mass activity and
electrochemical active surface area (ECSA) in cathode catalyst membranes (CCMs) are
essentially independent of Pt loading. However, Saha [116] found that the utilization of a screen
printed CCM layer decreased as the loading of the catalyst layer increased from 0.02 to 0.12 mg
cm?. Lee et al. [115] observed that the mass activity measured in membrane electrode
assemblies (MEASs) is only 10-30% of the ring disk electrode’s (RDE) mass activity, and

increased as loading decreased while the utilization was unchanged. They assumed that O, may
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access the catalyst particles more effectively when it exhibits thin layer geometry, or higher
porosities at lower catalyst loadings. According to our experimental data on the dependence of
mass and specific activity indicated [102] that the simple Tafel-approximation is not fully valid
and complex models are needed to be applied for better understanding of the loading effect.
Different agglomerate models have been developed to theoretically analyze the effect of the
decrease of loading on the PEM fuel cell performance. Yoon [120] varied the thickness of the
active layer for the simulation of different loadings and kept all the specific properties constant,
such as Pt utilization, volumetric surface area etc. Kamarajugadda [121] kept the layer thickness
constant and varied the Pt loading and the macroporosity. They all used a macrohomogeneous
and agglomerate model, which assumes a linear expression between catalyst loading and ECSA.
These types of models do not describe the exact geometric details of the catalyst layer. Instead,
the material properties are averaged over the electrode volume. In the case of agglomerate
models, the catalyst layer is considered as randomly distributed spherical particles in which the
catalyst is supported on the surface of carbon particles and is wetted and covered by the ionomer
(electrolyte) film [122-125]. Void spaces, characterized by the porosity, are also randomly
distributed between the agglomerates forming gas channels. However, it is difficult to describe
the real geometry of a disordered system with a small number of structural parameters. Pore
scale models can generate realistic pore structures, but only with a loss of generality [126-127].
Siddique et al. [128] developed a catalyst layer microscopic model mimicking the
experimental fabrication of the catalyst layer. The variation of the number of agglomerates
varied the ECSA due to reduced connectivity and increased isolation. Large agglomerates
correspond to insufficient mixing of ionomer and Pt/C and consequently limited the triple phase
boundaries. Too small agglomerate size may lead to the loss of connectivity or entanglement
between them. The commonly assumed random structure is not always adequate and fractal type
structure has been found by Martin et al. [129]. They analyzed the effect electro spraying
method on the structure of the catalyst layer at different Pt loading and Nafion® contents. SEM
images revealed a fractal type structure in which the building blocks are clusters consisting of a
few catalyst particles. The single particles size corresponds to the original nanoparticle in the
Pt/Vulcan powder. These observations indicate that the agglomerates form a self-assembled layer

rather than a random structure.
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2. Project Objectives

Develop unique hybrid cathode catalyst (HCC) through interaction of highly-active and
stable compressive Pt-lattice catalyst (Pt*) with activated carbon composite support (A-
CCS) having high activity for oxygen reduction reaction (ORR).

Enhance the activity of HCC by increasing the synergistic effect of catalytic active sites
present in the supports and those in Pt* catalyst.

The specific objectives are to:

o Perform optimization studies to develop a catalyst support with high kinetic
activity and stability.

o Estimate the role of Brunauer-Emmett-Teller (BET) surface area, porosity, pore-
size, pore-size distribution and hydrophilic/hydrophobic properties on the support
stability.

o Synthesize low-PGM cathode catalyst for automotive application by decreasing
the PGM loading while simultaneously increasing the catalytic activity and
stability of A-CCS and the activity of Pt*.

o Develop low cost procedures to synthesize Pt/ACCS-1, PYACCS-2, Pt /ACCS-1,
and Pt /ACCS-2.

Demonstrate mass activity of >0.44 A/mgpgm in Ho/O, fuel cell, initial high current
performance under Hy/air (<0.125 gpem/kKW rated power density) and stability of mass
activity (< 40% loss) and stability of high current density performance under Ho/air using
DOE potential cycling (0.6-1.0 V for 30k cycles) and potential cycling (1.0-1.5 V for
5,000 cycles) tests.

The goal is to synthesize a low cost catalyst with optimized average mass activity, stability of

mass activity, initial high current density performance under H, /air (power density), catalyst and

support stability able to meet 2017 DOE targets for electrocatalysts for transportation

applications.

3. Approach

This project is based on a major breakthrough research at USC that resulted in the

development of highly-stable and kinetically-active carbon composite supports, namely

Pt/ACCS-2 as well as development of highly-active and stable hybrid cathode catalyst,

10
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Pt*/ACCS-2. The hybrid cathode catalyst (HCC) technology developed at USC is based on a
two-step patented process to synthesize highly-active and stable ultra-low platinum group metal
(PGM) hybrid cathode catalyst. The research at USC was aimed in developing catalytically-
active and stable supports to sustain load cycling and startup/shut-down conditions. In the first
step, the following major constraints were addressed when developing cathode catalyst supports:
(a) the support should be chemically and electrochemically stable at high potentials, low pH, and
high temperature and (b) an onset potential and Kinetic activity for ORR similar to that of the
platinum catalyst. To accomplish these requirements, ACCS-2 was synthesized with optimized
(i) BET surface area, porosity, pore size and pore size distribution, (ii) hydrophilic/hydrophobic
ratio, (iii) structural properties (amorphous/crystalline ratio), (iv) number of catalytic active sites
through metal catalyzed pyrolysis, (v) Pt/Pt*-support interaction was optimized by inclusion of
active surface functional groups and (vi) transition metal necessary for the formation of Pt* is
encapsulated in the graphitic carbon structure.

In the second step, compressive Pt-lattice catalyst (Pt*) was synthesized through a USC-
developed annealing procedure that controls the particle size during annealing. Monolayers of
Pt* were formed by diffusing Co atoms present in the support in to Pt which is deposited on A-
CCS support. Mathematical model developed at USC was used to optimize the Co diffusion

time, annealing temperature, and Pt/Co stoichiometric ratio.
4. Results and Discussions
4.1. The effect of Pt loading on the performance of PEM fuel cells - Better

understanding of the effect of microstructure

A systematic work for the characterization of mass and specific activities of PEM fuel
cells at different Pt loadings resulted in a new self-assembled (rather than randomly distributed
particles) catalyst layer model. This new model opens up a new possibility in characterizing the
relationship between the microstructure of the active layer and the performance of PEM fuel
cells under H,-O, and Hy-air operating conditions. Our results showed that, as the Pt loading
decreased from 0.4 to 0.05 mg/cm?, the mass activity (at 0.9 Vir-free) increased by a factor of 2.7
while specific activity increased by 50%.

Polymer electrolyte membrane fuel cells for automotive applications require cathode
catalysts with platinum group metal content (PGM) lower than 0.2 gpem/kW and approach 0.1

11
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grem/KW. In the recent years, extensive efforts have been undertaken in order to develop
different PtM (M=Co, Ni, Fe, Cu) alloys or Pt-skin catalysts. The activities of these catalysts
were found to be 2-4 times higher than that of the state-of-the-art Pt/C catalysts. It is a common
belief that the lower performance at ultra-low Pt loading would be compensated with catalysts
with higher mass activity [105]. It was found by Gasteiger et al. [119] in their study of the
dependence of polymer electrolyte membrane (PEM) fuel cell performance at different Pt
catalyst loadings (0.4, 0.24, and 0.15 mgp/cm?), it have been concluded that mass activity (MA)
and ECSA (utilization) in cathode catalyst membranes (CCMs) are essentially independent of Pt
loading. Consequently high mass activity catalyst allows the decrease of overall catalyst (and Pt
loading) loading and the thickness of electro active layer. However, at loadings below 0.2
mg/cm? Wagner [130] and Geszler [131] found that MEAs’ performance is likely to suffer large
losses at high power (high current). In spite of the high mass activity, these catalyst layers are
unsuitable for automotive application without mitigation of the increased resistance and poor
performance at high current densities. The deterioration of performance at ultra-low loading
is not fully understood, thus it is necessary to evaluate the processes that control the impact
of Pt loading on the mass activity and the mass transport losses.
4.1.1. Experimental
4.1.1.1. Preparation of MEAs of different catalyst loading
The catalyst inks used in the MEAs were prepared by ultrasonically mixing 46% Pt/C
catalyst synthesized at USC with water and absolute ethanol. The ionomer in the catalyst ink was
maintained at 30 and 20 wt.% for the anode and cathode, respectively. The cathode catalyst ink
was sprayed directly on Nafion® 212 membrane and the anode was sprayed on the SGL 10 BC
gas diffusion layer (GDL). The Pt loading was periodically measured using X-ray fluorescence
spectroscopy (XRF, Fischer XDAC) until the desired catalyst loading was achieved. Finally, the
cathode catalyst coated membrane was sandwiched between the catalyst coated gas diffusion
layer (GDL) (anode) and bare SGL10 BC (from SGL Carbon) under a pressure of 25 kg/cm? at
140°C. The Pt loading was accurately measured using a 5 digit accuracy balance and compared
with the results obtained using X-ray fluorescence measurements. The difference in the two
measurements of Pt loading was 0.01 mg/cm? which was taken into consideration for the

calculation of absolute error in the mass loading.

12
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4.1.1.2. Electrochemical characterization

All the electrochemical characterization studies were performed in 0.1 M HCIO, using a
Pine bipotentiostat (Model AFCBP1), a Pt-wire counter electrode, and a saturated Ag/AgCl
reference electrode (0.258 V vs. reversible hydrogen electrode (RHE) in 0.1 HCIOA4 electrolyte).
A rotating ring-disk electrode (RRDE) with a Pt ring and glassy carbon disk (surface area of
0.247 cm?) was used as the working electrode. The catalyst ink was prepared by blending the
catalyst powder with ethanol in an ultrasonic bath. Cyclic voltammograms (CVs) recorded in
nitrogen were used to obtain the background capacitive currents and ECSA of the Pt catalysts.

The fuel cell performance of the 46% Pt/C catalyst at different Pt loadings was evaluated
in a 25 cm? single cell under conditions suggested by the U.S. DRIVE Partnership, Fuel Cell
Technical Team Cell Component Accelerated Stress Test and Polarization Curve Protocols for
Polymer Electrolyte Membrane Fuel Cells. Catalyst MA and polarization studies were performed
under H,/O,, at 80°C and 100% relative humidity (RH). Other fuel cell operating conditions are
provided in the respective figures. The MA and SA were determined by measuring the current at
0.9 Vir-free-

Prior to the ECSA measurements in the MEA and the RRDE, the Pt catalyst particle
surface was cleaned using the following procedures: In the case of MEA, the potential was kept
constant at 0.6 V under Hy/O, until the current reached a stable value. For the RRDE
measurements, the surface cleaning was performed by cycling the potential between 0.3 and 0.8
V (vs. RHE). These surface activation procedures resulted in reliable ECSA measurements and
prevented the catalyst agglomeration that occurs during high potential limits.

The ECSA of Pt was determined by charge integration under the hydrogen desorption
peaks appearing between 0 and 0.35 V, by assuming a charge of 210 uC/cm? for the
electroactive Pt surface. Then, the specific ECSA was calculated based on the following relation
[132]:

Ay = — 2 (4)

mx g,
where Qu (UC) is the charge of hydrogen desorption, m (pg/cm?) is the Pt metal loading, and gH
(LC/cm?) is the charge required for desorbing a monolayer of hydrogen on a Pt surface.

The porosity of the catalyst coated membrane (CCM) was measured by a mercury porosimeter
(Micromeritics Autopore 9500). The cumulative pore volume as a function of pore diameter was

13
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determined from the mercury intrusion data, i.e. the volume of mercury penetrating into the
pores versus the applied pressure. Under the assumption that all pores are cylindrical, the pore
diameter d, was calculated from the value of the applied pressure p using the capillary law [133]:
_4ycos@
_T

where y and @ denote the surface tension of mercury and the contact angle between mercury

d

p

(®)

and the sample.

4.1.2. Numerical experiments and parameter estimation

A novel approach has been developed for the estimation of semi-quantitative information from
an operating fuel cell [9-11, 102]. Our main focus was the analysis of mass activity and of the
variation of transport coefficients with loading, such as diffusion resistance in the Nafion® film,
Thiele modulus and the effective gas phase diffusion coefficient. Five consecutive steps have

been performed which are summarized in Fig. 1.

1. Characterization of the catalyst by RDE experiments.
2. Characterization of the structure of the catalyst layer by Hg-porosimetry.
3. Characterization of the cathode at low current densities. It is assumed that only the ORR

is the rate determining step. The utilization, the mass activity, and non-linear scaling factor have
been determined.

4. Characterization of the MEA in O, is performed by fitting the model to the performance
curve. The gas phase diffusion was neglected and the effectiveness factor and the Nafion® film
diffusion resistance have been calculated.

5. Characterization of the MEA in air is performed by fitting the numerical model to the
performance curve. The Nafion® film diffusion resistance and the effectiveness factor were
substituted from the previous steps and the effective gas phase diffusion coefficient has been
determined.

The parameters determined in the predecessor step have been used as an input in the
further steps. The polarization curves and the mass activity have been simulated by using
Matlab® partial differential equation (PDE) solver.

A simulated annealing (SA) algorithm was used for the parameter estimation developed
by Horvath and Havasi [134] for fuel cells. The commonly applied Levenberg-Marquardt (LM)

method [135] locates (estimates) a local minimum, however it is not guaranteed to be a global
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minimum [134, 136]. The LM method usually stops, but it is evidently very far from the data
measured. The SA method is a combination of LM and a random parameter set. During the

fitting, the control parameter typically kicks off high and is gently "cooled™ or decreased in every

step, slowly lowering the probability of the random steps.

RDE in Q5 free and saturat- Hg-Porosimetry of the Low current characteriza-
ed HClO, cathode catalyst layer tion of the cathode cata-
v and LSV hyst layer, Mass activity
and ECSA
) Porosity Catalyst utilization
Theoretical ECSA Agg. Size, Nafion ' .
Nafion limiting current layer thickness ][\Iotnflmear scaling
densit f ; actor
¥ Fractal dimension Mass activity

0, performance curve ‘

Thiele modulus
Limiting current density

l

Air performance curve

l

Gas phase diffusion
coefficient

Figure 1. Flow chart for simulation and parameter estimation.

4.1.3. Mass Activity
Mass activity is defined as the normalized current density measured at 0.9 V (iR-

corrected) divided by the cathode PGM loading in A/mgeem. The MA, catalyst loading (L),
specific activity (SA), specific electrochemical surface area (ECSA), or surface enhancement
factor (SEF) can be calculated if three of the five parameters are known by using the following

equations:

MA = 22 (6)
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i
SA=—2N (7)
L-ECSAea
SER,en = ECSA g4 - L (8)

where ipgy IS the current density measured at 0.9 Virfee and normalized to the geometrical
surface area (A/cm?), here L is specifically the Pt loading (mg/cm?), SEFuea is the surface
enhancement factor (cmpi/cm?), SA is the specific activity (A/cmp®) and MA is the mass activity
(A/mgpy).

MA is evaluated by Tafel equation. This equation is valid under the assumption that the
surface area of the individual particles can be linearly added and is linearly proportional to the
mass of the catalyst.

7 =TSlogjous + Ju, )~ TSECSA - jo ] ©
where TS is the Tafel slope, jeu is the measured total cell current density (A/cm?), jH. is the
hydrogen crossover current density. me; is the Pt cathode loading (mged/cm?). It has been reported
in the literature that jceyt = j + jx, Where jy is the measured hydrogen cross-over current with a
value of 3.3 mA/cm? [119]. The hydrogen cross-over current can vary depending on the
experimental conditions.

4.1.4. Experimental Results

Table 1 demonstrates that the catalyst utilization for the MEASs increased from 48.33% to
82.56% when the Pt loading was decreased from 0.4 to 0.05 mgp/cm?, consequently ECSA is
dependent on the Pt loading. As shown in Table 1, the mass activity increases when the loading
decreases which can be related to the increase in ECSA from 41.08 to 70.18 m?/g. The result
shows (Table 1) that the specific activity increased from 209 pA/cm?s to 328 pA/cm?p; when the
loading was decreased from 0.4 mg/cm? to 0.05 mg/cm®. The mass and specific activities
increased by a factor of 2.7 and 1.6, respectively while, the ECSA increased to 1.7 times from its
original value. This implies that the variation of ECSA only partially accounted for the increase

in mass activity. When MA is plotted, the following should yield identical slopes: Eir-free VS. the

CoL
Iog(%) and Ejr-free VS. log 0f mass activity A/mge; (the mass specific current density, jm).

Pt
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With this assumption, the cathode performance is controlled only by the ORR kinetics and the
Ohmic losses (R,), or:

AE iR—free

= 10
Alog[im]]poz'szvTvAPt,el s 10

[

Table 1. Comparison of the electrochemical properties for different Pt loadings.

Pt loading | Utilization ECSA Current Tafel-slope  specific mass

(mg/cm?®) | (%) (m?/g) Density (V/decade)  activity activity
@0.9ViRr-free (IJA/CmptZ) (mA/mgpy)
(Alcm?)

0.05 82% 70.18 0.012 —0.065 328 240

0.1 79% 67.86 0.0185 —0.065 261 185

0.2 58% 49.45 0.03 —0.063 296 150

0.3 56% 47.63 0.0321 —0.064 218 107

0.4 48% 41.08 0.035 —0.063 209 875

Figure 2 shows the MA and SA at different loadings. An increase of MA up to 0.23 A/mgp; was
observed for 0.05 mgmem/cm2 loadings, compared with a MA of 0.085
A/mgp; measured for Pt loadings of 0.4 mg/cm?. Both in Fig. 2 (a) and (b) the lines are parallel
and fit to the apparent Tafel-slope predicted by Eqg. (10).

Table 2 shows the specific surface area, the average pore size, the porosity and the fractal
dimension of the catalyst layer at different loadings. The data clearly shows that the loading
highly influenced the physical properties of the catalyst layer. At a loading of 0.05 mg/cm?, the
specific surface area of the agglomerates is 754 m?/g which decreases to 212 m?/g as the loading
increases to 0.4 mg/cm?. Accordingly, the calculated agglomerate radius increases from 40 nm to
135 nm. It suggests that the newly deposited particles stick to the previously deposited ones and
screen each other’s surfaces. The variation of the pore diameter is shown in Table 2. At 0.05 mg/
cm? loadings, the pore size between the agglomerates is less than 10 nm, but at higher loadings
(0.4 mg/cm?) it shifts to around 40 nm. Simultaneously, the pores that are smaller than 20 nm
diminish. It indicates that not only the particles agglomerated but the void spaces also
agglomerate when increasing the catalyst loading from 0.05 to 0.4 mg/cm?. Furthermore, the
macro porosity shows relative fixedness over the loading. At 0.05 mg/cm?, the macro porosity is
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39% while at 0.4 mg/cm? it is 43%, however it increases from 31% to 43% as the loading

increases from 0.1 mg/cm? to 0.4 mg/cm? loading.

0.94 b .
(@) H,/O, stoic: 2/9.5 0oal® =~ 0.05 mglem”
o ) . | —e— 0.1 mg/cm
S 092 80°C, 100% RH, 150kPa,_ > I BASIHURT e 02 mgen?
~ g | —v— 0.3 mg/cm’
Iy Ju 0.92 |- . : —e—0.4mglcm”
S o v, . :
S 0.90 > 3 \\\A |
> 3 : ‘
= $o9fp
8 B 0.0875
T 0.88- L v AE
% ® 0.05mgcm? § 058 0107”
o e 0.1mgcm? 5T 015"y
5 A 2 Q
3 0.86 0.2 mg cm” o H/0, (2/9.5 stoic.) |
14 v 0.3mgcm = o086l > S NN O O U O e \
o 04mgem? : 80°C, 100% RH, 150 kPa,, 3
i i i PR S | i i i PR S |
084 4+—— ——
o ! 0.01 0.1 1
log( Current density / mA cm?~) Mass activity (A/mg,)
Figure 2. Effect of Pt loading on the (a) specific and (b) mass activity of MEAs under DOE

fuel cell operating conditions.

Table 2. Physical characterization and pore structure of the catalyst layer at different Pt loadings

Loading | Specific Agglomerate Pore Porosity Surface
surface area radius (cm)  diameter (%) Fractal
(m?/g) (Um) dimension

0.05 754 3.97 10° 0.012 39 2.937

0.1 557 5.8310° 0.011 31 2.898

0.3 244 102 10° 0.044 34 2.763

0.4 212 135107 0.0391 43 2.722

4.1.5. Validity of Tafel approximation for the calculation of mass and specific activity

While the catalyst layer is not a planar surface, a simple Tafel relationship cannot be
applied, therefore a spherical agglomerate model was used and analyzed by analytical and
numerical models [9-11]. The dimensionless penetration depth was identified as the main factor
which controls the validity of the application of the kinetic Tafel-equation, i.e. when the mass
activity is independent of catalyst loading. The penetration depth however depends on the
loading. Consequently, mass and specific activities are independent of the loading in a certain

region only as it is shown in Fig. 3.
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3. (a) Calculated specific activity at different loadings and porosities and 50 nm

constant agglomerate size, and (b) at different agglomerate sizes and 54%

porosity. The plots were calculated according to the uncorrected spherical

agglomerate model at 0.9 Vir-tree Cell potential.

