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Overall Objectives

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

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

*  Specific objectives are to:

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

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

—  Synthesize a low-platinum group metal (PGM)
cathode catalyst for automotive application by
decreasing the PGM loading while simultaneously
increasing the catalytic activity and stability of both
A-CCS and Pt*

—  Develop low-cost procedures to synthesize A-CCS
and Pt*/A-CCS.
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Specific Objectives for Fiscal Year (FY) 2015

*  Development of an A-CCS with desired BET surface
area, porosity, pore-size distribution, and hydrophilic/
hydrophobic properties

«  Synthesis and performance evaluation of Pt /A-CCS
catalyst using optimized A-CCS

—  Initial mass activity under H,-O,

— Initial high current density performance under
H,-air

—  Catalyst durability under 0.6—1.0 V potential cycling
experimental conditions

—  Support stability under 1.0-1.5 V potential cycling
experimental conditions

Technical Barriers

This project addresses the following technical
barriers from the Fuel Cells section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(A) Durability
(B) Cost

(C) Performance

Technical Targets

In this project, studies are being conducted to develop
highly active and stable ultra-low Pt loading cathode catalysts
for proton exchange membrane (PEM) fuel cells