A non-uniform reaction profile may be formed even at small currents which affects the

apparent value of mass and specific activities. When the exchange current density is high (for

highly active catalysts of the future or at the anode), mass and specific activity depend on the

loading, therefore they are not a good measure of catalytic activity in the MEA. The porosity,

agglomerate size, and Nafion® layer thickness influence the mass and specific activities by

shifting the double Tafel-slope asymptotic solutions to more positive potentials and consequently

the mass and specific activities slightly decrease even at 0.9 Vir-free. However, the loss of the

validity of the Tafel-approximation is clearly indicated by the increased Tafel-slope from the

theoretical value (0.07 VV/decade) as it is shown in Fig. 4.
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Figure 4. Calculated current densities (a) and the specific current densities (b) at different

catalysts loadings and at 73% porosity in Tafel representation.

4.1.6. Non-linear scaling and the microstructure dependent mass and specific activity
A detailed and more precise definition of mass activity (MA) and specific activity (SA)
was given to elucidate the variation of MA and SA with catalyst loading. The asymptotic
solution of the agglomerate macro homogenous model has been applied in order to elucidate the
dependence of MA and SA on catalyst loading. In the spherical agglomerate model, the surface
area per unit volume is regarded as independent of the loading. However, as in the case of the
ECSA, it may also depend on the loading and the thickness of the CL. A new non-linear scaling
factor has been introduced which considers the effect of the loading on the volumetric
agglomerate density. The parameters of the semi-empirical function have been determined by
non-linear fitting. The scaling factor was found to be exponentially dependent on the loading.
Finally, the loading dependent Tafel equation has been derived. This model contains both the
utilization and the non-linear scaling factor.
Specific surface area should be precisely calculated as the quotient of the total surface
area of the catalyst (Aiw:) and the total volume of the catalyst layer (Vo).
A.. ECSA-M,,
RORVIEY

tot tot

= ECSA(M;,) pp (M) (11)

where Mp; (mg) is the total Pt loading and pe(Mpr) (mg/cm?®) is the loading dependent Pt density
in the agglomerates or in the CL. Eq. (11) is valid only if the ECSA and the pp are to be

independent of the loading. However, the measured data shown in Table 1 indicate that the
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ECSA depends on the loading. The catalyst density may also depend on the loading which were

summarized previously according to [137]. Introducing a non-linear scaling factor, similar to the
utilization of the ECSA (Table 1) Eq. (11) can be rewritten into the following form

ap, = ECSA - Vyyen 20 Puea (12)

where vvea is the catalyst utilization (%) of the MEA at different loadings and Pyea is the non-

linear scaling factor (%). While pp; now does not depend on the loading, it can be calculated by

dividing it with the geometrical surface area:

th = = — (13)
and Eq. (11) becomes

m
ap, = ECSA - Vyyen — Pyea (14)
WCL
The combination of the asymptotic solutions of the macro homogeneous and agglomerate models
with the new form of the surface area per unit volume of the cathode CL renders the log i-V

relationship with the following general form:

. 0 7
770 ZTS In Jcell- gEF (15)
ECSA - ViyealoPugaMp: \ Cobi
Substituting % =1 with the mass specific current and using the log identities we reach
Pt
0, \
_ HER : CobL
n=TSIn(i,,) —TSIn| ECSA - vyeaioPyea| —5— (16)
CRI;F
Also including Joan = i, We reach
ECSA - v, jcaMp,
o e
: : Cgt
n=TSIn(i,)-TS In[loPME{Cg%j J (17)
REF

which are both Tafel-type equations, however the constants are different from the original Tafel
equation. In the later work the effect of the non-linear scaling factor was investigated on the
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mass activity and mass transport losses by using combined experimental and simulation
techniques.
4.1.7. Detailed model of effect of Pt loading on mass activity and mass transport
The complex experimental and numerical analysis revealed that a decrease of 46% Pt/C
catalyst loading results in a substantial change in the catalyst layer structure and the mass
transport processes. The reduction of the complexity of the numerical model was achieved by
applying such experimental conditions where flooding and water management are less influential
(neither hysteresis nor negative spikes was found on the polarization curves). It was revealed that
the diffusion resistances increased at lower loadings, which should have been decreased for
thinner layers and smaller agglomerates. It justifies that the effect of the gas diffusion layer was
not limited under the applied experimental conditions and MEAs. The result also implies that the
effect of loading cannot be modeled by simply varying the thickness of the catalyst layer because
it does not consist of randomly distributed particles. It can be characterized more sufficiently
with a self-similar structure and the fractal dimension. For low loading (thin layer) where the
fractal dimension is close to 3, the particles form a smooth layer with small agglomerate size and
small void spaces. This structure more or less corresponds to the assumption of the spherical
agglomerate model. This kind of layer forms during the spraying of first few layers directly to
the Nafion® membrane. The volumetric agglomerate density is the highest because of the
closely packed non-agglomerated particles. The addition of more and more catalyst enhances the
agglomeration. The agglomerates, of course, do not stick together randomly, but through
deterministic processes which are currently not known. The effect of these processes can be
characterized by the fractal dimension. During the layer formation, the fractal dimension
decreases, i.e. the catalyst fills the layer less effectively. This decreases the volumetric density of
the agglomerates and consequently the mass activity.
At low loadings the inner surface area of the agglomerates/particles is high, which results
a very thin covering Nafion® film. A linear relationship was found between the inner surface
area of the agglomerate and the diffusion limiting current. This indicates that AaggDrim are
constant or that the diffusion coefficient is inversely proportional with the effective surface area
of the ionomer. For the same system, it may imply that the diffusion resistance of the covering
Nafion® film cannot be improved by increasing the effective surface area of the agglomerate,

since in the case of rougher surface the diffusion path (via tortuosity) also increases.
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Inside the agglomerate smaller effectiveness factor was found for lower loadings, even if

the agglomerates are smaller at lower loadings. This is partially caused by the increased kinetic
current caused by the higher ECSA at low loading and an increased mass transport resistance.
The mass transport resistance inside the agglomerate can be affected by the variation of the
agglomerate density or the effective diffusion coefficient in the agglomerate, though we propose

to use a fractal dimension dependent Thiele modulus:

2-D;
Thiele modulus = { IK—"‘j (18)

eff

Eqg. (18) shows that an increase of the fractal dimension increases the Thiele modulus, thus
decreasing the effectiveness factor. In the gas phase, the very small void spaces increase the
effective diffusion coefficient probably because of the increased tortuosity and the its cross
correlation with flooding.
4.1.8. Effect of microstructure of mass and specific activity

A novel approach for the integration of pore-scale models with macroscopic models has
been suggested. Different full layers at pore-scale level have been reconstructed by varying the
interparticle interaction between the particles during the coating process. Instead of adding more
and more specific structural input parameters to the macroscopic model, the characteristic
properties of the layers have been collapsed into one line by using scaling analysis (Fig. 5). The
model has been successfully applied for the elaboration of the effect of loading on the
electrochemical properties of various systems, such as interpretation of mass activity of fuel cells
and active carbon loading of supercapacitors (Fig. 6). It was shown by simulation and by
experimental data, that the commonly applied approach for the calculation of the surface area per
unit volume is not generally applicable. Although thickness is linearly dependent on loading the
particle density and consequently the surface area per unit volume significantly decrease until
saturation at a certain loading is reached. The following simple scaling function has been
introduced for the correction of surface area per unit volume, which can be easily incorporated
into existing fuel cell, battery, and supercapacitor models. The average surface area per unit

volume can be calculated according to:

areal = N(mreal)g or a = N(mreal)am (19)

real
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where d is the diameter of a particle, an is the surface area per unit volume of a closely packed

layer, myeg is the active material loading and

N asat( p) -1 (20)

N=1+ S
( 3'mreal j
+
my(p)-d-p-7z

where p is the particle density, m,(p) =73- p™°"®, a,(p) = p***, y=0.95 and p is the sticking

probability (0-100%), i.e. interaction between the particles.
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Figure 5. (@) The layer formed during the deposition of an active material. The different

colors correspond to different loadings (deposition of 1000 particles). (b) The
volumetric particle's density (scatter) with the fitting of the particle density

function (line) calculated from the Monte-Carlo simulation.
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4.2. Highly Active and Durable Pt*/CCCS (Pt* = Compressive Pt lattice)
Cathode Catalyst for Polymer Electrolyte Membrane Fuel Cells

4.2.1. Preparation of carbon composite catalyst support

The CCCS was prepared using the procedure developed at University of South Carolina
[140-147]. In brief, as-received carbon (Ketjen Black EC-300J) was oxidized with 9.8 M HNO3
solution at 85 °C for 9 h under refluxing conditions. After filtering, the oxidized carbon black
was washed with DI water several times and dried under vacuum at 80 °C for 12 h. A desired
amount of Co(NOs), and ethylene diamine, used as Co and N precursors, respectively, were
mixed with the oxidized carbon black in 200 ml isopropyl alcohol. The mol ratio of Co and N
precursors was maintained at 1:9. The mixture was reflexed for 3 h at 85 °C under vigorous
stirring, followed by drying under vacuum at 80 °C. The resultant powder was subjected to heat-
treatment under inert atmosphere at 800 °C for 1 h followed by leaching in 0.5 M H,SO, at 80
°C for 3 h to remove excess Co. The final product is denoted as CCCS. A schematic of CCCS
synthesis is shown in Fig. 7.

High
temperat}x re Leaching at 80°C .
| Pyrolysis Carbon composite
Carbon ~
Co-N-Carbon > catalyst support
Black [ w/ cobat- | (cccs)
. w/ 0.5 M H,S0,
nitrogen chelate
compounds

Figure 7. Schematic of CCCS synthesis.

Figure 8 (a) and (b) show the nitrogen adsorption-desorption isotherms and BJH PSD
curves of CCCS and Ketjen black (KB). The specific surface area of CCCS and KB are 398, and
826.4 m?g, respectively. The CCCS exhibits characteristic Type IV adsorption/desorption
isotherm behavior according to IUPAC classification indicating its mesoporous nature [148]. The
isotherms show hysteresis loop with sharp adsorption and desorption branches over a relative
pressure range of 0.4-0.8. The nitrogen uptake is observed when (P/P0) ratio is 0.94-1.0, which
indicates the presence of mesopores [148]. The total pore volume was reduced from 0.846 to
0.688 ml/g. As shown in Figure 2(c), after the metal-catalyzed pyrolysis the peak pore diameter
is ca. 4 nm. The effect of temperature on the BET surface area of various CCCS is compared in

Table 3. As shown in Table 3, BET analysis of various carbon supports indicated surface area
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values of 800, 400, 250, 190, and 160 m?g for Ketjen black, CCCS-800 °C, CCCS-1100 °C,
CCCS-1300 °C, and CCCS-1500 °C, respectively. The BET surface area decreased for different
CCCS as the heat treatment temperature increased due to the removal of micropores and high

degree of graphitization occurred at temperatures >1000 °C.
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Figure 8. (a) N2 adsorption/desorption isotherms and (b) BJH pore-size distribution curves
obtained from the adsorption branch of CCCS and Ketjen Black. Pore diameter in the

range 0-10 nm is shown in (c).
Figure 9 (a) presents XRD patterns of the CCCS and KB and Fi. 9 (b) presents the effect
of heat treatment on the crystallinity and graphitic property of CCCS. Generally the
characteristic diffraction peaks of (002) and (101) planes for carbon are found at ca. 26 and 43°.

The diffraction peaks of CCCS are sharper with increased intensity and shift to more positive
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angles. Consequently, the interlayer spacing of CCCS based on (002) plane decreases to 0.3456
nm, while that of KB is 0.3615 nm. The results indicated that the carbon surface of CCCS has
been partially graphitized during metal-catalyzed pyrolysis. Furthermore, the CCCS shows
characteristic diffraction peaks at 44.2, 51.5, and 75.8° which correspond to the (111), (200), and
(220) planes of face centered cubic (fcc) structure of Co metal particle (PDF#97-007-6632),

respectively. The XRD results confirm the presence of Co metal after acid-leaching at 80 °C.

Table 3. Comparison of physical properties of various CCCS, 30% Pt/CCCS catalysts, and

commercial 46.7% Pt/C catalyst.

Supports BET surface area of the
support (m%/g)
Ketjen black 800 [74]
CCCS-800 °C 400
CCCs-1100 °C 250
CCCS-1300 °C 190
CCCS-1500 °C 160
——CCCS (a)
(b)

—— Ketjen black
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Figure 9. (a) Comparison of X-ray diffraction patterns of CCCS and Ketjen Black and (b)
effect of temperature on the XRD of CCCS.

The effect of temperature on the supports’ crystallinity was studied by heat treating the

CCCS support from 800 to 1500 °C and the results are shown in Fig. 9 (b). In the case of CCCS,

the degree of graphitization increases with pyrolysis temperature. The crystallite thickness (L)

calculated by Scherrer’s formula and the interlayer spacing (doo2) obtained from Bragg’s law, are

28



DE-EE0000460
University of South Carolina
given in Table 4. It has been reported that higher L. values of the (002) peak and lower d002
numbers imply higher degree of graphitization [149, 150]. The ratio between the D and G peaks
(In/lg) obtained from Raman spectroscopy along with values for L. and d002 for various CCCS
are given in Table 4. For the CCCS, the L. value increased and both doo, and the 1d/IG ratio
decreased as a function of pyrolysis temperature indicating the increased degree of
graphitization.
Table 4. The degree of graphitization for different CCCS.

Pyrolysis L. (nm) | dooz (nm) o/l
Sample
temperature (°C) | (XRD) (XRD) | (Raman)

Ketjen black - 1.1 0.3613 1.60
CCCsS-800 °C 800 3.6 0.3440 1.43
CCCS-1100 °C 1100 7.3 0.3431 1.25
CCCS-1300 °C 1300 7.8 0.3430 1.07
CCCS-1500 °C 1500 7.9 0.3416 0.83

Figure 10 shows the Raman spectra for CCCS and KB. Both CCCS and KB show the D
band and G band at approximately 1350 and 1580 cm*, respectively. The D band originates
from structural defects and disorder-induced features on carbon, while the G band corresponds to
the stretching vibration mode of graphite crystals [151, 152]. Relative ratio of D band to the G
band (Ip/lg) for CCCS and KB is estimated to be 2.42 and 2.60, respectively, indicating that
CCCS is more graphitized than KB. The effect of heat treatment temperature on the Ip/lg ratios
of various CCCS is compared in Table 4.

The HRTEM images of various CCCS (after acid leaching) and KB are shown in Fig.
11(a-e). The apparent difference between them is the presence of Co particles encapsulated by
carbon shells in the CCCS since the Co particles present on the surface are removed during acid
leaching. Nanostructured fibers or tubes of graphitic carbon are also formed as a result of
pyrolysis in the presence of Co metal [153, 154] while KB showed amorphous morphology as
shown in Figure 11 (a). The CCCS synthesized at high temperatures show graphitic carbon tubes
and carbon fiber structure formation during metal-catalyzed pyrolysis. Highly graphitized

crystalline carbon structures are formed in CCCS synthesized at temperatures above 1000 °C.
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Figure 10. Comparison of Raman spectra of CCCS and Ketjen Black.

(a) Ketjen black

(d) CCCS-1300 °C (e) CCCS-1500 °C

Figure 11. HRTEM images of (a) Ketjen black, (b) CCCS-800 °C, (c) CCCS-1100 °C, (d)
CCCS-1300 °C, and () CCCS-1500 °C. The scale bar is 50 nm.

The results of XPS analysis performed on CCCS and KB supports are presented in

Figure 12(a) and (b), respectively. Figure 12 (a) shows the survey scans for CCCS and KB. Only

XPS spectrum of CCCS, as shown in Figure 12(b), exhibits a broad peak around 398.9 eV which

corresponds to the nitrogen atom. The nitrogen peak shown in Figure 12 (b) for CCCS can be
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deconvoluted into four major peaks corresponding to pyridinic, pyrrolic and/or pyridone,
quaternary, and pyridinic-N*-O~ (oxidized nitrogen). The peak at 398.4 eV accounts for the
presence of pyridinic-N whereas the peak at 400.3 eV corresponds to the pyrrolic-N and/or
pyridine-N. The peaks at 401.1 and 403.4 eV are ascribed to the presence of quaternary-N and
pyridinic-N*-O", respectively. Relative percentages of pyridinic-N and pyrrolic-N and/or
pyridine-N are 41 and 38.5 % of total nitrogen, respectively. Quaternary-N accounts for 6.6 %
while pyridinic-N*-O" occupies 13.9 %. It is well-known that pyridinic-N situated on the edge of
the graphite planes promotes ORR by donating one p-electron to the aromatic n system [154-
156]. Moreover, previous studies report that the quaternary-N plays a role as stable ORR active
sites [144, 157-159].

Comparison of ORR Kkinetics of Ketjen black and CCCS-800 °C and hydrogen peroxide
formation on CCCS-800 °C are shown in Figures 13 (a) and 13 (b), respectively. Ketjen black
shows no activity in terms of onset potential for ORR and diffusion current when compared to
CCCS-800 °C which shows onset potentials of ~0.86 V vs. RHE and well-defined kinetic and
mass-transfer regions in 0.1 M HCIO, electrolyte at room temperature.

Koutecky—Levich analysis resulted in slopes close to that for the theoretical four-electron
transfer reaction with the calculated number of transferred electrons of about 3.6 for CCCS. The
RRDE studies also indicated that the H,O, production on CCCS-800 °C is only 2.5% (Figure 13
(b)). The formation of H,0, is detrimental to the Nafion® membrane and the ionomer in PEM
fuel cells [160]. Studies carried out by Sethuraman et al. [161] and Stamenkovic et al. [162]
correlate the % H,O, production to the number of electron transferred during ORR in acid
electrolytes. Stamenkovic et al. [162] reported that the kinetics/reaction pathways of the oxygen
reduction reaction on Pt-poly and Pt (110) are almost identical, i.e., the 4 e reduction (with ca.
5-10% of H,0O, production at 0.1 V) is operative on Pt-poly in acid solutions. Since the H,0,
production is less than 5% on CCCS-800 °C, the ORR kinetics follows the 4 e reduction
pathways and is similar to that on Pt catalysts. Similar results have been reported in our previous

studies for various non-precious metal catalysts [140-144, 159].
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Figure 12. (@) XPS survey scans of CCCS and Ketjen Black and (b) deconvoluted N1s XPS
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Our previous studies on various non-precious metal catalysts showed that high temperature
pyrolysis produces pyridinic and graphitic-type nitrogen on the surface of CCCS and the
pyridinic-nitrogen groups act as catalytic sites for the oxygen reduction reaction [140-144, 159].
Maldonado et al. [153] have reported that a strong Lewis basicity of such nitrogen-modified sites
facilitates the reductive adsorption of oxygen without the irreversible formation of oxygen
functionalities, due to an increase in the electron-donor property of carbon. The surface analysis
using X-ray photoelectron spectroscopy did not show the presence of cobalt and indicated the
presence of only carbon, nitrogen, and oxygen on the CCCS surface (Table 5). It is important to
note that Co is present only in the bulk as indicated by the ICP-AES analysis. The Co content
determined using ICP-AES indicate that the CCCS-800 °C supports have ~10 wt% Co after 8 h
leaching in 0.5 M H,SO, (Figure 14). Thus, the ORR catalytic activity of CCCS is due to the
presence of pyridinic-nitrogen groups and addition of Co for metal-catalyzed pyrolysis helps the
inclusion of nitrogen into the CCCS [140-144, 153].

Table 5. XPS analysis of CCCS-800 °C.

Surface concentration determined by XPS (wt%)

C O N Co Fe
94.86 1.26 3.88 - -
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Figure 14. Effect of leaching time on the Co content in CCCS-800 °C support determined by
ICP-AES.
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4.2.2. Support Surface Functionalization and Platinum Deposition

A surface functionalization process to increase the hydrophilic property of CCCS was
developed using a bifunctional organic molecule containing aromatic hydrocarbon and acid
groups. A surface modification process is necessary in order to obtain a uniform Pt particle size
distribution on the CCCS. Ketjen black and CCCS-800 °C were used for the synthesis of 5%
Pt/C and 5% Pt/CCCS-800 °C catalysts, respectively.

It is generally accepted that oxygen functional groups transform carbon surfaces from
hydrobobic to hydrophilic. The hydrophilicity of as-synthesized CCCS and surface-modified
CCCS is evaluated by observing dispersions of CCCS in de-ionized water. Initially, the CCCS
samples are uniformly dispersed in water using an ultrasonic bath. After 1 h, the as-synthesized
CCCS that did not undergo functionalization formed large aggregates and settled down
completely. The functionalized CCCS remained a stable dispersion for at least 60 h in aqueous
media (Fig. 15). The stability of surface functionalized CCCS in water is attributed to the
grafting of oxygen-containing groups onto the support surface which endows it with negative

charges and provides the electrostatic stability required for a colloidal dispersion.

Before Activation After Activation
Oh® 60h Oh! | 60h

P

-~
4 )
_\,\i ' !

Figure 15. Photographs of CCCS supports before and after surface functionalization.

Platinum nanoparticle deposition with an initial loading of 1, 5 and 30 wt% Pt was
carried out using a modified polyol process, which uses additives to control the particle size and
enhance the catalyst-support interaction. In brief, a measured amount of PtCl, was dissolved in
an appropriate volume of ethylene glycol under vigorous stirring for 30 min. 0.1M NaOH was
introduced into the solution to adjust the pH. The pH of the reaction mixture was precisely

controlled at every step of the process in order to obtain a uniform Pt deposition. Then,
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calculated amounts of CCCS were added to the solution so that the desired initial Pt loading was
achieved in the final Pt/CCCS catalyst. The resulting suspension was stirred for 1 h at room
temperature followed by refluxing at 160 °C for 3 h. The solution was allowed to cool down to
room temperature and kept for 12 h under continuous stirring. 0.1M H,SO,4 was then added to the
cooled mixture and the solution pH was adjusted to 3. The mixture was kept stirred for 24 h. The
Pt/CCCS catalyst in the solution were filtered and thoroughly washed with de-ionized water. The
resulting carbon-supported Pt catalysts were dried in air for 1h at 160 °C and stored for further

studies. The effectiveness of surface activation on CCCS is clearly seen in Figure 16.

With Surface
Modification

No Surface
Modification

Non-uniform Pt deposition Uniform Pt deposition

Figure 16. Comparison of Pt deposition on CCCS support with and without surface
activation.
Figure 16 shows the HRTEM images of CCCS and Pt/CCCS catalysts prepared with and without
surface modification. The effectiveness of surface functionalization of CCCS to obtain uniform
Pt deposition is clearly shown in the figure while the supports without surface activation non-
uniform Pt deposition. The non-modified CCCS shows partial Pt deposition due to the
hydrophobic nature of the CCCS surface. The surface-modified CCCS promotes uniform Pt
deposition which is essential for achieving high catalyst utilization and durability in PEM fuel
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cells. The Pt deposition process parameters have been optimized to obtain uniform Pt deposition
with an average Pt particle size, dpt, of 2-4 nm on various supports developed at USC.

The XRD patterns of 30% Pt/CCCS-800 °C and 30% Pt/CCCS-1100 °C catalysts are
compared in Figure 17. The diffraction patterns represent all the reflections corresponding to the
face centered cubic (fcc) lattice of Pt supported on various CCCS. The diffraction peak
appearing at 26° for the Pt/CCCS-1100 °C catalyst can be attributed to C(002) of the supports.
Table 3 compares the BET surface area of the supports used for different Pt/CCCS catalyst
preparation. Scherrer’s equation was used for calculating the Pt crystallite size using the Pt(220)
peak appearing at 67.5° [18, 60]. The dp; values calculated from the XRD analysis are 2.2, 2.5,
for 30% Pt/CCCS-800 °C and 30% Pt/CCCS-1100 °C catalysts, respectively, which are

confirmed by the HRTEM and corresponding particle size distribution shown in Figure 18.
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Figure 17. XRD patterns of 30% Pt/CCCS-800 °C and 30% Pt/CCCS-1100 °C catalysts.
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Figure 18. HRTEM images and particle size distribution of commercial 46.7% Pt/C, 30%
Pt/CCCS-800 °C, and 30% Pt/CCCS-1100 °C catalysts. The scale bar is 10 nm.
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4.2.3. Evaluation of Synergistic Effect of Pt/CCCS Catalyst

One of the objectives of this study is to combine the catalytic activity of CCCS and Pt
and to show that the synergistic effect of the resulting Pt/CCCS catalyst results in enhanced ORR
activity. For this purpose, 5% Pt supported catalysts are synthesized using CCCS-800 °C and
Ketjen black and their ORR activities are compared. Figure 19 shows the comparison of ORR
activities of CCCS-800 °C, 5% Pt/C, and 5% Pt/CCCS-800 °C catalysts. The catalyst loadings in
the glassy carbon disk are 100 pg/cm? for the CCCS-800 °C and 20 pg/cm? for the Pt/CCCS-800
°C and Pt/C catalysts. The catalyst loadings of CCCS-800 °C and Pt catalysts were chosen based
on the loading effect studies which indicated mass transfer-controlled reaction kinetics for these
catalysts. The onset potentials for ORR for CCCS-800 °C, 5% Pt/C, and 5% Pt/CCCS-800 °C
catalysts are 0.86, 0.97, and 1.01 V, respectively. The current density values at 0.8 V (vs. RHE)
for the CCCS-800 °C, 5% Pt/C, and 5% Pt/CCCS-800 °C catalysts are 0.3, 1.9, and 3.9 mA/cm?,
respectively. Furthermore, the diffusion currents of CCCS-800 °C, 5% Pt/C, and 5% Pt/CCCS-
800 °C catalysts are 4.5, 4.9, and 5.6 mA/cm?, respectively. For 5% Pt, with Pt loading of 20
ng/em?, the carbon loading is 380 pg/cm?, which may result in thicker catalyst layer. Thus, the
higher limiting current density (i) for 5% Pt/CCCS-800 °C than that for 5% Pt/C may be
attributed to the difference in the catalyst layer thickness on the glassy carbon electrode
according to the following equation [163]:

. DnFC
i =—— b (21)

where D is the diffusion coefficient of the reacting species, n is the number of electrons
participating in the reaction, F is Faraday’s constant, Cy, is the concentration of the electroactive
species in the bulk of the electrolyte, and 6 is the diffusion layer thickness. In the case of the 5%
Pt/CCCS-800 °C catalyst, the BET surface area of the CCCS-800 °C support is much smaller
(400 m?/g) than that of the Ketjen black support (800 m?/g) which was used to synthesize 5%
Pt/C. Therefore, the 5% Pt/CCCS-800 °C catalyst shows larger limiting current density due to a
much thinner catalyst layer than the 5% Pt/C catalyst. Since the experimental conditions are
identical for the 5% Pt/C and 5% Pt/CCCS-800 °C catalysts, the enhanced activity as evidenced
by the increase of 40 mV in the ORR onset potential and the doubling of the currents in the
Kinetic region can be attributed to the synergistic effect on activity of the CCCS-800 °C and Pt

catalyst.
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Comparison of ORR activities of Ketjen black, CCCS-800 °C, 5% Pt/C and 5%
Pt/CCCS-800 °C catalysts in rotating disk electrodes.
4.2.4. Performance evaluation of 30% Pt/CCCS Catalyst

The Hp-air fuel cell polarization performances of the 30% Pt/CCCS-800 °C and

Figure 19.

commercial 46.7% Pt/C catalysts are compared in Figure 20. The Pt loading on the anode and
cathode electrodes are 0.1 mg/cm? as measured by the XRF. Comparison of H, air fuel cell
performance at 0.6 Vig.fee Showed current density values of 1350, and 1260 mA/cm? for 30%
Pt/CCCS-800 °C and commercial 46.7% Pt/C catalysts, respectively. The power densities (rated)
are 0.23 gp/kW and 0.25 gp/kW for 30% Pt/CCCS-800 °C and commercial Pt/C catalysts,
respectively.

Corrosion of high surface area carbon in the presence of Pt is inevitable at high potentials
under PEM fuel cell operating conditions such as high oxygen concentration, high water content,
and low pH which favor carbon oxidation [14, 80]. During operation, the cathodes of automotive
fuel cells often experience very high potentials due to startup/shutdown cycles or due to local
fuel starvation at the anode [2, 41, 165]. Reiser et al. [41] have shown that the cathode interfacial
potential difference can reach as high as 1.5 V due to the Hy/air front in the anode compartment

during shutdown/startup. Carbon corrosion occurs at 0.207 V vs. RHE; however, it is not
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detected during fuel cell operation due to its sluggish reaction kinetics [166]. In general, carbon
corrosion is estimated by measuring the amount of CO, produced [27, 29, 167, 168] or the
corrosion current [166] at high applied potentials in a PEM fuel cell by supplying pure H; to the
anode and pure N to the cathode. However, the measured current is always coupled with the Ho-
oxidation current at the cathode due to H, cross-over from the anode through the Nafion®
membrane [166]. In the present investigation, the cathode is subjected to 1.2 V constant potential
for 400 h to study the support stability by measuring H-air polarization performance at regular
intervals. The cell potential loss at 800 mA/cm? current density is used as a metric to evaluate the
support stability in commercial Pt/C, Pt/CCCS-800 °C, and Pt/CCCS-1100 °C catalysts.
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Figure 20. Comparison of Hy-air polarization performances of 30% Pt/CCCS-800 °C and
commercial 46.7% Pt/C catalysts.

4.2.5. Synthesis of Pt*/CCCS Catalyst

Pt*/CCCS catalyst was synthesized by annealing the Pt/CCCS sample with polyaniline as
the protective coating. Oxidative polymerization of aniline sulfate was performed at room
temperature using ammonium peroxysulfate as the oxidizing agent [169, 170]. The polyaniline
coated Pt/CCCS was then subjected to heat-treatment at 800 °C for 0.5 to 4 h under
reducing/inert atmosphere. During the controlled heating process, the Co which is incorporated
in to the CCCS diffuses to the surface and forms Pt*/CCCS catalyst. The heat-treatment process
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was optimized to control the particle size between 3-5 nm, resulting in compressive Pt-lattice
catalyst having Pt-shell/doped metal core structure. A schematic of Pt*/CCCS catalyst synthesis

is shown in Fig. 21.
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Figure 21. Schematic diagram of synthesize Pt*/CCCS.

It has been reported that the Pt-alloy particle size can increase as high as 20 nm after
heat-treatment at 800 °C [171]. In order to control the particle-size growth and inhibit particle
agglomeration, a novel protective-coating methodology with polyaniline was developed for the
synthesis of Pt*/CCCS during high temperature pyrolysis process. In order to study the
effectiveness of the polyaniline protective coating, the Pt/CCCS catalyst was pyrolyzed at 800 °C
for 60 min in the presence of protective coating and at 800 °C for 30 min without protective
coating. The HRTEM images of these two catalysts are compared in Figure 22. It is important to
note that the Pt/CCCS catalyst heated for 30 min. in the absence of polyaniline protective coating
resulted in particle agglomeration and Pt particle size growth (5-8 nm). On the other hand, the
catalyst obtained after pyrolysis at 800 °C for 60 min. with the polyaniline protective coating
showed very uniform particle distribution with an average particle size of ~3.5 nm.

The novelty of the catalyst synthesis is to diffuse Co, which is already incorporated in to
the graphitic carbon matrix (CCCS), into Pt to form Pt* catalyst during heat-treatment as
reported in our previous studies [93, 172]. This procedure is much simpler than the
conventionally used impregnation method which uses excess amount of transition metal salts for
impregnating Pt/C catalyst followed by heat-treatment to make PtM3 (M = Cu, Co, Ni) catalyst
[58, 82, 83, 103, 173, 174]. The unreacted transition metals are then leached out in strong acids
for longer duration [58, 103, 173, 174].
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Figure 22. TEM images of Pt/CCCS pyrolyzed with and without protective coating.

The HRTEM images of Pt/CCCS, Pt*/CCCS, commercial Pt-Co/C, and commercial Pt/C
are shown in Figure 23 (a), (b), (c), and (d), respectively. The average particle sizes and the
particle size distribution were measured using an average of 100 nanoparticles. The Pt
nanoparticles are deposited with uniform size and distribution on the CCCS. The mean particle
size is approximately 2.5, 5.4, 6, and 2.4 nm for the Pt/CCCS, Pt*/CCCS, commercial Pt-Co/C,
and commercial Pt/C, respectively. For the Pt/CCCS catalyst, Pt nanoparticles uniformly deposit
on the support and 2-3 nm-sized particles are dominant. Most of the particles in Pt*/CCCS
catalyst are in the range of 4-7 nm while a few large particles are shown due to the high
temperature treatment, but well-distributed on the support. However, the commercial Pt-Co/C
showed majority of the particles in the range 5-6 nm with considerable number of particles that
are above 10 nm and as high as 20 nm.
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Figure 23. HRTEM images of fresh (a) Pt/CCCS and (b) Pt*/CCCS catalysts. Scale bar is
20 nm.

44



DE-EE0000460

University of South Carolina

To study the effect of heat-treatment time on the Co doping, the Pt/CCCS catalyst was

heat treated at 800 °C for different time and the catalysts were characterized by XRD (Figure
24). With the inclusion of Co into the fcc structure of Pt, the reflections for Pt shifts to a higher
20 values which indicates the contraction of Pt lattice [175]. The degree of doping increases as
the heat- treatment time increases as seen from the shift in the 20 to higher values (Figure 24a).
Two peaks can be observed in Pt (2 2 0) which appears at 66-70° for the 30 (circled in Figure
24a) and 60 min. heat-treated samples. The de-convoluted XRD peak (2 2 0) for 30 minutes heat-
treated sample is shown in Figure 24b. The first peak that appears at 67.8° corresponds to pure
Pt, while the other peak at 69.5° results from Pt* catalyst. The de-convolution results indicate
that Co starts to diffuse into the Pt particle from the Co-doped CCCS. Co-doping increases with
the increase of the heat-treatment duration. Complete Co diffusion into Pt particles resulting in

Pt* catalyst is completed after heat-treatment duration of 2 h.
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Figure 24. (a) XRD patterns of Pt/CCCS catalyst annealing from 0.5 hour to 4 hours, (b) de-
convoluted XRD peak <2 2 0> for 0.5-hour heat-treated Pt*/CCCS catalyst.

The line-scan of XEDS results for Pt*/CCCS (fresh) is shown in Figure 25. The fresh
Pt*/CCCS shows an initial Pt-rich layer thickness of ~0.75 nm. From density functional theory
simulations, it has been postulated that the optimized Pt skin thickness is 2 to 3 monolayers
which is equal to 0.50 - 0.75 nm [176, 177]. It has also been reported that the ligand effects are
only effective up to 1-3 atomic layers [178] and the geometric effects can modify the Pt-Pt
interatomic distances up to 7 atomic layers [179]. Since the Pt-shell thickness in Pt*/CCCS is ~3
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atomic layers, the increased ORR activity can be attributed to the combination of ligand and

geometric effects resulted from Co doping in the Pt lattice.
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Figure 25. XEDS particle line-scan of Pt*/CCCS catalyst (fresh).

4.2.6. Evaluation of catalyst durability under 0.6-1.0 potential cycling conditions

The initial mass activities and stability of mass activities of Pt*/CCCS in three 25 cm?
MEAs are shown in Figure 26 (a-c). The stability of mass activity of commercial Pt;Co/C, and
commercial Pt/C catalysts at 0.9 ViR-free are shown in Figure 27 (a & b) for comparison. The
mass activity is defined as the ORR rate per gram of Pt measured at 0.9 Vir-free. The mass activity
measurements were performed using the AST protocol suggested by U.S DRIVE Fuel Cell Tech
Team [45]. The Pt*/CCCS shows much higher kinetic activity (0.4~0.44 A/mgp) at 0.9 Vir-free
than the commercial Pt;Co (0.38 A/mgp) and commercial Pt/C (0.15 A/mgp) catalysts due to the
formation of Pt* core and Pt-rich shell type catalyst particles with compressive Pt lattice during
annealing [56, 180-182]. The high kinetic activity can be attributed to the formation of Pt* core
and Pt-rich shell type catalyst particles during annealing. When transition metals such as Co are
used to modify Pt, two major electronic effects namely, strain effect and ligand effect, are
induced within the Pt host lattice [181, 183-185]. The strain effect leads to a decrease in the Pt-Pt
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interatomic distance when compared to pure Pt while the ligand effect results in the modification

of the surface electronic structure due to hetero-metallic bonding interactions [184].
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Figure 26. Reproducibility of initial and stability of mass activities of Pt*/CCCS in three 25
cm? MEAs. H,/O, (2/9.5 stoic.), 80 °C, 100% RH, and 150 kPa,ps. back pressure.

As indicated in Figure 28 (a-c), the Pt*/CCCS tested in three 25 cm? MEAs shows a stable H,-air
fuel cell performance with only 40~46 mV loss after 30,000 cycles between 0.6 and 1.0 V. On
the other hand the performance of commercial Pt3Co/C and commercial Pt/C catalysts drastically
decreased due to Ostwald ripening, Pt dissolution and re-deposition as shown in Figure 29(a) and

Figure 29(b), respectively.
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Figure 29. Hj-air polarization curves and the corresponding power density of the PEM fuel

cells prepared with (a) commercial Pt3Co/C and (b) commercial 46% Pt/C
catalysts before and after 30,000 cycles. The fuel cell operating conditions are:

Ha/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.

The mass activity degradation tendencies of Pt*/CCCS, commercial Pt-Co/C, and Pt/C
catalysts are summarized in Fig. 30. The figure shows a linear decrease until 20,000 cycles and
stabilized after 20,000 cycles for all the three catalysts. The initial mass activity and mass
activity after 30,000 cycles and Hy-air fuel cell performance of Pt*/CCCS (in three MEAS),
commercial Pt-Co/C, and Pt/C catalysts are summarized in Table 6. After 30,000 cycles, the
overall mass activity losses are ca. 43%, 69%, and 64% for Pt*/CCCS, commercial Pt-Co/C, and
commercial Pt/C, respectively. Furthermore, the Pt*/CCCS still retained a significant amount of
mass activity (0.24 A/ mgg) after 30,000 cycles which is much higher than that of initial mass
activity of Pt/C catalysts reported in literature [90, 186]. This may be due to the fact Co doping
has increased the durability of Pt*/CCCS catalyst under potential cycling conditions. After
potential cycling between 0.6 and 1.0 V, thick Pt skin (~1.8 nm) is formed on the catalyst due to
Pt dissolution/re-deposition (Figure 31), which is still active for the ORR as indicated by the high
mass activity even after 30,000 cycles. The thick Pt skin reduces the electronic effect in Pt*
[176] which may be one of the reasons for the mass activity loss besides the well-explained Pt
particle agglomeration effect [20]. On the other hand, Co from commercial Pt-Co/C catalyst is
rapidly dissolved after 10,000 cycles and the mass activity reached a value which is close to that

of initial value for the Pt/C catalyst. Thus, after 10,000 cycles, the commercial Pt-Co/C catalyst
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performs like a pure Pt/C catalyst and further performance degradation is caused by the Pt
dissolution and redeposition mechanism which occurs at higher rate than the one observed for
Pt*/CCCS.
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Figure 30. Summary of mass activity degradation of Pt*/CCCS, commercial Pt-Co/C, and
commercial Pt/C catalysts as a function of cycle number.
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Figure 31. XEDS particle line-scan of Pt*/CCCS catalyst (after 30,000 cycles).
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Table 6. Comparison of measured activities in H,-O, at 0.9 Vir-free, OpeN circuit potentials in Hy-air, and maximum power density for

Pt*/CCCS, commercial Pt-Co/C, and commercial Pt/C catalysts.

Mass activity at 0.9 Vir-free iR-corrected potential at 0.8 A/lcm® Maximum power density
Catalyst A/mgpy)* (V)** (mW/cm?)**
Initial 30k Loss (%) 0 30k Loss (mV) 30k Loss (%)

Pt*/CCCS

MEA#1 0.44 0.25 43 0.706 0.666 40 857 721 16
MEA#2 0.44 0.21 52 0.702 0.662 40 863 779 8
MEA#3 0.40 0.19 53 0.701 0.655 46 791 732 8
Commercial Pt3Co/C | 0.38 0.116 69 0.640 - - 482 251 48
Commercial Pt/C 0.18 0.06 67 0.656 - - 746 274 63

* H,/O, (2/9.5 stoic.), 80 °C, 100% RH, 150 kPa,ps, back pressure.

** H,/air (2/2 stoic.), 80 °C, 50% RH, 170 kPa,ps. back pressure.
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To further understand the loss in measured activity and H-air fuel cell performance, the
normalized ECSAs calculated for Pt*/CCCS, commercial Pt-Co/C, and Pt/C catalysts as a
function of cycle number are shown in Figure 32. Initial ECSA values of 75, 68, and 75 m?/gp
were obtained for Pt*/CCCS, commercial Pt-Co/C, and commercial Pt/C catalysts, respectively.
Lower degradation rate for Pt*/CCCS is observed in Figure 32 after 10,000 cycles when
compared to commercial Pt Co/C and Pt/C catalysts. After 30,000 cycles, 64%, 21%, and 18% of
initial ECSA are retained for Pt*/CCCS, commercial Pt-Co/C, and commercial Pt/C catalysts,
respectively, which indicate that the Pt*/CCCS is remarkably stable when compared to

commercial Pt-Co/C and Pt/C catalysts.
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Figure 32. Normalized ECSA plot of Pt*/CCCS, commercial Pt-Co/C, and commercial Pt/C
catalysts as a function of cycle number. ECSAs were calculated from cyclic
voltammograms obtained between 0.05 and 0.6 V (vs. RHE) at 80 °C. Fully
humidified H, (75 sccm) and N, (200 sccm) were supplied to the anode and the

cathode, respectively.

The HRTEM images of Pt*/CCCS and commercial Pt/C after AST are shown in Figure
33 (a) and (b), respectively. After AST, the mean particle size of Pt*/CCCS and Pt/C increased
to 6.2 nm 7.3 nm, respectively and the particle size distribution based on the histograms
represents that the particle size of Pt*/CCCS still exhibits good catalyst dispersion and no

extensive agglomeration is observed. On the other hand, the Pt/C shows large particles (> 10 nm)
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and significant catalyst agglomeration indicating poor particle distribution. Since the ECSA and
particle agglomeration are related to the catalyst activity, the measured activity of Pt*/CCCS is

more stable than that of commercial Pt-Co and Pt/C catalysts.
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Figure 33. HRTEM images and particle size distribution for (a) Pt*/CCCS and (b)
commercial Pt/C catalysts before and after 30,000 cycles. Scale bar is 20 nm.

XRD studies were performed to investigate the structural changes in Pt*/CCCS catalyst
before and after AST as shown in Figure 34. After the AST, the Pt*/CCCS shows obvious Bragg
angle shift to lower angles. The lattice parameter for the Pt*/CCCS catalyst increased from
3.8006 to 3.9082 A. The increased lattice parameter after AST is similar to that of pure Pt which
indicates that the catalyst surface is modified with thick Pt-rich layer during potential cycling
experiment. The Co on the catalyst surface is removed electrochemically during potential cycling

between 0.6 and 1.0 V, and the dissolution/redeposition of Pt occurs on the catalyst particles. As

53



DE-EE0000460

University of South Carolina

a result, thick Pt-enriched layer is formed on the catalyst particles. Recent reports attributed the

structural and compositional changes to the degradation of Pt-Co catalyst stability [187].

Furthermore, the peak shift of Pt-Co catalyst toward lower angle was ascribed to the formation of

Pt-rich shell due to Co dissolution [188]. Hidai et al., using Co 2p soft X-ray photoemission

spectroscopy (SXPES) spectra of the cycle-tested Pt-Co catalyst, showed absence of cobalt on

the surface of catalyst particles and the presence of thick Pt skin layer (>1.4 nm) on the catalyst
surface [189].

Co-doped Pt/CCC
(after 30k cycles)

Co-doped Pt/CCC (Fresh powder)

Intensity (a.u)

Pt/C

30 40 50 60 70 80 90
20 (deg.)

Figure 34. Comparison of X-ray diffraction patterns of Pt/C, Pt*/CCCS (fresh powder), and
Pt*/CCCS (after 30,000 cycles).

The elemental composition of Pt*/CCCS catalyst before and after AST was examined
using XRF (Table 7). The results indicated that the initial Pt:Co atomic ratio (1.1:1) for the fresh
Pt*/CCCS increased to 2.3:1 after 30,000 cycles due to the dissolution of Co from the catalyst
during potential cycling. Previous studies have also showed Pt-Co catalyst degradation under
fuel cell operating conditions due to rapid leaching of Co and formation of a “Pt skeleton”
structure at the topmost surface layer within the first few hours of operation [79, 80]. Further
degradation makes a Pt-enriched shell/Pt-Co core structure due to Co surface
segregation/leaching and Ostwald ripening of Pt [189, 190]. It has been found that the Co content
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in the bulk Pt-Co decreased and Co concentration of near-surface Pt-Co was lower than the bulk

concentration after degradation [189].
Table 7. Pt:Co atomic compositions of Pt/CCCS and Pt*/CCCS given by ICP-AES, XPS, and
XRF.

XRF

ICP XPS

Initial After AST
Pt/CCCS 1:1 -

Pt*/CCCS 1.1:1 1.2:1 1.1:1 2.3:1

Table 8 compares measured activities in Hy-O; at 0.9 Vigr-free, Open circuit potentials
(OCP) in Hy-air, and maximum power density in Hy-air fuel cell for Pt*/CCCS, commercial Pt-
Co/C, and commercial Pt/C catalysts. The OCP measurements indicated stable and very high
values for the Pt*/CCCS during the entire potential cycling period. Specifically, the OCP after
10,000 cycles is close to 1.0 V which may be attributed to the Co dissolution and formation of

Pt-rich surface layer during potential cycling.

Table 8. Comparison of open circuit potentials in Hp-air for Pt*/CCCS, commercial Pt-Co/C, and

commercial Pt/C catalysts.

Open circuit potential (V)**
Catalyst Initial | 10,000 | 20,000 | 30,000
cycles | cycles | cycles
Pt*/CCCS 0.984 | 0.998 |0.997 |0.995
Commercial Pt-Co/C 0.922 | 0.918 | 0.906 | 0.907
Commercial Pt/C 0.960 | 0.949 |0.940 |0.917

Furthermore, as indicated in Table 6, the Pt*/CCCS showed initial power density of 857
mW/cm? with a loss of only 16% after 30,000 cycles under Hy-air fuel cell operating conditions.
On the other hand, the commercial Pt-Co/C and Pt/C catalysts showed initial power densities of
482 and 746 mW/cm? respectively and very high power density losses of 48 and 63%,

respectively after 30,000 cycles. The drastic performance degradation for the commercial Pt-
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Co/C and Pt/C catalysts can be attributed to Ostwald ripening, Pt dissolution and redeposition [3-
9, 145, 185].

The H,-O, fuel cell polarization under constant flow of 750/750 sccm shown in Figure 35
indicates no performance degradation when the cathode reactant is sufficiently supplied for ORR
at 100% RH since the Pt*/CCCS catalyst maintains the catalytic activity before and after 30,000
cycles. However, our previous study indicated a significant performance loss for the commercial

Pt/C catalyst under the same operating conditions [145].
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Figure 35. H,-O, fuel cell polarization curves of Pt*/CCCS catalyst (initial and after 10,000 and
30,000 cycles). The cell was operated at 80 °C, 100% RH with a constant flow of
H,/O, (750/750 sccm). No back pressure was applied during the measurement.

It has been reported that water activation and Pt-OH formation on Pt-Co catalyst surface
is shifted to higher potentials when compared to pure Pt [54, 191, 192]. The cyclic
voltammograms recorded in rotating ring disk electrode (RRDE) for Pt*/CCCS and Pt/CCCS
catalysts shown in Figure 36 indicate a shift in Pt-OH formation by ~40 mV for the Pt*/CCCS
when compared to Pt/CCCS. Figure 37 also shows two regions namely, H adsorption/desorption
below 0.4 V and oxygen-related reactions (Pt oxidation/reduction) between 0.6 and 1.0 V.
During potential cycling from 0.6 to 1.0 V, Pt oxides are formed according to the following
reactions [44]:

Pt + H,0 - PtO + 2H* + 2e~ (22)
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Pt + 2H,0 — PtO, + 4H* + 4e~ (23)
At high potentials, adsorbed oxygen (Pt-Ogq) is formed due to water oxidation:

Pt + H,0 — Pt — 044 + 2H* + 2e~ (24)
In the reverse scan from 1.0 to 0.6 V, platinum oxides are reduced to Pt according to the

following reactions:

PtO + 2H* + 2e~ -» Pt + H,0 (25)
PtO, + 4H* + 4e~ > Pt + 2H,0 (26)
Pt — 044 +2H* + 2¢e~ - Pt + H,0 (27)

The potential shift for Pt oxidation to higher values, as indicated by the higher OCP observed in
H,-air polarization curve, increases the mass activity (from 0.15 to >0.4 A/mgp) due to the
suppression of Pt oxide formation which has much lower exchange current density for ORR (i°
=1.7x10*° A/cm?) when compared to pure Pt (i° = 2.8x10 " A/cm?) [193]. Besides the effect of
higher mass activity, Pt* catalyst also illustrates improved stability when compared to pure Pt
catalyst. Since Pt oxide dissolves during potential cycling conditions according to Eq. (28), less
PtO, formation in the forward scan due to higher Pt oxidation potential in the case of Pt*/CCCS
catalyst alleviates Pt dissolution in the reverse scan and enhances the catalyst stability.

PtO, + 4H* + 2e~ - Pt** + 2H,0 (28)

However, in automotive applications at applied potentials of ~0.6-0.7 V, only pure Pt catalytic
sites will be present on the catalyst surface for ORR at high current regions due to
electrochemical reduction of Pt oxides formed when the cathode catalyst is subjected to high
potentials during startup/shutdown cycles and/or fuel starvation. Thus, the H/air performance at
low potentials will not be greatly affected as much as in the case of mass activity which is

measured at 0.9 Vir-free.
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Figure 36. Cyclic voltammograms of Pt/CCCS and Pt*/CCCS. The measurements were carried

out at room temperature by sweeping the potential from 0.05-1.1 V vs. RHE at 50
mV/ s in nitrogen-purged 0.1 M HCIO,.
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4.3. Development of Pt and Pt* Catalysts Supported on Activated Carbon

Composite Support (ACCS-1)

4.3.1. Synthesis of Activated Carbon Composite Support (ACCS-1)
In order to further improve the support stability at high potentials (1.0-1.5 V) the ACCS-1

was synthesized using a purification and stabilization process as shown in Fig. 37.

Carbon e . I Active group Activated carbon composite
Black ||:> Purification ||:> Stabilization I‘=> formation support (A-CCS)

N ~ J ‘

Carbon surface Metal-catalyzed pyrolysis
modification

D ——

Figure 37. Schematic of ACCS-1 synthesis.
The ACCS-1 was used to synthesize 30% Pt/ACCS-1 catalyst. The HRTEM images
shown in Fig. 38 indicate that the Pt particles are uniformly distributed over the ACCS-1 support

with an average particle size of ~3.1 nm.
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Figure 38. Transmission electron microscopy image of Pt/A-CCS-1 catalyst (The scale bar is
10 nm).

Figure 39 exhibits the XRD patterns of ACCS-1 and Pt/ACCS-L1. It has been reported that
higher L. value of (002) peak at 26° implies higher degree of graphitization, which can be
calculated by Scherrer formula [194, 195]. The L. value for A-CCS-1 is only 2.8 while that for
Ketjen black is 1.1. Compared to CCCS, ACCS-1 did not show significant graphitic structures.
However, due to difference in the carbon precursors’ nature, ACCS-1 exhibits improved

hydrophobicity.
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Figure 39. X-ray diffraction patterns of ACCS-1 support and 30% Pt/ACCS-1 catalyst.

Our previous studies on graphitic carbon supports indicated highly graphitic carbon is not
friendly for Pt anchorage due to its small BET surface area and smooth surface. The catalyst
after 30,000 potential cycles between 0.6 and 1.0V exhibits poor catalytic performance. Thus, it
was very important to study the Pt-C interaction on ACCS-1 to improve the catalyst-support
interaction and further enhance the catalyst durability.

4.3.2. Catalyst Stability of 30% Pt/ACCS-1 under 0.6-1.0 Potential Cycling Conditions

To investigate the Pt catalyst stability in PEM fuel cells under 100% RH and 80 °C cell
temperature, potential cycling experiment (0.6-1.0 V for 30,000 cycles) was performed on the
Pt/ACCS-1 and Pt/C catalysts. Figures 40, 41, and 42 present the polarization curves of 30%
Pt/ACCS-1 and commercial Pt/C catalysts before and after 30,000 cycles under constant flow of
H,-O, (750/750 mL/min) (Fig. 40), stability of mass activity under H,-O, (stoic 2.0/9.5) (Fig.
41), and Hq-air (2.0/2.0 stoic.) (Fig. 42) operating conditions, respectively. As shown in Figure
40(a), when the cathode reactant is sufficiently supplied for ORR at 100% RH, the Pt/ACCS-1
catalyst maintains the activity before and after 30,000 cycles. However, the performance loss of

the commercial Pt/C catalyst is much more significant after 30,000 cycles (Figure 40 b).
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Figure 40. H,-O, polarization curves of the PEM fuel cells prepared with (a) Pt/ ACCS-1 and
(b) commercial Pt/C catalysts before and after 30,000 cycles. The fuel cell
operating conditions are: Hy/O, (750/750 sccm), 80 °C, 100% RH, no back
pressure.

At kinetic region shown in Figure 41, when fuel supply is limited, mass activity losses of

50 and 61% are noticed for Pt/ACCS-1 and Pt/C, respectively. In the case of air with reduced

humidity (50% RH), the performance decrease is observed in both the catalysts. In the case of

Pt/ACCS-1 catalyst (Figure 42 a), the Vig-free 10sS is 72 mV (cell voltage decreased from 715 to

643 mV after 30,000 cycles between 0.6 and 1.0 V) at 800 mA/cm?. Furthermore, the Pt/ACCS-1

catalyst showed initial maximum power density of 944 mW/cm? and 703 mW/cm? after 30,000

cycles (26% loss). The Pt/C (Figure 42 b) showed no activity at that current density and the

maximum power density drops from 746 mW/cm? to 274 mW/cm? (63% loss). The increased
stability can be attributed to strong m-bond in the ACCS-1 due to enhanced graphitic nature,

which acts as anchoring sites (sp®-hybridized carbon) for Pt [196, 197].
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Figure 41. Mass Activity of Pt/ACCS-1 and Pt/C catalysts before and after 30,000 potential
cycling between 0.6 and 1.0V (iR-corrected cell voltage vs. current density). The
fuel cell operating conditions are: H,/O, (2.0/9.5), 80 °C, 100% RH, 150kPa back
pressure.
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°C, 50% RH, 170 kPa back pressure.
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The ECSA change during potential cycling shown in Figure 43 also supports the above
explanation. The ECSA of commercial catalyst experienced significant loss from 65 to 13 m?/g
while that of Pt/ACCS-1 is much more stable during the cycling test with only 41% loss (from
39 to 23 m?/g). As shown in Figure 43(c), the normalized ECSA remained at around 60% of its
initial value for the Pt/ ACCS-1 catalyst when compared to 80% ECSA loss for the commercial
Pt/C catalyst which is consistent with the results obtained from the polarization curves. With
improved catalyst durability, it is also crucial to investigate the support stability at high potentials

in order to be a promising candidate for automotive applications.
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Figure 43. Cyclic voltammetry curves of (a) 30% Pt/ACCS-1 and (b) commercial Pt/C
catalysts during 30,000 cycles; (c) normalized ECSA change as a function of

potential cycles.
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4.3.3. Support Stability of 30% Pt/ACCS-1 under 1.2 V Potential Holding Conditions
Corrosion of high surface area carbon in the presence of Pt is inevitable at high potentials
under PEM fuel cell operating conditions such as high oxygen concentration, high water content,
and low pH which favor carbon oxidation [164, 198]. During operation, the cathodes of
automotive fuel cells often experience very high potentials due to startup/shutdown cycles or due
to local fuel starvation at the anode [2, 41, 165]. Reiser et al. [41] have shown that the cathode
interfacial potential difference can reach as high as 1.5 V due to the Hy/air front in the anode
compartment during shutdown/startup. Carbon corrosion occurs at 0.207 V vs. RHE; however, it
is not detected during fuel cell operation due to its sluggish reaction kinetics [2]. In general,
carbon corrosion is estimated by measuring the amount of CO, produced [27, 29, 167, 168] or
the corrosion current [2] at high applied potentials in a PEM fuel cell by supplying pure H to the
anode and pure N to the cathode. However, the measured current is always coupled with the H-
oxidation current at the cathode due to H, cross over from the anode through the Nafion®
membrane [2]. In the present investigation, the cathode is subjected to 1.2 V constant potential
for 400 h to study the support stability by measuring H-air polarization performance at regular
intervals. The cell potential loss at 800 mA/cm? current density is used as a metric to evaluate the
support stability in commercial Pt/C, and Pt/ACCS-1 catalysts.
The initial Hp-air polarization curve and polarization curves obtained after 100 h, 200 h,
and 400 h potential holding at 1.2 V for the 30% Pt/ACCS-1 catalyst are compared in Figure 44.
The 30% Pt/ACCS-1 catalyst showed an initial potential of 689 mV and 662 mV after 400 h
potential holding with a potential loss of 27 mV. The initial peak power density is 1098 mW/
cm? which decreased to 958 mW/cm? after 400 h stability tests corresponding to a loss of only
13%. Besides, there is a mass activity loss of only 32% as shown in Fig. 45. Figure 46 (a) and
Figure 46 (b) compare the ECSA loss in the fuel cell for the commercial 46.7% Pt/C and 30%
Pt/ACCS-1 catalysts, respectively. The commercial Pt/C showed an initial ECSA of 52 m%/gp;
which drastically decreased to 15 m?/ge; (71% loss) after 25 h due to severe carbon corrosion.
Conversely, the 30% Pt/ACCS-1 showed much lower ECSA loss of only 30% with initial and
final ECSA values of 40 and 28 m?/gp,, respectively (Fig. 47).
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Figure 46. Cyclic voltammetry curves of (a) commercial Pt/C and (b) 30% Pt/ACCS-1
catalysts before and after 400 hours potential holding at 1.2 V.

All the fuel cell polarization results together with Kkinetic activity loss and ECSA loss
data clearly indicate that graphitic carbon-support offers better corrosion resistance during
potential holding. Furthermore, significantly low potential loss of 27 mV at 800 mA/cm? after
400 h potential holding experiment obtained for the 30% Pt/ACCS-1 catalyst is also attributed to
the increased hydrophobicity of the support [167] and a relatively stronger catalyst-support
interaction [197] when compared to other Pt catalysts investigated in this study.
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Figure 47. Normalized ECSA change as a function of potential holding time for commercial

Pt/C and 30% Pt/ACCS-1 catalysts.
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4.3.4. Support Stability of 30% Pt/ACCS-1 under 1.0-1.5 V Potential Cycling Conditions
In order to further evaluate the support stability of Pt/ACCS-1 under very severe
corroding conditions, AST [199] between 1.0 and 1.5 V for 5,000 cycles at 500 mV/s sweep rate
was performed under Hy/N, at 80 °C and 100% RH and the results are compared with that of
commercial Pt/C catalyst in Figure 48 (a and b). The 30% Pt/ACCS-1 catalyst showed no
potential loss up to 2,000 cycles and only 24 mV loss cycles at 1500 mA/cm? after 5,000 which
satisfy the DOE targets for support stability [199]. The maximum initial power density is 970
mW/cm? and the loss is only 3% after 5,000 cycles which shows that the ACCS-1 support in
30% Pt/ACCS-1 catalyst is highly stable under severe corroding conditions. However, the
commercial Pt/C catalyst showed drastic performance degradation after only 500 cycles and
showed poor activity after 2,000 cycles due to severe carbon support corrosion at high potentials.
These results clearly indicate that the ACCS-1 support offers better resistance to corrosion at
high potentials between 1.0 and 1.5 V, which may be attributed to the increased hydrophobicity

when compared to commercial high surface area supported Pt catalyst.
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Figure 48. H,-air polarization curves and the corresponding power density of the PEM fuel

cells prepared with (a) 30% Pt/ACCS-1 and (b) commercial Pt/C catalysts before
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are: Ho/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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4.3.5. Development of Pt*/ACCS-1 Catalyst

As discussed in section 4.4.4, pure Pt supported on ACCS-1 presents high support
stability and enhanced catalyst durability when compared to commercial Pt/C catalyst. In order
to further improve the durability, Pt should be doped with Co to induce Pt-lattice contraction
which decreases Pt dissolution during potential cycling (0.6-1.0 V). However, doping Pt with
excess of Co decreases the ORR activity due to Co coverage on the Pt active sites. On the other
hand, our results indicated that smaller Co to Pt ratio may not be effective to provide the
compressed Pt strain. Therefore, Pt to Co ratio plays a significant role in catalyst development
and needs to be optimized to synthesize a highly active and durable catalyst.
4.3.5.1. Effect of Pt to Co Ratio on ORR Catalytic Activity

Initially Co-doped ACCS-1 was synthesized by mixing ACCS-1 with Co precursor and
nitrogen containing organic compound followed by annealing at 800 °C for 1 hour in inert
atmosphere. The final product, which is leached in 0.5M H,SO, for 4 hours to remove the excess
of Co on the surface, is named as ACCS-1. Table 10 summarizes the ACCS-1 composition for
the starting materials of carbon, Co and ligand compound and the final Co weight percentage in
the support and Pt to Co ratio after 30% Pt deposition. From the Table, one can see that the Co
amount included in the support can be varied by modifying the cobalt to ligand ratio. The role of
ligand is to form Co-N chelate compound. Therefore, the amount of Co incorporated into ACCS-
1 is only related to carbon to Co ratio. XRD patterns of ACCS with different Co concentration
are compared in Figure 49. The presence of Co metal is confirmed by the peak appearing at 44°.
The Co peak intensity increases as the Co concentration in the support increases. The graphitic
(002) peak at 26° for the sample with less Co is higher due to less ligand inclusion, which may be
attributed to formation of more amorphous carbon.

30% Pt was deposited on the supports with different Co concentrations and PtCo alloy
catalysts with the Pt to Co ratio between 1:1 and 3:1 are formed. The heat-treated catalysts are
named as Pt*/ACCS-1. The XRD of this catalyst is shown in Figure 50. After annealing at 800
°C, all the Pt peaks shift to higher angle indicating a lattice contraction caused by the substitution
of the smaller Co metal atoms for the larger Pt atoms. The higher the amount of Co doping into
Pt, the higher the peak shift observed in XRD. Among various PtCo catalysts, Pt;Co; exhibits
clear ordered fct structure with extra peak formation by show additional super lattice reflections
such as (100) reflection at 33°. The effect of Pt to Co ratio on ORR catalytic activity are

68



DE-EE0000460
University of South Carolina

compared in PEMFC with Pt loadings of 0.1 mg/cm? on both anode and cathode in a single PEM

fuel cell (25 cm® MEA).

Table 9. Pt to Co ratio prepared by different Co to ligand amount.

C:Co: ligand Co wt. percentage Ptto Co Ptto Co
/ wt. ratio in ACCS-1 / wt. ratio / atomic ratio
%
4:1:20 13% 77:23 11
4:1:10 14% 75:25 1:1.1
4:1:5 13% 77:23 1:1
4:05:5 6.4% 87:13 1:0.50
4:05:25 6.4% 87:13 1:0.50
4:0.33:3.33 4.3% 91:9 1:0.33
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Figure 49. XRD patterns of various ACCS-1 with different Co concentrations.
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Figure 50. XRD patterns of Pt*/ACCS-1 with different Pt to Co ratios.

The mass activity is measured at high potential region under the condition: H,/O, (2.0/9.5
stoic.), 100% RH and 150 kPa,s back pressure, 80°C cell temperature. As shown in Figure 51, at
0.9V, the mass activities are 0.220, 0.298, 0.311, 0.356, 0.420 and 0.383A/mg for pure Pt,
Pt;Co;, Pty 5Co;, PtyCoy, Pty sCo; and Pt;Co; catalysts, respectively. From Figure 51 b, one can
see that the mass activity increases as the Co to Pt ratio increases, following a linear fit, except
for Pt;Co;. The lower mass activity achieved with Pt;Co; is due to the formation of ordered fct
structure. It has been reported by Koh [200] that ordered PtCo fct structure is more corrosion
resistant but less active for ORR.

The polarization curves shown in Fig. 52 are obtained under Hy/air (2.0/2.0 stoic.), 50%
RH and 170 kPa,, back pressure, 80°C cell temperature. According to our studies higher mass
activity at high potentials does not always translate to a high performance in high current
regions. Due to more surface coverage of Pt with excess Co in the case of catalysts with high Co
to Pt ratio, the current density decreases as the Co amount increases. The best performance is

achieved with Pt to Co ratio of 3:1.
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Figure 52. Hs-air polarization curves of the PEM fuel cells prepared with Pt*/ACCS-1
catalysts with different Co to Pt ratio (iR-corrected cell voltage vs. current
density). The fuel cell operating conditions are: Hy/air (2.0/2.0), 80 °C, 50% RH,
170 kPa back pressure.

4.3.5.3. Effect of Annealing Temperature on ORR Catalytic Activity

Since Co is chemically and electrochemically not stable in acidic media especially in the
presence of Pt, it is important to have maximum amount of Co in the Pt structure to keep the
compressive lattice strain as long as possible during potential cycling between 0.6 and 1.0 V. The
purpose of studying the effect of Pt to Co ratio is to include maximum possible Co in the
structure without decreasing the performance. Pt to Co ratios between 2:1 and 3:1 give higher

activity than pure Pt at 0.6 V.

As reported in the literature, when the annealing temperature is increased, more ordered

PtCo structure with lower activity is form [200]. At 650 °C, most of the catalyst shows

disordered structure. In this study, 700 °C is chosen to be the lowest annealing temperature. All

the catalysts show peak shift in XRD after subjected to annealing (Figure 53). Furthermore, the
catalyst annealed at higher temperature exhibits higher shift in 20 angle indicating more

compressive Pt lattice formation.

72



DE-EE0000460
University of South Carolina

1000°C, 8.3nm

950°C, 6.6nm }

850 C 4 lnm W “\MMWWMMJ WMM«MMMM

Ut wwwww

Relative Intensity / arbitrary unit

FFESW

0 10 20 30 40 50 60 70 80 90 100
Scanning Angle, 20 / degrees

Figure 53. XRD patterns of Pt,Co; annealed at different temperatures.

The effect of annealing temperature on ORR catalytic activity is compared using
PEMFC prepared with Pt loadings of 0.1 mg/cm?® on both anode and cathode in a single PEM
fuel cell (25 cm® MEA). The mass activity results are shown in Figure 54 (a & b), at 0.9 Vig-free.
The highest mass activity of 0.356 A/mg is obtained for the Pt,Co catalyst heat-treated at 800 °C.
Figure 54(b) shows that above 800°C, the mass activity decreases as temperature increases. The
Hy/air polarization curves shown in Figure 55 (a & b) present a similar tendency as in the mass
activity study. The observed phenomenon is due to more ordered structure formation at high
temperature which decreases the activity due to Pt particles growth and agglomeration.
Therefore, the compressive Pt-lattice catalyst development is a trade-off between the catalyst
activity and durability. As shown in Fig. 55 (b) At 0.6 V, the catalysts pyrolyzed between 700 and
850 °C show better ORR activity than pure Pt. Based on these studies, the catalysts annealed at
800 and 850 °C are chosen for catalyst durability studies.
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4.3.5.4. Support Stability Studies of Pt*/ACCS-1 Catalysts
To determine if the support stability is affected by Co doping, the Pt,Co; cathode catalyst
was cycled between 1.0 and 1.5 V for 5,000 times under the AST conditions: the anode and
cathode were under H, and N, atmosphere at 80 °C and 100% inlet RH. The polarization curve
measured in H-air shows no decrease of ORR activity after 5,000 cycles (Fig. 56). Instead, there
is a 10 mV gain at 1500 mA/cm?. This is because Co is leached out from the structure both
chemically (due to low pH at the cathode/electrolyte interface) and electrochemically (due to
high overpotential during 1.0-1.5V cycling) and expose more Pt surface active sites. However, at
moderate cycling condition such as the one between 0.6 and 1.0 V, Pt dissolution occurs through
Pt oxidation and Pt-oxide reduction process and the activity increase is not observed. But during

high potential cycling, Pt is passivated by Pt oxide film, so the activity increase shows up.
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Figure 56. Hs-air polarization curves of the PEM fuel cells prepared with Pt*/ACCS-1
catalyst before and after 5,000 cycles between 1.0 and 1.5 V. The fuel cell
operating conditions are: Hy/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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4.4. Development of Pt and Pt* Catalysts Supported on Activated Carbon

Composite Support — 2 (ACCS-2)
4.4.1. Synthesis of Activated Carbon Composite Support — 2 (ACCS-2)

The ACCS-2 was synthesized by two-step process - purification and stabilization — from
a carbon black as a starting material. The carbon black was heat treated to remove the
electrochemically unstable amorphous carbon. Next, the sample was heat treated at elevated
temperatures under N, or Ar flow. With this step, surface functional groups could be removed
from the carbon surface thus making the ACCS-2 support more corrosion resistant.
4.4.2. Characterization of ACCS-2

A variety of carbon supports such as Ketjen black EC-300J (Akzo Nobel), Vulcan XC-72
(Cabot), Ensaco 290G (Timcal), ACCS-2, and CNF (Sigma-Aldrich) were selected and their
thermal stability was measured by heat treatment at 600 °C for 1 h with 10 °C/min ramping time
in a tube furnace with constant air flow (150 ml/min). The weights before and after heat
treatment were measured using a digital balance to calculate the weight loss of each carbon.
Complete thermal decomposition of carbons was studied by thermogravimetric analysis (TGA)
(Q5000IR, TA Instruments). The experiments were conducted under mixed gas of 10 ml/min of
nitrogen and 25 ml/min of air. The temperature was increased up to 1000 °C at 10 °C/min
ramping time.

The thermal stability of various carbons was examined by heat treatment under air flow at
600 °C for 1 h. Fig. 57 shows the weight retentions after thermal stability test for various
carbons. The Ketjen black EC-300J, Vulcan XC-72, Ensaco 290G, CNF, and ACCS-2 developed
at USC were compared. While two commonly used carbon supports such as Ketjen black EC-
300J and Vulcan XC-72 show low weight retention after thermal stability test (1.0% for Ketjen
black EC-300J and 13.4% for Vulcan XC-72), ACCS shows 90.7% retention which is similar to
that of CNF (91.4%). The thermal stability results indicate that ACCS is more stable than Ketjen
black EC-300J and Vulcan XC-72 carbons. S.M. Andersen et al. [32] claimed that CNF and
CNT supports for Pt cathode catalyst showed higher thermal stability as well as higher
electrochemical stability in MEA test (0 — 1.6 V, 15000 cycling) than those of carbon black
support. From the thermal stability test results, it is expected that the ACCS-2 which showed
similar thermal stability as the CNF would show good electrochemical stability in MEA tests.
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Figure 57. Thermal stability results at 600 °C for 1 h of Ketjen black EC-300J, Vulcan XC-
72, Ensaco 290G, ACCS-2, and carbon nanofibers.

Among various carbons, Ketjen black EC-300J, Ensaco 290G and ACCS-2 were selected
for more detailed thermal decomposition analysis using TGA. Fig. 58 shows the result of TGA
for the three selected carbons. The ACCS shows the highest thermal stability by showing highest
on-set temperature for decomposition. The Ensaco 290G shows intermediate thermal stability
and Ketjen black EC-300J shows the lowest thermal stability which agrees well with the thermal
stability study results presented in Fig. 57. The temperatures at a maximum derivation of weight
loss are 705, 740, and 781 °C for Ketjen black EC-300J, Ensaco 290G, and ACCS, respectively.

The XRD patterns of Ketjen black EC-300J, Ensaco 290G and ACCS-2 are shown in Fig.
59. The crystallite thickness (L) calculated by Scherrer’s formula and the interlayer spacing
(doo2) obtained from Bragg’s law are used as the factors to determine the degree of graphitization
of carbons. It has been reported that higher L. value of the (002) peak and lower dgo, number
imply a higher degree of graphitization [17, 38, 39]. The ACCS-2 shows L. value which is
almost twice higher than that of Ketjen black EC-300J and Enasco 290G, and the lowest dog, of
0.349 when compared to the other two carbons. From the XRD analysis, a higher degree of
graphitization of ACCS-2 compared with the Ketjen black EC-300J and Ensaco 290G was
observed and it could be attributed to the higher thermal stability of ACCS-2 than Ketjen black
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EC-300J and Ensaco 290G. The BET surface area, maximum derivation of weight loss on TGA,

Lc values, and d002 values obtained from XRD analysis are summarized in Table 10.
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Figure 58. Comparison of TGA profiles for Ketjen black EC-300J, Ensaco 290G, and ACCS-2.
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Figure 59. Comparison of XRD patterns for Ketjen black EC-300J, Ensaco 290G, and ACCS-2.
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Table 10. List of carbons and carbon properties.

Samole Surface area (m%/g) Le(nm)  doz(nm)  Max der. temp. (°C)
P (BET) (XRD) (XRD) (TGA)
Ketjen black
EC-300J 800 1.8 0.361 705
Ensaco 290G 220 2.0 0.358 740
ACCS-2 200 4.0 0.349 781

4.4.3. Platinum Deposition

The 30 wt. % Pt on Ensaco 290G carbon support (Pt/290G) and 30 wt. % Pt on ACCS-2
support (Pt/ACCS-2) catalysts were synthesized using a modified polyol reduction process.
Commercially available Pt/C (TEC10E30E, 28.2% Pt on Ketjen black EC-300J) was compared
with Pt/290G and Pt/ACCS-2 as a cathode catalyst to represent the Pt catalyst on Ketjen black
EC-300J support since Ketjenblack-EC300J was used as a support material for this commercial
catalyst [161]. The XRD patterns of commercial Pt/C, Pt/290G, and Pt/ACCS catalysts are
compared in Fig. 60. The diffraction patterns represent all the reflections corresponding to the
face centered cubic (fcc) lattice of Pt supported on various carbon supports. Scherrer’s equation
was used for calculating the Pt crystallite size using the Pt(220) peak appearing at 67.5° [194].
The dp; values calculated from the XRD analysis are 1.6, 3.2, and 2.1 nm for the commercial
Pt/C, Pt/290G, and Pt/ACCS catalysts, respectively, which are confirmed by the HRTEM images
and corresponding particle size distribution shown in Fig. 61.
4.4.4. MEA performance evaluation and support stability test under 1.0-1.5 V cycling

The support stability tests were carried out by subjecting the MEAs to a potential cycling
test (1.0-1.5 V, 5000 cycles) to simulate the start-up/shut-down conditions of an automotive
PEMFC. The corrosion rate of carbon increases drastically at high electrode potentials, and can
result in severe degradation of the carbon support via the following reaction [201]:

C+2H,0 — COy + 4H" + 4 E’=0.207 V vs. RHE (29)
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Figure 60. Comparison XRD patterns for commercial Pt/C, Pt/290G, and Pt/ACCS-2.
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Figure 61. HRTEM images and Pt particle size distributions of (a) commercial Pt/C, (b)
Pt/290G, and (c) Pt/ACCS-2. The scale bar is 20 nm.
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Oxidation of the carbon surface increases its hydrophilicity and affects water removal, resulting

in an increased mass-transfer resistance. In addition, oxidation of carbon increases the electrical

resistance of the catalysts [202, 203], which leads to the detachment or aggregation of catalyst

particles, and damages the cathode catalyst layer structure. Furthermore, platinum increases the
corrosion rate by catalyzing the carbon oxidation [32].

Figure 62 shows H,-air fuel cell polarization curves for the three different cathode
catalysts. After 5000 cycles, the Pt/ACCS-2 shows no loss in H-air performance indicating good
support stability under high potentials (Fig. 62(c)). On the other hand, commercial Pt/C catalyst
shows 69.5% power density loss only after 1000 cycles and a further decrease to 88.7% after
5000 cycles (Fig. 62(a)). The Pt/290G catalyst shows moderate stability with 22.5% power
density loss until 2000 cycles and a rapid decay between 2000 and 5000 cycles resulting in
overall power density loss of 84.0% (Fig. 63(b)). Mass activities under H,-O, operating
conditions at 0.9 Vir-ree Were measured before and after support stability test to examine the
kinetic performance changes of these three catalysts (Fig. 63). The Pt/ACCS-2 catalyst shows no
loss after the support stability test while commercial Pt/C and Pt/290G catalysts show 57.5% and
66.2% losses, respectively. Similar trends were observed in EIS analysis (Fig. 64). Commercial
Pt/C and Pt/290G catalysts show an increase of charge-transfer resistance after the support
stability test, but Pt/ACCS-2 shows a small decrease of resistance. The maximum power
densities and mass activities before and after the stability test for commercial Pt/C, Pt/290G, and
Pt/ACCS catalysts are summarized in Table 11.

The good support stability of ACCS-2 was attributed to the higher degree of
graphitization of ACCS than Ketjen black EC-300J and Ensaco 290G supports which was
confirmed by XRD analysis. Also, it could be elucidated by the hydrophobic character of ACCS-
2 since carbon corrosion occurs in the presence of water [167]. In order to determine the
hydrophilic/hydrophobic nature, the carbon supports were dispersed in water/hexane mixture and
the results are shown in Fig. 65. The Ketjen black EC-300J and Ensaco 290G carbon supports
are mainly dispersed in the water phase which indicates the hydrophilicity of these carbons. On
the other hand, ACCS-2 shows dispersion mainly in the hexane phase while only a small amount
of carbon is dispersed in the water phase which shows good hydrophobic property for ACCS-2
when compared with the other two carbons.
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Pt/ACCS-2 cathode catalysts before and after the support stability test (1.0-1.5 V

potential cycling for 5000 cycles). The Hj-air polarization performances were
measured under Hj/air (2/2 stoic.), 80 °C, 40% RH, and 170 kPagps.

83



Figure 63.

DE-EE0000460
University of South Carolina

1.0

@

0.9 i

0.8 —m—TInitial

iR corrected cell voltage (V)

—#— 1000
—4—2000
—*—35000
0.01 0.1 1
Mass activity (A mgr_:'l)
CTo)
0.0 i el

0.8 —w— Initial
—&— 1000

iR corrected cell voltage (V)

—4&— 2000
—*— 5000
0.01 0.1 1
Mass activity (A mgr_:'l)
1.0 :
| ©
= :
]
] Do
Z 0.9 i
z
g
3 B B
4 — = — Initial :
| —e—s000 i
0.7 ——— —
0.01 0.1 1

Mass activity (A mgr_:'l)

Mass activities under the H,-O, condition of (a) commercial Pt/C, (b) Pt/290G,
and (c) Pt/ACCS-2 cathode catalysts before and after the support stability test
(1.0-1.5 V potential cycling for 5000 cycles). The mass activities were measured
at 0.9 Vir-free under H,/O, (2.0/9.5 stoic.), 80 °C, 100% RH, and 150 KPa,ps.

84



DE-EE0000460
University of South Carolina

-0.5

5 5 5 —n— Tnitial
o (@) —e— 5000

7! (ohm)

Ry

ﬁohf

ﬁ_uﬁwwu.m.é
\.i.;‘ b. :
03 0.

4 0.5

e A p—
A MR TR e

-0.1

-
o.of i

0.0 0.1 02
Z (ohm)

-0.5

5 5 ' —=—Tnitial
(b) —+— 5000

7! (ohm)

; e :

L e,

o : Lty
B B RCTrT ETTTTIPITPPPPR NS
0'..--.'.:_.“.".1- . L

. . *
f : -.I‘ : Y
0.0 i i i i 'i
0.0 0.1 02 0.3 0.4 0.5
Z (ohm)

-0.5

5 5 5 — = — Initial
O

7! (ohm)

o1l

/ﬂm‘“
0.0 i Qi" ; .

0.0 0.1 0.2 0.3 0.4 0.5
Z (ohm)

Figure 64. EIS plots under the Hp-air condition of (a) commercial Pt/C, (b) Pt/290G, and (c)
Pt/ACCS-2 cathode catalysts before and after the support stability test (1.0-1.5 V
potential cycling for 5000 cycles).
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Table 11. Comparison of maximum power density and mass activity changes after stability test
for commercial Pt/C, Pt/290G, and Pt/ACCS-2 catalysts.

Maximum power density (mW/cm?) Mass activity (A/mger)
Sample
Initial After 5000 Change Initial After 5000 Change
cycles (%) cycles (%)
Commercial Pt/C 495 56 —88.7 0.167 0.071 -57.5
Pt/290G 530 85 —84.0 0.139 0.047 —66.2
Pt/ACCS-2 722 793 +9.8 0.165 0.167 +1.0

The enhanced hydrophobic property of ACCS-2 is also confirmed by the contact angle
measurement. As shown in Fig. 66, ACCS showed a contact angle of 132° which is much greater
than that for Ketjen black EC-300J (38°) and Ensaco 290G (32°) carbons. The enhanced
hydrophobic property of ACCS-2 can minimize water adsorption on the carbon surface resulting
in less carbon corrosion. Furthermore, the difference in hydrophobicity affects the H,-air fuel
cell performance in the mass-transport region. While commercial Pt/C and Pt/290G show current
densities of 950 mA/cm? and 1250 mA/cm? at 0.6 Vir-free, respectively, Pt/ACCS-2 shows 1700
mA/cm? at 0.6 Vir.cor. The higher Ho-air fuel cell performance of Pt/ACCS-2 is due to (i)
optimized support properties such as BET surface area which resulted in thin catalyst layer thus
favoring effective mass-transfer to the Pt catalytic sites and (ii) hydrophobicity of the ACCS-2

support which results in better water removal during high current operation.
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Figure 65. Dispersion of Ketjen black EC-300J, Ensaco 290G, and ACCS-2 in water/hexane

mixture.

Figure 66. Contact angle measurements on (a) Ketjen black EC-300J, (b) Ensaco 290G, and
(c) ACCS-2.
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Figure 67 shows the H,-Air fuel cell performance of Pt/A-CCS catalyst tested in 25-cm?
MEA subjected to 0.6-1.0 V potential cycling test. The Pt/A-CCS catalyst showed an initial
current density of 1.88 A/cm? at 0.6 Vir-free With a potential loss of 73 mV (iR-free) at 0.8 A/cm?
after 30,000 potential cycles between 0.6 and 1.0 V. As shown in Table 12, the commercial 46%
Pt/C showed no activity after 30,000 cycles.

Figure 68 shows initial mass activity of 0.193 A/mge: and the stability of mass activity for

the Pt/ACCS-2 catalyst subjected to potential cycling between 0.6 and 1.0 V. The catalyst
durability test resulted in 52% mass activity loss after 30,000 cycles. The commercial 46% Pt/C
catalyst showed 0.18 A/mgg; initial mass activity and 58% loss after 30,000 cycles (Table 12).

Figure 67.
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0.1 mgeam/cm? on both the anode and cathode electrodes. The fuel cell operating

conditions are: Hj/air (2/2 stoic.), 80 °C, 50%

RH, 170 kPay,s back pressure.

Nafion® NRE 212 membrane is used as the electrolyte.
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Table 12. Summary of Support Stability Test (5,000 Potential Cycles between 1.0 and 1.5 V) and
Catalyst Durability Test (30,000 Potential Cycles between 0.6 and 1.0 V) for PtYACCS-2 and

Commercial Pt/C catalysts.

Mass activity loss (%) ECSA (m°/gp) Cell voltage
Catalyst/Test I_Darticle loss (mV)
size (nm)
Initial Final Initial Final AViR-free
Pt/ACCS-2
Support Stability 2.9 0.215 0.14 50.0 27.5 15 mV loss
(35% loss) (45% loss) at 1.5 Alcm?
(5k cycles) (5k cycles) (5k cycles)
Catalyst Durability 2.9 0.193 0.092 41.0 14 73 mV loss
(52% loss) (66% loss) at 0.8 Alcm?
(30k cycles) (30k cycles) | (30k cycles)
Commercial Pt/C
Support Stability 2.2 0.18 0.047 59.8 11.0 No activity
(74% loss) (82% loss) (5k cycles)
(5k cycles) (5k cycles)
Catalyst Durability 2.2 0.18 0.075 62 13.6 No activity
(58% loss) (78% loss) (30k cycles)
(30k cycles) (30k cycles)
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4.4.6. Development of Pt*/ACCS-2 Catalyst
4.4.6.1. Effect of protective coating and cobalt

Pt*/ACCS-2 catalyst was prepared using a methodology developed at USC. Figure 78
shows the effect of protective coating and cobalt presence on the peak shift and particle size of
Pt*/ACCS-2 catalyst and the results are summarized in Table 13. As shown in Fig. 69 and Table
13, the peak shift increased from 39.81° to 40.92 and the particle size decreased from 6.7 to 3.2

nm in the presence of both protective coating and cobalt.

|

Sample 1. B
HT No protective coating ‘\ |
No Co, 9.6 nm / /;

\ [ f
J\ A I
st it ; e Y \‘W.w’l \“*J\w
Sample 2.

HT w/ protective coating
No Co, 6.6 nm

Sample 3.
HT No protective coating
w/ Co, 6.7 nm

Sample 4. f ‘

HT w/ protective coating A

, W/ CO,W \’"/ M«mem M
Pt/ACCS-2, 2.9 nm
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Figure 69. XRD of Pt*/ACCS-2 formed with and without protective coating and cobalt.
Table 13. Effect of protective coating and cobalt presence on particle size of Pt*/ACCS-2.

Sample Prote_ctive Co dpt from 20 for .
coating Pt (220) peak (nm) Pt (111) or PtCo (111) (°)
Pt/ACCS-2 N/A N/A 2.9 39.81
Sample 1 N No 9.6 39.73
Sample 2 Y No 6.6 39.74
Sample 3 N Yes 6.7 40.64
Sample 4 Y Yes 3.2 40.92
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The effect of protective coating and cobalt presence on the particle size and particle size
distribution of Pt*/ACCS-2 is shown in Figure 70. The pristine Pt/ACCS-2 shows uniform Pt
dispersion on the ACCS-2 support. Without protective coating, large particles are seen in the

range between 8 and 12 nm. However, when both protective coating and cobalt are present,

uniform particle distribution is seen with particle size in the range between 3 and 5 nm.

R,

Sample 2: HT 800 °C 4 h, No
protective coating and
g ’

20

Sample 3: HT 800 °C 4 h, No

Sample 4: HT 800 °C 4 h, with
protective coating and with Co  protective coating and Co

Figure 70. Effect of protective coating and cobalt presence on the particle size of Pt*/ACCS-2.
4.4.6.2. Effect of annealing temperature

The effect of annealing temperature on the particle sizes of Pt*/ACCS-2 was studied in
the temperature range from 300 to 900 °C and the corresponding XRD patterns are shown in Fig.
71. The Pt(1 1 1) peak is shifted to a higher 26 value as the annealing temperature is increased.
The effect of annealing temperature on the particle size is shown in the HRTEM images (Fig.
72). Particle agglomeration and particle size growth is observed with an increase in the annealing

temperature.
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Figure 71. Effect of annealing temperature on the particle size of Pt*/ACCS-2.
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Figure 72.

the particle size. The scale bar is 20 nm.
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The effect of annealing temperature on the catalyst mass activity and H,-air polarization
performance of Pt*/ACCS-2 with a composition of Pt,Co; is shown in Fig. 73 and Fig. 74,
respectively. The mass activity at 0.9 Virfe gradually increased until 700 °C and starts to
decrease. The increase in mass activity can be attributed to unreacted cobalt present when
subjected to annealing at lower temperatures which predominantly dissolves during
electrochemical measurement and contributes to the mass activity. On the other hand, the gradual
decrease in mass activity beyond 700 °C is due to the formation of stable PtCo phase with mass
activity >0.4 A/mgp.. The effect of annealing temperature on the mass activity at 0.9 Vir-free
current density at 0.6 Vir-free Under Hy-air operating condition is summarized in Table 14.
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Figure 73. Effect of annealing temperature on the catalyst mass activity of Pt*/ACCS-2.
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Figure 74. Effect of annealing temperature on the catalyst mass activity of Pt*/ACCS-2.

Table 14. Effect of annealing temperature on the mass activity (at 0.9 Vir-re), Current density at
0.6 Vir-free Under Ho-air, open circuit potential, and ECSA of Pt*/ACCS-2.

Annealing temp. N Current density at OCV (V) ECSA (m%/gey)
(°C) Mass activity 0.6 Vir.free
(A/mgpy (mA/cm?)
Pt 0.193 1884 0.958 41.0
500 0.425 1418 0.978 34.2
600 0.458 1395 0.977 30.5
700 0.492 1889 0.962 304
800 0.474 1800 0.966 26.1
850 0.471 1488 0.973 28.4
900 0.408 1308 0.968 26.6
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4.4.6.3. Effect of Pt/Co ratio
The effect of Pt/Co ratio on the particle size, mass activity, and H,-air fuel cell
performance is shown in Fig. 75, Fig. 76, and Fig. 77, respectively and the results are
summarized in Table 15. As shown in Fig. 75 and Fig. 76, the particle size increased and the
mass activity decreased as the Pt/Co ratio decreased.
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Figure 75. Effect of Pt/Co ratio on the XRD patterns of Pt*/ACCS-2.
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Figure 76. Effect of Pt/Co ratio on the mass activity of Pt*/ACCS-2.
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The Hy-air fuel cell performance of Pt*/ACCS-2 catalysts is lower when compared to that of

pristine Pt/ACCS-2 catalyst. However, the catalyst stability under 0.6-1.0 V potential cycling

experiment is significantly enhanced as will be discussed in the following section.
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Figure 77. Effect of Pt/Co ratio on the mass activity of Pt*/ACCS-2.

Table 15. Summary of effect of Pt/Co ratio on particle size, mass activity, and Hy-air fuel cell
performance of Pt*/ACCS-2.

Pt/Co ratio dpt (nm) | Mass activity Current density at
(A/Imgpy) 0.6 Vir-corr (MA/cM?)

Pt 2.9 0.193 1884

Pt,Co, 3.2 0.474 1800

Pt;Co; 3.7 0.388 1477

Pt,Co; 3.7 0.329 1545

Based on the physical properties and electrochemical properties of various Pt*/ACCS-2 catalysts

with different Pt/Co ratios, a catalyst with a composition of Pt3Co was selected and subjected to

catalyst durability and support stability studies under 0.6-1.0 V and 1.0-1.5 V potential cycling

conditions, respectively.
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4.4.6.4. Support Stability under 1.0-1.5 V Cycling
H,-Air fuel cell performance of Pt /ACCS-2 catalyst tested in 25-cm? MEA subjected to
1.0-1.5 V potential cycling test is shown in Fig. 78. The Pt /ACCS-2 catalyst showed an initial
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current density of 1.74 Alcm? at 0.6 Vir.free. The high Hy/air fuel cell performance is due to the

optimized catalyst layer thickness used for the USC-made catalysts. The catalyst showed a

potential loss of only 8 mV (iR-free) at 1.5 A/cm? after 5,000 potential cycles between 1.0 and

1.5 V. The support stability of commercial Pt/C is shown in Fig. 79. The commercial catalyst

showed initial current density of 1.54 Alcm? at 0.6 Vig-free. At 1.5 Alcm?, the iR-corrected cell

voltage is 0.609 V for initial polarization and no activity is observed after 1,000 cycles between

1.0-15V.
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Figure 78. Comparison of Ho/air fuel cell performance of 30% Pt/ACCS-2 catalyst
subjected to 5,000 potential cycles between 1.0 and 1.5 V at 500 mV/s. Catalyst

loading is 0.1 mge/cm? on both the anode and cathode electrodes. The fuel cell

operating conditions are: H/air (2/2 stoic.), 80 °C, 40% relative humidity (RH),

170 kPagys back pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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Figure 79.
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Comparison of Hy/air fuel cell performance of commercial 46% Pt/C catalyst
subjected to 5,000 potential cycles between 1.0 and 1.5 V at 500 mV/s. Catalyst
loading is 0.1 mgpam/cm? on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hy/air (2/2 stoic.), 80 °C, 40% RH, 170 kPas,s back

pressure. Nafion® NRE 212 membrane is used as the electrolyte.

Figure 80 shows the stability of mass activity for the Pt /ACCS-2 catalyst. Potential
cycling between 1.0 and 1.5 V resulted in 50% mass activity loss after 5,000 cycles. The

commercial 46% Pt/C catalyst showed mass activity loss of 74% after 5,000 cycles (Table 16).

Figure 80.
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Stability of mass activity of Pt/ACCS-2 catalyst subjected to 5,000 potential
cycles between 1.0 and 1.5 V at 500 mV/s. The catalyst loading is 0.1 mgpgm/cm?
on both the anode and cathode electrodes. The fuel cell operating conditions are:
H,/O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPay,s back pressure. Nafion® NRE
212 membrane is used as the electrolyte.
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Table 16. Summary of support stability test (5,000 potential cycles between 1.0 and 1.5 V) and
catalyst durability test (30,000 potential cycles between 0.6 and 1.0 V) for Pt /ACCS-2 and

commercial Pt/C catalysts. The catalyst durability of commercial PtCo/C catalyst is also shown

for comparison.

. Mass activity loss (%) ECSA (m®/ge) Cell voltage loss (mV)
Particle
Catalyst/Test :
size (nm) — - — -
Initial Final Initial Final AViR-free
Pt /ACCS-2
Support Stability 3.7 0.341 0.171 30.5 23.9 8 mV loss at 1.5 Alcm?
(50% loss) (22% loss) (5k cycles)
(5k cycles) (5k cycles)
Catalyst Durability 3.7 0.344 0.189 30.1 17.4 24 mV loss at 0.8 A/lcm?
(45% loss) (42% loss) (30K cycles)
(30k cycles) (30k cycles)
Commercial Pt/C
Support Stability 2.2 0.18 0.047 59.8 11.0 No activity (5k cycles)
(74% loss) (82% loss)
(5k cycles) (5k cycles)
Catalyst Durability 2.2 0.18 0.075 62 13.6 No activity (30k cycles)
(58% loss) (78% loss)
(30k cycles) (30k cycles)
Commercial
PtCo/C - - - - - -
Support Stability
4.5 0.38 0.116 68 14.3 No activity at 0.8 A/cm?
Catalyst Durability (69% loss) (79% loss) (30k cycles)
(30k cycles) (30k cycles)

4.4.6.5. Catalyst Stability under 0.6-1.0 V Cycling

Figure 81 shows the Hy-Air fuel cell performance of Pt /ACCS-2 catalyst tested in 25-
cm® MEA subjected to 0.6-1.0 V potential cycling test. The Pt/ACCS-2 catalyst showed an
initial current density of 1.85 A/lcm? at 0.6 Vir.fee With a potential loss of 24 mVig.free at 0.8
Alcm? after 30,000 potential cycles between 0.6 and 1.0 V. As shown in Table 16, the

commercial 46% Pt/C showed no activity after 30,000 cycles. For comparison, the H-air fuel
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cell performance of commercial 46% PtCo/C catalyst is shown in Fig. 82. The commercial 46%

PtCo/C catalyst showed an initial current density of 936 mA/cm? at 0.6 Vir-free and no activity

after 30,000 potential cycles (0.6-1.0 V).
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Figure 81. Comparison of Hy/air fuel cell performance of 30% Pt/ACCS-2 catalyst

subjected to 30,000 potential cycles between 0.6 and 1.0 V at 50 mV/s. Catalyst

loading is 0.1 mge/cm?® on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hj/air (2/2 stoic.), 80 °C, 60% RH, 170 kPa,s back

pressure. Nafion® NRE 212 membrane is used as the electrolyte.

Figure 83 shows initial mass activity of 0.344 A/mge; and the stability of mass activity for

the Pt /ACCS-2 catalyst subjected to potential cycling between 0.6 and 1.0 V. The catalyst

durability test resulted in 45% mass activity loss after 30,000 cycles. The commercial 46% Pt/C

and 46% PtCo/C catalysts showed initial mass activities of 0.18 and 0.38 A/mgp; and loss of 58%

and 69% after 30,000 cycles (Table 16).

100



Figure 82.

Figure 83.
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Comparison of Hy/air fuel cell performance of commercial 46% PtCo/C catalyst
subjected to 30,000 potential cycles between 0.6 and 1.0 V at 50 mV/s. Catalyst
loading is 0.1 mge/cm? on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hy/air (2/2 stoic.), 80 °C, 50% RH, 170 kPas back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.

Stability of mass activity of Pt /ACCS-2 catalyst subjected to 30,000 potential
cycles between 0.6 and 1.0 V at 50 mV/s. The catalyst loading is 0.1 mge/cm? on
both the anode and cathode electrodes. The fuel cell operating conditions are:
H,/O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPay,s back pressure. Nafion® NRE
212 membrane is used as the electrolyte.
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The effect of relative humidity on the catalyst stability in Hj-air fuel cell under 0.6-1.0 V

potential cycling is shown in Fig. 84 (a & b) and the potential losses with respect to cycle

number is summarized in Table 17. From Fig. 82 and 84 (a & b), the potential loss at 800

mA/cm? increases as the applied RH value decreased. At 40% and 50% RH values, the

Pt*/ACCS-2 catalyst showed 47 mV and 35 mV potential loss at 800 mA/cm? after 30,000
cycles which are higher than the one observed when 60% RH is used (24 mV, Fig. 82).
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Figure 84. Comparison of Ho/air fuel cell performance of 30% Pt*/ACCS-2 catalyst
subjected to 30,000 potential cycles between 0.6 and 1.0 V at 50 mV/s. (a)
Relative humidity 40% and (b) Relative humidity 50%. Catalyst loading is 0.1
mged/cm? on both the anode and cathode electrodes. The fuel cell operating
conditions are: Hy/air (2/2 stoic.), 80 °C, 60% RH, 170 kPag,s back pressure.
Nafion® NRE 212 membrane is used as the electrolyte.
4.5. Performance Evaluation of Pt/ACCS-2 Catalyst in 50-cm? MEAs
For initial performance evaluation in 50-cm? MEAs, Pt/ACCS-2 catalyst was employed
as the cathode catalyst while commercial 46% Pt/C was used as a catalyst for the anode. Catalyst
inks were prepared by ultrasonically mixing the respective catalysts (32 mg), isopropyl alcohol
(IPA, 1.8 ml), Nafion® ionomer (5% solution, Alfa Aesar), and DI water (0.2 ml). The ionomer
content was 30% and 20% in the anode and cathode inks, respectively. The catalyst inks were
sprayed directly on the Nafion® 212 membrane covering an active area of 50-cm® The Pt
loading on the anode and cathode electrodes is kept at 0.1 mg/cm? and the Pt loading was

measured using X-ray Fluorescence Spectrometer. The catalyst coated membrane was then hot
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pressed at 140 °C using a pressure of 20 kg/cm? for 6 min. in between the gas diffusion layers
(Sigracet GDL 10BC, SGL) and Teflon gaskets to prepare the membrane electrode assembly
(MEA) for the performance evaluation studies in fuel cell. The 50-cm? single cell hardware and
50-cm? MEAs are shown in Fig. 85.

Table 17. Comparison of cell potential (iR-free) at 800 mA/cm? and corresponding potential
losses with respect to cycle number at different relative humidity values for Pt*/ACCS-2 catalyst

subjected to 0.6-1.0 V potential cycling.

2
Cycle # Refree ? Loss (mV) V... @ 800mA/cm Loss (mV) Refree (::D Loss
800 mA/cm (mV) (mV) 800 mA/em_ (mv) | (MY)
RH 40% RH 50% RH 60%

0 690.9 - 707.2 ; 728.3 -
10000 664.6 26.3 690.9 16.3 702.0 26.3
20000 645.4 45.5 666.2 41.0 710.4 17.9
30000 643.9 47.0 672.5 34.7 704.0 24.4

. o)

. Office peror. [
i~ X

£ o owm

(b)

Photographs of (a) 50-cm? single cell hardware and fuel cell station and (b) 50-
cm? MEAs employing 30% Pt/ACCS-2 as cathode catalyst.

Figure 85.
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Initially, the MEA was activated under a supply of H, and O, at 80 °C to the anode and
cathode compartments, respectively with a flow rate of 1.5 L/min and 100% relative humidity
(RH). After MEA activation, the initial mass activity at 0.9 Vir.fee Was evaluated under H,/O,
(2/9.5 stoic.) at 80 °C, 100% RH, and 150 kPaaps. back pressure. The electrochemical surface
area (ECSA) was estimated using cyclic voltammetry experiments carried out between 0.05 and
0.6 V (vs. RHE) at 80 °C under fully humidified H, and N, supply to the anode and the cathode,
respectively. The Hy-air polarization curves were recorded at 2/2 stoic. and 80 °C, 40%, 50% and
60% RH, and an applied back pressure of 170 kPagps.
Figure 86 shows the H,-O, fuel cell polarization obtained at a constant reactant flow of
1.5L/1.5 L/min. Figure 87 shows the initial mass activity of 0.185 A/mgp; for the Pt/ACCS-2 at
0.9 Vir-free. Figure 88 shows the initial Hp-air fuel cell polarization obtained at various relative

humidities (40, 50, and 50% RH). At 0.6 Vig.free the PYACCS-2 catalyst showed ~2.0 A/lcm? at
all relative humidities.
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Figure 86. Comparison of H,/O, fuel cell performance of 30% Pt/ACCS-2 catalyst. Catalyst
loading is 0.1 mge/cm? on both the anode and cathode electrodes. The fuel cell
operating conditions are: H,/O, (1.5/1.5 L/min stoic.), 80 °C, 100% RH, no back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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Figure 87.

Figure 88.
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212 membrane is used as the electrolyte.
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Comparison of H/air fuel cell performance of 30% Pt/ACCS-2 catalyst at
different relative humidity values (40%, 50%, and 60%). Catalyst loading is 0.1
mged/cm? on both the anode and cathode electrodes. The fuel cell operating
conditions are: Hj/air (2/2 stoic.), 80 °C, 170 kPa,ps back pressure. Nafion® NRE
212 membrane is used as the electrolyte.
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46. MEA Fabrication using Pt/ACCS-2 and Pt*/ACCS-2 Cathode Catalysts for
Independent Evaluation at NREL
4.6.1. Preparation of 25-cm® MEAs with Pt/ACCS-2 as cathode catalyst
Based on the reproducibility results, two 25 cm? MEAs were fabricated and assembled in
fuel cell hardware for independent evaluation at NREL. These two MEAs were activated and
their initial H,-air fuel cell performances (1.85 and 1.83 A/cm? at 0.6 Vig.fee for MEA#1 and
MEA#2, respectively) and mass activities (0.181 and 0.207 A/mgp: for MEA#1 and MEA#2,
respectively) were measured as shown in Fig. 89 and Fig. 90, respectively.

1.0

\ \
\ —u— MEA1
A —o— MEA2
~ 08
b ”\n«%ﬂ.
) TTe—_
() 0—_ —
T B—g_
S 06 N
5 I |
%)
o
8
3 0.4
£
Q
o
X 02
A H, (stoich. 2.0), C: Air (stoich. 2.0)
Cell temp.: 80 °C, Back pressure: 170 kPa_, RH 50%
0.0

t t t t t t t t t t
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Current density (mA/cm?)

Figure 89. Comparison of initial Hyp/air fuel cell performances of 30% Pt/A-CCS catalyst in
two MEAs assembled in fuel cell hardware for further evaluation at NREL.
Catalyst loading is 0.1 mgeem/cm? on both the anode and cathode electrodes. The
fuel cell operating conditions are: Hy/air (2/2 stoic.), 80 °C, 50% RH, 170 kPa,ps

back pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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Figure 90. Comparison of initial mass activities of 30% Pt/A-CCS catalyst in two MEAs
assembled in fuel cell hardware for further evaluation at NREL. Catalyst loading
is 0.1 mngM/cm2 on both the anode and cathode electrodes. The fuel cell
operating conditions are: H,/O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPaaps back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.

4.6.2. Preparation of 25-cm2 MEAs with Pt*/ACCS-2 as cathode catalyst

Based on the reproducibility results, five 25 cm? MEAs were fabricated using Pt*/ACCS-
2 as cathode catalyst for independent evaluation at NREL. These five MEAs were activated and
their initial H,-air fuel cell performances (1.76, 1.72, 1.66, 1.66, and 1.69 A/cm? at 0.6 Vig-ree fOr
MEA#1, #2, #3, #4, and #5 respectively) and mass activities (0.334, 0.341, 0.348, 0.331, and
0.349 A/mgPt for MEA#1, #2, #3, #4, and #5 respectively) were measured as shown in Fig. 91
and Fig. 92 respectively.
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Comparison of initial Hy/air fuel cell performances of 30% Pt /ACCS-2 catalyst
in five MEAs assembled in fuel cell hardware for further evaluation at NREL.
Catalyst loading is 0.1 mge/cm? on both the anode and cathode electrodes. The
fuel cell operating conditions are: Hy/air (2/2 stoic.), 80 °C, 50% RH, 170 kPa,ps
back pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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Comparison of initial mass activities of 30% Pt /ACCS-2 catalyst in five MEAs
assembled in fuel cell hardware for further evaluation at NREL. Catalyst loading
is 0.1 mgpew/cm? on both the anode and cathode electrodes. The fuel cell
operating conditions are: H,/O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPa,ns back

pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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5.0. Summary
Combined experimental and simulation techniques were applied to evaluate the validity

of the commonly applied Tafel-approximation for the calculation of the mass and specific
activities. A one dimensional agglomerate-based macro-homogeneous model was developed and
solved analytically and numerically to understand the effects of exchange current density,
porosity, agglomerate size, Nafion® film thickness and Pt loading on the mass activity.

A comprehensive experimental characterization of MEAs at different Pt loadings
implied, that the mass activity (MA) is controlled not only by and the ORR Kkinetics, but also by
the utilization of the Pt surface area which in turn depends on the cathode Pt loading. The MA is
also controlled by the morphology of the catalyst layer which depends on the self-assembled
nature of the catalyst and how effectively it fills out the volume. Therefore a detailed and more
precise definition of MA is given to elucidate the variation of MA with catalyst loading.

A combined experimental and numerical model based parameter estimation technique has
been applied for the separation of the kinetic and mass transport resistances. A new parameter
has been proposed for the characterization of the layer growth process. The fractal dimension
was measured by Hg porosimetry and was found to decrease as the loading increased, which is
an indication of a higher degree of agglomeration. The theoretically predicted variation showed
that the decrease of the fractal dimension decreases the mass activity, while increasing the mass
transport resistances.

A general pore-scale model was developed which mimics the electro-active layer
formation process. The model was used to simulate the active material loading on battery, fuel
cell and supercapacitor electrodes. The active layer was reconstructed by coating 108 particles
with different inter-particle interactions onto a smooth surface. The analysis of experimental data
and modeling results revealed that (measurable) specific activity and volumetric capacitance
increase at ultra-low loading, because the surface area in unit volume (or porosity) and the
thickness scale differently with loading. Finally a general relationship was proposed, which
describes the evolution of volumetric surface area density of fuel cells, batteries and
supercapacitor with loading, and can be used to build a bridge between mesoscale morphology
and macroscopic simulation.

Cathode catalyst based on Pt* (Pt* = compressive Pt lattice catalyst) deposited on carbon

composite catalyst support (CCCS) with high measured activity and stability under potential
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cycling conditions for polymer electrolyte membrane (PEM) fuel cells was developed in this
study. The catalyst was synthesized through platinum deposition on Co-doped CCCS support
containing pyridinic-nitrogen active sites followed by controlled heat-treatment. High resolution
transmission electron microscopy (HRTEM) and X-ray diffraction (XRD) studies confirmed
uniform Pt deposition (Pt/CCCS catalyst, dp; = 2 nm) and formation of Pt*/CCCS catalyst (dp; =
5.4 nm) respectively. X-ray energy dispersive spectrometry (XEDS) line-scan studies showed the
formation of Co-core Pt-shell type catalyst with a Pt-shell thickness of ~0.75 nm. At 0.9 ViR-
free, the Pt*/CCCS catalyst showed initial mass activity of 0.44 A/mge; and 0.25 A/mgp; after
30,000 potential cycles between 0.6 and 1.0 V corresponding to an overall measured activity loss
of 42.8%. The enhanced catalytic activity at high potentials and stability of mass activity for the
Pt*/CCCS catalyst are attributed to the formation of compressive Pt lattice catalyst due to Co
doping. The Pt*/CCCS showed stable open circuit potential close to 1.0 V under H2-air with an
initial power density of 857 mW/cm? and only 16% loss after 30,000 cycles. Catalyst durability
studies performed between 0.6 and 1.0 V indicated that Co doping increased the onset potential
for PtO, formation close to 1.0 V vs. reversible hydrogen electrode (RHE). The enhanced
catalytic activity and stability of Pt*/CCCS catalyst are attributed to (i) higher onset potential for
PtO, formation resulting in less PtO, formation during potential cycling which alleviates Pt
dissolution in the reverse scan (ii) higher stability of CCCS used as a support compared with
commercially used supports, and (iii) optimized electrochemical properties of the catalyst and
the support which results in the synergistic effect between pyridinic nitrogen catalytic sites from
the Co-doped CCCS and compressive Pt-lattice catalyst.

Activated carbon composite support-1 (ACCS-1) was synthesized using purification and
stabilization process with a different carbon precursor as a starting material. The Pt on ACCS-1
support exhibits improved Pt catalyst stability due to modified pore size distribution and
graphitization of the support. On the other hand, the Pt/ACCS-1 catalyst exhibited only 27 mV
loss at 800 mA/cm? after 400-hour potential holding at 1.2 V and 35 mV loss at 1500 mA/cm?
after 5,000 potential cycles between 1.0 and 1.5 V. The enhanced support stability is attributed to
high surface hydrophobicity which repels water that is produced during high current operation
and slows down carbon corrosion.

Pt*/ACCS-1 catalyst was synthesized according to the methodology developed at USC
and its catalyst durability under 0.6-1.0 V potential cycling and support stability under 1.0-1.5 V
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potential cycling was evaluated. To avoid the leaching step during Pt* catalyst synthesis, the
effect of Pt to Co ratio on the ORR activity in PEMFC was investigated. With the increase of Co
to Pt ratio from 0 to 0.67:1, the mass activity at high potential (0.9 Vir-free) increases while the
Hy-air performance at low potential decreases. Co to Pt ratio of 0.5:1 was selected to further
analyze the annealing temperature effect on the activity and stability of the catalyst. Low
temperature treated catalyst exhibits better activity while high temperature treated catalyst shows
higher catalyst stability under moderate potential cycling conditions. Therefore, it is a trade-off
between the catalyst activity and durability. The final optimized Pt* catalyst is achieved with
Pt2Col ratio annealed at 850 °C. The ACCS-1 support also shows high corrosion-resistance in
the presence of Pt* during potential cycling between 1.0 and 1.5V.

Activated carbon composite support-2 (ACCS-2) was synthesized using a novel
methodology developed at USC. The ACCS-2 showed good thermal stability similar to that of
carbon nanofibers (CNFs). Pt/ACCS-2 catalyst showed excellent support stability under
simulated start-up/shut-down operating conditions (1.0-1.5 V, 5000 cycles). The Pt/ACCS-2
catalyst showed an initial mass activity of 0.215 A/mgPt and a loss of 52% after 30,000 cycles
between 0.6 and 1.0 V. The catalyst showed 73 mV loss at 800 mA/cm? with an ECSA loss of
66% after 30,000 cycles. Furthermore, Pt/ACCS-2 showed 35% loss of mass activity and 15 mV
potential loss at 1.5 A/cm? after 5000 cycles (1.0-1.5 V). The good activity and excellent stability
of Pt/ACCS-2 is attributed to the higher degree of graphitization and enhanced hydrophobicity of
ACCS-2.

Pt*/ACCS-2 catalyst was synthesized according to the methodology developed at USC
and its catalyst durability under 0.6-1.0 V potential cycling and support stability under 1.0-1.5 V
potential cycling was evaluated. The Pt*/ACCS-2 catalyst showed an initial mass activity of 0.34
A/mgpcm at 0.9 Virfree and loss of mass activity of 45% after 30,000 cycles (0.6-1.0 V). The
catalyst performance under Hp-air fuel cell operating conditions showed only 24 mV (iR-free)
loss at 0.8 A/cm? with an ECSA loss of 42% after 30,000 cycles (0.6-1.0 V). The support
stability under 1.0-1.5 V potential cycling showed mass activity loss of 50%, potential loss of 8
mV (iR-free) at 1.5 A/lcm? and ECSA loss of 22% after 5,000 cycles. Furthermore, the
Pt*/ACCS-2 catalyst showed an initial power density (rated) of 0.174 gpgm/KW.

The performance and durability results of 30%Pt*/CCCS, 30%Pt*/ACCS-2, and
30%Pt*/ACCS-2 are summarized below:
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Catalyst: 30% Pt*/CCCS (Table A)

R/
A X4

R/
L X4
R/
L X4

R/
L X4

Accomplished initial mass activity of 0.44 A/mgpem and loss of mass activity of 43%
after 30k cycles (0.6-1.0 V).

Accomplished potential loss of 40 mV after 30k cycles (0.6-1.0 V) at 0.8 A/lcm?.
Accomplished 32% ECSA loss after 30k cycles.

Accomplished (rated) initial power density of 0.23 geam/KW.

Catalyst: 30% Pt/ACCS -2 (Table B)

R/
L X4

R/ 7
RS X4

X/
X4

L)

X/
X4

L)

X/
X4

L)

Accomplished initial mass activity of 0.215 A/mgpem and loss of mass activity of 52%
after 30k cycles (0.6-1.0 V).

Accomplished potential loss of 73 mV after 30k cycles (0.6-1.0 V) at 0.8 Alcm?.
Accomplished 66% ECSA loss after 30k (0.6-1.0 V) cycles.

Accomplished initial mass activity of 0.215 A/mgeem and loss of mass activity of 35%
after 5k cycles (1.0-1.5 V).

Accomplished 15 mV loss at 1.5 A/cm? after 5k cycles (1.0-1.5 V).

Accomplished (rated) initial power density of 0.18 gegm/kW.

Catalyst: 30% Pt*/ACCS-2 (Table C)

R/
o

R/
o

R/
o

°

X/
X4

L)

X/
X4

L)

e

AS

Accomplished initial mass activity of 0.34 A/mgpcm and 45% loss after 30k cycles (0.6-
1.0V).

Accomplished 24 mV potential loss (iR-free) after 30k cycles (0.6-1.0 V) at 0.8 A/cm?.
Accomplished 42% ECSA loss after 30k (0.6-1.0 V) cycles.

Accomplished initial mass activity of 0.34 A/mgpem and 50% loss after 5k cycles (1.0-
1.5V).

Accomplished 8 mV (iR-free) loss at 1.5 A/cm after 1.0-1.5 V potential cycling.
Accomplished 22% ECSA loss after 5k (1.0-1.5 V) cycles.

Accomplished (rated) initial power density of 0.174 gpcm/KW.
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Table A. Summary of accomplishments obtained with 30% Pt*/CCCS catalyst

Metric Status Commercial 2017 DOE

Sep 30, 2015 target

Initial Mass Activity

Initial Mass activity Almgpem @ 900 MVig-free  0.44 0.18 >0.44

Catalyst Stability (0.6-1.0 V cycling)

Loss in catalyst activity % loss after 30k cycles 43% 58% <40%
Loss in ECSA % loss after 30k cycles 32% 78% <40%
Potential loss @ 800 mA/cm? mV loss after 30k cycles 40 mV No Activity <30 mV

PGM Content and PGM Loading

PGM total content (Power Density) drom/KW (rated) 0.23 0.3 <0.125
PGM total loading Mgpem/CM’geo 02 0.2 <0.125
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Table B. Summary of accomplishments obtained with 30% Pt/A-CCS-2

Status

(Sep 30, 2015)

Commercial
Pt/C
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2017 DOE target

Initial Mass Activity

Initial Mass activity
Catalyst Stability (0.6-1.0 V cycling)
Loss in catalyst activity

Loss in ECSA

Potential loss @ 800 mA/cm?

Support Stability (1.0-1.5 V cycling)
Loss in catalyst activity
Loss in ECSA

Potential loss @ 1500 mA/cm’

PGM Content and PGM Loading
PGM total content (Power Density)

PGM total loading

A/mgPGM @ 900 MVig_free

% loss after 30k cycles
% loss after 30k cycles

mV loss after 30k cycles

% loss after 400 h
% loss after 400 h

mV loss after 400 h

gram/kW (rated)

2
mngM/Cm geo
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52%
66%

73 mV

35%
45%

15mVv

0.18

58%
78%

No Activity

74%
82%

No Activity

0.3

0.2

20.44

<40%
<40%

<30 mV

<40%
<40%

<30 mV

<0.125

<0.125
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Table C. Summary of accomplishments obtained with 30% Pt*/ACCS-2 catalyst

Characteristic Units 2017 DOE Targets Status (Dec 31, 2015)

(Pt*/ACCS-2)

PGM total content g/kW (rated) 0.125 0.174

PGM total loading Mgpam/cm” 0.125 0.2

Mass activity A/mgpt @ 0.9 ViRr-free 0.44 0.344

(H2/O; (2/9.5 stoic.) 80 °C,

100% RH, 150 kPaaps.)

Catalyst durability

(30,000 cycles, 0.6-1.0 V, | % Mass activity (MA) loss | <40% 45% loss (MA)

50 mV/s, 80°C, Hy/Ny, | % ECSA loss <40% 42% loss (ECSA)

100% RH, No back press.) | mV loss @ 0.8 Alcm? <30 mV @ 0.8 A/cm® 24 mV loss (H,-air)

Support stability

(5,000 cycles, 1.0-1.5 V, | % Mass activity (MA) loss | <40% 50% loss (MA)

500 mV/s, 80°C, Hi/N,, | % ECSA loss <40% 22% loss (ECSA)

100% RH, No back press.)

mV loss @ 1.5 Alcm?

<30 mV @ 1.5 A/em®

8 mV loss (H»-air)

6.0. Accomplishments against the milestones described in “Statement of

Project Objectives” dated 01/23/2014

Quarterly Milestones (Starting 1/1/14)

Q1: Determination of structure and composition of the Pt*/A-CCS catalyst prepared by the USC
methodology which will have a mass activity of at least 0.3 A/mgpgm.

Q2: Stability of the mass activity of the Pt*/A-CCS catalyst as measured by <40% loss of the
initial value and at least 0.26 A/mgpgm after 30k cycles (0.6-1.0 V).

Q3: Demonstration of an optimized A-CCS support with improved surface properties,
facilitating uniform Pt deposition (2.5 to 3.5 nm) and homogeneous distribution of Pt* (3-5 nm),
resulting in achieving a mass activity of at least 0.26 A/mgpcm and only 30-50 mV loss at 0.8
Alcm? after 400 h of potential holding at 1.2 V.

Q4: Demonstration of MEA performance in H/air with an initial high current density
performance of at least 1.5 Alcm? at 0.6 Vir-free and power density <0.24 gpem/KW (rated).

Q5: Demonstration of stable MEA high current density performance (0.8 A/cm?) in Hy/air by
achieving only 30-60 mV loss after potential cycling for 30k cycles (0.6 and 1.0 V) and only 30-
50 mV loss after potential holding (1.2 V) for 400 h.
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Q6: Demonstration of a most promising catalyst in a 50 cm? single cell with the following

characteristics: (i) initial mass activity of 0.3 A/mgpem and stability of mass activity of at least

0.26 A/mgpcwm after 30k cycles, (ii) initial high current density performance of at least 1.5 A/cm?

at 0.6 Vir-fees and (iii) stability of high current density of only 30-60 mV loss at 0.8 A/cm?
following accelerated stress testing.

Status against Quarterly Milestone as of 12/31/2015
Catalyst: 30% Pt*/A-CCS-2

Metric Status Commercial SOPO
(June 30, | Pt/C Quarterly

ANE)) Milestones

Initial Mass Activity (Q1)

Initial Mass activity A/mgeem @ 900 MVirfree  0.34 0.18 At least 0.3

Stability of Mass Activity (0.6-1.0 V cycling) (Q2)

Stability of Mass activity (30k cycles) A/mgeem @ 900 MVig-free  0.187 0.06 At least 0.26
(45% loss)  (66% loss)

Support Stability (1.0-1.5V Cycling) (Q3) Additional Test Performed Instead of 1.2 V Holding

Stability of Mass activity A/mgpem @ 900 MVir-free 0.17 0.07 Not defined
(1.0-1.5V Cycling) (50% loss)  (61% loss) in SOPO
Potential loss @ 1500 mA/cm? mV loss after 5k cycles 8 mVloss  No Activity Not  defined
(1.0-1.5V Cycling) in SOPO

Rated Power Density (Q4)
PGM total content (Power Density) Opem/KW (rated) 0.174 0.3 <0.24
Catalyst Durability (0.6-1.0 V Cycling) (Q5)

Potential loss @ 800 mA/cm? mV loss after 30k cycles 24 No Activity 30-60 mV
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Abbreviations Used in the Report

ACCS-1 — Activated Carbon Composite Support-1

ACCS-2 — Activated Carbon Composite Support-2

BET Surface Area — Brunauer-Emmett-Teller Surface Area

BJH — Barrett-Joyner-Halenda

CCCS - Carbon Composite Catalyst Support

HRTEM — High-Resolution Transmission Electron Microscopy

MEA — Membrane Electrode Assembly

NRE 212 — Trade name for Nafion® 212 membrane purchased from DuPont

NREL — National Renewable Energy Laboratory

ORR - Oxygen Reduction Reaction

PEMFC - Polymer Electrolyte Membrane Fuel Cell

PGM - Platinum Group Metal

Pt — Platinum

Pt* — Compressive Platinum Lattice Catalyst

Pt*/A-CCS — Compressive platinum lattice catalyst deposited on carbon composite catalyst
support

Pt/ACCS-1 — Platinum Deposited on Activated Carbon Composite Support-1

Pt/A-CCS-2 — Platinum Deposited on Activated Carbon Composite Support-2

Pt*/ACCS-1 — Compressive platinum lattice catalyst deposited on activated carbon composite
support-1

Pt*/ACCS-2 — Compressive platinum lattice catalyst deposited on activated carbon composite
support-2

RH - Relative Humidity

SXPES - X-ray photoemission spectroscopy

USC - University of South Carolina

XEDS - X-ray energy-dispersive spectrometry

XRF — X-ray fluorescence

XRD - X-ray Diffraction
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Task Completion Data

Task Project Milestones Original | Revised | Actual | Percent | Progress Notes
Number
Plan Plan Complete
1 Ultra-low Pt loading
catalyst synthesis using | 11/30/12 | 12/31/15 100% On-Track
carbon supports.
2 Ultra-low Pt loading
catalyst synthesis Using | 44 a0/15 | 19/31/15 100% | On-Track
activated graphitic
carbon.
3 ORR Kinetics studies 11/30/12 | 12/31/15 100% On-Track
4 Structure-property 11/30/12 | 12/31/15 100% | On-Track
relationship studies
5 (@) Durability studies
and @
(b) Evaluation of | 130712 | 4531 /15 100% | On-Track
Corrosion  mechanism | (b)
in single cell | 05/31/14
configuration
6 Durability analysis in | 45/01/14 | 19/31/15 100% | On-Track
25-cm” cells
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Project Spending and Estimate of Future Spending (through May 31, 2015)

Estimated Actual Federal E_st_imated _Actual cumulativ
Quarter From To Federal Share of Share of Recipient Share | Recipient Share o
Outlays* Outlays of Outlays* of Outlays
3Q10 Start 9/30/2010 $12,649 $2,607 $0 $0 $2,607
4Q10 10/1/2010 12/31/2010 $323,233 $212,430 $91,667 $0 $215,037
1Q11 1/1/2011 3/31/2011 $406,153 $311,266 $91,667 $46,709 $573,012
2011 4/1/2011 6/30/2011 $357,965 $204,641 $91,667 $25,232 $802,885
3011 7/1/2011 9/30/2011 $306,856 $216,895 $68,750 $21,875 $1,041,655
40Q11 10/1/2011 12/31/2011 $238,768 $153,905 $68,750 $49,383 $1,244,943
1Q12 1/1/2012 3/31/2012 $290,469 $129,225 $68,750 $152,559 $1,526,727
2Q12 4/1/2012 6/30/2012 $290,445 $293,589 $68,750 $109,906 $1,930,221
3Q12 7/1/2012 9/30/2012 $359,672 $150,202 $68,750 $1,415 $2,081,838
4Q12 10/1/2012 11/30/2012 $163,790 $159,034 $6,249 $99,948 $2,340,820
1Q13 12/1/2012 12/31/2012 0 $198,584 0 $69,816 $2,609,220
2Q13 0 $90,801 0 $ 19,813 $2,719,835
3Q13 0 $207,050 0 0 $2,926,884
0 $134,347 0 $34,919 $3,096,150
1/1/2014 3/31/2014 $170,000 $165,872 0 0 $3,262,022
4/1/2014 6/30/2014 0 $198,963 0 (%$6,575) $3,454,410
7/1/2014 9/30/2014 $780,000 $124,023 $115,000 $6,574 $3,585,000
10/1/2014 12/31/2014 0 $224,115 0 0 $3,685,100
01/1/2015 03/31/2015 0 $167,867 0 0 $3,852,967
04/1/2015 5/31/2015 0 $91,778 $3,944,745
Totals $3,700,000 $3,313,170 $740,000 $631,574
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Introduction

Three types of Pt and Pt* (Pt* = Compressive Pt-lattice catalyst) catalysts have been
developed at USC using three different carbon-based supports namely, carbon composite catalyst
support (CCCS) [1], activated carbon composite support-1 (ACCS-1) [2], and activated carbon
composite support-2 (ACCS-2) [3-4]. These three supports are used for the synthesis of ultra-low
loading Pt and Pt* catalysts using procedures developed at USC [1-4]. Furthermore, the effect of
Pt loading on the catalyst mass activity and Hp-air fuel cell performance was evaluated using
experimental studies and model development [5-7].

The research at USC was aimed at developing catalytically active and stable supports to
sustain load cycling and startup/shutdown conditions. In the first step, the following major
constraints directed our development of cathode catalyst supports: (1) the support should be
chemically and electrochemically stable at high potentials, low pH, and high temperature; and
(2) the support should have an onset potential and kinetic activity for ORR similar to that of the
platinum catalyst. To accomplish these requirements, CCCS, ACCS-1, and ACCS-2 were
synthesized with optimized (a) BET surface area, porosity, pore size, and pore size distribution;
(b) hydrophilic/hydrophobic ratio; (c) structural properties (amorphous/crystalline ratio); (d)
number of catalytic active sites through metal catalyzed pyrolysis; (e) Pt/Pt*-support interaction
by inclusion of active surface functional groups; and (f) cobalt content incorporated into its
structure, necessary for the formation of Pt*.

In the second step, a compressive Pt-lattice catalyst (Pt*) was synthesized through a
USC-developed annealing procedure that controls the particle size during annealing. Monolayers
of Pt* were formed by diffusing Co atoms present in the support into Pt which is deposited on
the A-CCS. A mathematical model developed at USC was used to optimize the Co diffusion
time, annealing temperature, and Pt/Co stoichiometric ratio. The final report will cover
extensively the approach and the methodology used to optimize the catalyst and support
performance and durability.

In this second report to NREL, detailed information is given for performance and
durability Pt*/ACCS-2 catalyst. Five samples of this catalyst taken from two different batches
were used (MEA# 1-4 were prepared from Batch 1 and MEA#5 was prepared from Batch 2) to
to be analyzed at NREL for support and catalyst performance and durability.

The performance and durability results of Pt*/CCCS, Pt*/ACCS-1, Pt*/ACCS-2 are
summarized below:

Catalyst 1: 30% Pt*/CCCS
% Accomplished initial mass activity of 0.44 A/mgpgm and loss of mass activity of 43%
after 30k cycles (0.6-1.0 V).
% Accomplished potential loss of 40 mV after 30k cycles (0.6-1.0 V) at 0.8 A/cm?.
% Accomplished 32% ECSA loss after 30k cycles.
s Accomplished (rated) initial power density of 0.23 gpem/KW.
Catalyst 2: 30% Pt*/ACCS-1
% Accomplished initial mass activity of 0.292A/mgpem and loss of mass activity of 50%
after 30k cycles (0.6-1.0 V).




% Accomplished potential loss of 11 mV after 30k cycles (0.6-1.0 V) at 0.8 A/cm?.
s Accomplished 40% ECSA loss after 30k (0.6-1.0 V) cycles.

% Accomplished 10 mV (at 1.5 A/lcm?) gain after 5k cycles (1.0-1.5 V) in Hy/air.
% Accomplished (rated) initial power density of 0.25 gpem/KW.

Catalyst 3: 30% Pt*/ACCS-2
% Accomplished initial mass activity of 0.34 A/mgpem and loss of mass activity of 45%

after 30k cycles (0.6-1.0 V).

s Accomplished potential loss of 24 mV (iR-free) after 30k cycles (0.6-1.0 V) at 0.8
Alcm?.

% Accomplished 42% ECSA loss after 30k (0.6-1.0 V) cycles.

% Accomplished initial mass activity of 0.34 A/mgpem and loss of mass activity of 50%
after 5k cycles (1.0-1.5 V).

% Accomplished 8 mV (iR-free) loss at 1.5 A/cm after 1.0-1.5 V potential cycling.

s Accomplished 22% ECSA loss after 5k (1.0-1.5 V) cycles.

% Accomplished (rated) initial power density of 0.174 gecm/KW.

In this report, the reproducibility of 30% Pt /ACCS-2 catalyst obtained in 25-cm?
MEAs are presented. The 30% Pt*/ACCS-2 catalyst was subjected to support stability (1.0-
1.5 V cycling, 5,000 cycles) and catalyst durability (0.6-1.0 V, 30,000 cycles) tests according
to U.S. DRIVE Fuel Cell Tech Team protocol. Commercial Pt/C catalyst 46% Pt/C,
TECI10ES50E, TKK, Japan) is used as the anode. Both the anode and the synthesized 30%
Pt /ACCS-2 cathode catalyst were sprayed on to a Nafion® 212 membrane to make catalyst
coated membrane (CCM). The catalyst loading was measured at 25 points using X-ray
fluorescence spectrometer. The catalyst loading on both sides are ~0.1 mgp/cm? (£5%
accuracy). The CCM was then hot pressed in between two gas diffusion layer (SGL 10 BC)
at 140 °C for 3 min. (20 kg/cm? pressure). Based on the reproducibility results, five 25 cm?
MEAs are fabricated for independent evaluation at NREL.

Reproducibility Studies of 30% Pt /ACCS-2 catalyst
Support Stability (1.0-1.5 V Cycling)

H,-Air fuel cell performance of Pt /ACCS-2 catalyst tested in 25-cm? MEA subjected to
1.0-1.5 V potential cycling test is shown in Fig. 1. The Pt /ACCS-2 catalyst showed an initial
current density of 1.74 Alcm? at 0.6 Vir-free. The high Hy/air fuel cell performance is due to the
optimized catalyst layer thickness used for the USC-made catalysts. The catalyst showed a
potential loss of only 8 mV (iR-free) at 1.5 A/cm? after 5,000 potential cycles between 1.0 and
1.5 V. The support stability of commercial Pt/C is shown in Fig. 2. The commercial catalyst
showed initial current density of 1.54 Alcm? at 0.6 Vir-free. At 1.5 Alcm?, the iR-corrected cell



voltage is 0.609 V for initial polarization and no activity is observed after 1,000 cycles between
1.0-15V.
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Figure 1. Comparison of Ho/air fuel cell performance of 30% Pt/ACCS-2 catalyst
subjected to 5,000 potential cycles between 1.0 and 1.5 V at 500 mV/s. Catalyst
loading is 0.1 mge/cm?® on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hy/air (2/2 stoic.), 80 °C, 40% relative humidity (RH),
170 kPagps back pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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Figure 2. Comparison of Hy/air fuel cell performance of commercial 46% Pt/C catalyst
subjected to 5,000 potential cycles between 1.0 and 1.5 V at 500 mV/s. Catalyst
loading is 0.1 mgpam/cm? on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hy/air (2/2 stoic.), 80 °C, 40% RH, 170 kPas back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.

Figure 3 shows the stability of mass activity for the Pt/ACCS-2 catalyst. Potential
cycling between 1.0 and 1.5 V resulted in 50% mass activity loss after 5,000 cycles. The

commercial 46% Pt/C catalyst showed mass activity loss of 74% after 5,000 cycles (Table 1).
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Figure 3. Stability of mass activity of Pt/ACCS-2 catalyst subjected to 5,000 potential
cycles between 1.0 and 1.5 V at 500 mV/s. The catalyst loading is 0.1 mgpem/cm?
on both the anode and cathode electrodes. The fuel cell operating conditions are:
H./O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPag,s back pressure. Nafion® NRE
212 membrane is used as the electrolyte.



Table 1. Summary of support stability test (5,000 potential cycles between 1.0 and 1.5 V)
and catalyst durability test (30,000 potential cycles between 0.6 and 1.0 V) for
Pt'/ACCS-2 and commercial Pt/C catalysts. The catalyst durability of commercial
PtCo/C catalyst is also shown for comparison.
. Mass activity loss (%) ECSA (m“/gpy) Cell voltage loss (mV)
Particle
Catalyst/Test size (nm)
Initial Final Initial Final AViR-free
Pt /ACCS-2
Support Stability 3.7 0.341 0.171 30.5 23.9 8 mV loss at 1.5 A/lcm?
(50% loss) (22% loss) (5k cycles)
(5k cycles) (5k cycles)
Catalyst Durability 3.7 0.344 0.189 30.1 17.4 24 mV loss at 0.8 Alcm?
45% loss (42% loss) (30k cycles)
(30k cycles) (30k cycles)
Commercial Pt/C
Support Stability 2.2 0.18 0.047 59.8 11.0 No activity (5k cycles)
(74% loss) (82% loss)
(5k cycles) (5k cycles)
Catalyst Durability 2.2 0.18 0.075 62 13.6 No activity (30k cycles)
(58% loss) (78% loss)
(30k cycles) (30k cycles)
Commercial
PtCo/C - - - - - -
Support Stability
4.5 0.38 0.116 68 14.3 No activity at 0.8 A/cm?
Catalyst Durability (69% loss) (79% loss) (30k cycles)
(30k cycles) (30k cycles)

Catalyst Durability (0.6-1.0 V Cycling)

Figure 4 shows the Ho-Air fuel cell performance of Pt /ACCS-2 catalyst tested in 25-cm?
MEA subjected to 0.6-1.0 V potential cycling test. The Pt /ACCS-2 catalyst showed an initial
current density of 1.85 A/cm? at 0.6 Vig-rree With a potential loss of 24 mV (iR-free) at 0.8 A/cm?
after 30,000 potential cycles between 0.6 and 1.0 V. As shown in Table, the commercial 46%
Pt/C showed no activity after 30,000 cycles. For comparison, the Hy-air fuel cell performance of
commercial 46% PtCo/C catalyst is shown in Fig. 5. The commercial 46% PtCo/C catalyst
showed an initial current density of 936 mA/cm? at 0.6 Vir-free @Nd NO activity after 30,000

potential cycles (0.6-1.0 V).
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Figure 5.
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Comparison of Hj/air fuel cell performance of 30% Pt/ACCS-2 catalyst
subjected to 30,000 potential cycles between 0.6 and 1.0 V at 50 mV/s. Catalyst
loading is 0.1 mge/cm?® on both the anode and cathode electrodes. The fuel cell
operating conditions are: Hy/air (2/2 stoic.), 80 °C, 60% RH, 170 kPa,s back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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operating conditions are: Hy/air (2/2 stoic.), 80 °C, 50% RH, 170 kPa,s back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.



Figure 6 shows initial mass activity of 0.344 A/mgp; and the stability of mass activity for
the Pt'/ACCS-2 catalyst subjected to potential cycling between 0.6 and 1.0 V. The catalyst
durability test resulted in 45% mass activity loss after 30,000 cycles. The commercial 46% Pt/C
and 46% PtCo/C catalysts showed initial mass activities of 0.18 and 0.38 A/mgp; and loss of 58%
and 69% after 30,000 cycles (Table 1).
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Figure 6. Stability of mass activity of Pt /ACCS-2 catalyst subjected to 30,000 potential
cycles between 0.6 and 1.0 V at 50 mV/s. The catalyst loading is 0.1 mged/cm? on
both the anode and cathode electrodes. The fuel cell operating conditions are:

H./O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPag,s back pressure. Nafion® NRE
212 membrane is used as the electrolyte.

MEA Fabrication for Independent Evaluation at NREL

Based on the reproducibility results, five 25 cm? MEAs were fabricated using
Pt*/ACCS-2 as cathode catalyst for independent evaluation at NREL. These four MEAs
were activated and their initial Hj-air fuel cell performances (1.76, 1.72, 1.66, 1.66, and 1.69
Alcm? at 0.6 Vir.rree for MEA#L, #2, #3, #4, and #5 respectively) and mass activities (0.334,
0.341, 0.348, 0.331, and 0.349 A/mge: for MEA#L, #2, #3, #4, and #5 respectively) were
measured as shown in Fig. 7 and Fig. 8, respectively.
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in five MEAs assembled in fuel cell hardware for further evaluation at NREL.
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Comparison of initial mass activities of 30% Pt /ACCS-2 catalyst in five MEAs
assembled in fuel cell hardware for further evaluation at NREL. Catalyst loading
is 0.1 mngM/cm2 on both the anode and cathode electrodes. The fuel cell
operating conditions are: H,/O, (2/9.5 stoic.), 80°C, 100% RH, 150 kPa,ns back
pressure. Nafion® NRE 212 membrane is used as the electrolyte.
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NREL-USC Project Timeline

€ SOW and TSA/Fund-in paperwork was commenced in January 2015.
€ Contract was signed in October 2015

€ NREL and USC compared their cell hardware, soft-goods and test
protocols.

& First installment of funds arrived at NREL in the last week of December
2015

& After resolution of measurement differences between labs, USC
submitted 2 subscale fuel cells completely assembled to NREL for
evaluation

€ NREL has completed the evaluation of the first catalyst and submitted
Report-1
€ USC provided NREL with MEAs with their second catalyst.

€ NREL has evaluated the second set of MEAs with USC advanced
catalyst for ORR activity and H,-Air performance and durability. The
results are presented in this final report.
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Beginning of Life Performance (BOL)

30% Pt*/ACCS-2 catalyst
Pt* stands for suppressed platinum lattice catalyst
synthesized with Co doped platinum

H,-O, Curves and ORR Activity
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USC ORR Activity Results from their Report
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Figure 8.Comparison of initial mass activities of 30% Pt /ACCS-2 catalyst in
five MEAs assembled in fuel cell hardware for further evaluation at NREL.
Catalyst loading is 0.1 mgpg,/cM? on both the anode and cathode electrodes.
The fuel cell operating conditions are: H,/O, (2/9.5 stoic.), 80° C, 100% RH,
150 kPa,,. back pressure. Nafion® NRE 212 membrane is used as the
electrolyte.
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ORR Activity Results @NREL
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4 USC MEAs were tested at NREL referred to as: MEA1, MEA2, MEA3, MEAA4.

NATIONAL RENEWABLE ENERGY LABORATORY

Innovation for Our Energy Future



ORR Activity of USC MEAs @ 0.90 V

MA SA ECA

NREL NREL NREL
MEA1 503 334 714 70.4
MEA2 364 341 707 51.4
MEA3 387 348 655 59
MEA4 389 331 552 70.4

MA= mA/mgp,; SA= pA/cm?Pt; ECA= m?/gp,

Results for ORR activity between labs are comparable. MA values
measured at NREL are slightly higher.
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Beginning of Life Performance (BOL)

30% Pt*/ACCS-2 catalyst
Pt* stands for suppressed platinum lattice catalyst
synthesized with Co doped platinum

H,-Air |-V Curves
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USC H,-Air Results from their Report
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Figure 7.Comparison of initial H,/air fuel cell performances of 30% Pt/ACCS-2
catalyst in five MEAs assembled in fuel cell hardware for further evaluation at
NREL. Catalyst loading is 0.1 mg,/cm? on both the anode and cathode
electrodes. The fuel cell operating conditions are: H,/air (2/2 stoic.), 80 ° C,
50% RH, 170 kPa,,. back pressure. Nafion® NRE 212 membrane is used as
the electrolyte.
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H,-Air Results @ NREL
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4 USC MEAs were tested at NREL referred to as: MEA1, MEA2, MEA3, MEAA4.
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Durability Studies

30% Pt*/ACCS-2 catalyst
Pt* stands for suppressed platinum lattice catalyst
synthesized with Co doped platinum
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1-1.5V Potential Cycling
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1-1.5V Potential Cycling
100% RH H,/O, 150 kPa, 80°C
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1-1.5V Potential Cycling
40% RH H,/Air 150 kPa, 80°C
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0.6—1.0V Potential Cycling

60

ECA

50

H
o

ECA m2/gPt
w
o

N
o

10

Cycles 0.6V-1V

ECA losses @ BOL and @ 30,000 cycles

NATIONAL RENEWABLE ENERGY LABORATORY Innovation for Our Energy Future



0.6—1.0V Potential Cycling
H,/O, 150 kPa, 80°C, 100%RH
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0.6—1.0V Cycling

H,/Air 150 kPa, 80°C, 60%RH
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Summary Pt-ACCS-2

NREL
Mass
i . ECSA
Catalyst/Test If’artlcle activity - Cell voltage loss
size (nm) (A/mge) (m“/gpy) (mV)
Initial Final Initial Final AViR-free
Pt/ACCS-2
Support Stability 0.339 0.295 74 42 no loss
(13% loss) (43% loss) | at 1.2 Alcm?
(5k cycles) (5k cycles) (5k cycles)
Catalyst Durability 0.455 0.213 53 40 88 mV loss
(54% loss) (24% loss) at 1.2 Alcm®
(30k cycles) (30k cycles) (30k cycles)
NREL
Particle | 258 ECSA Cell voltage |
Catalyst/Test Particle activity - ell voltage loss
size (nm) (AIMgey) (m*/gpy) (mV)
Initial Final Initial Final AVir-free
Pt/A-CCC
Support Stability 2.9 0.23 0.238 60 37 12, 35 mV loss
(no loss) (38%10ss) | at 1.4, 1.6 Alcm?
(5k cycles) (5k cycles) (5k cycles)
Catalyst Durability 2.9 0.212 0.055 54 24 123 mV loss
(74% loss) (56% loss) at 0.8 Alcm?
(30K cycles) (30K cycles) (30k cycles)
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Summary

Initial ORR activity and performance of USC MEAs
Pt*/CCS-2 under oxygen and air, evaluated at NREL,
were comparable to that measured and reported by USC
In their report.

Identical operating conditions and similar protocols were
used in both labs.

Cyclic durabllity studies indicate that the Pt*/CCS-2 catalyst
has minimal losses in activity and performance under 1—
1.5V potential cycling indicating a robust corrosion
resistant support.

The support for Pt*/CCS-2 appears to be more durable
than the Pt-ACCC catalyst.
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END
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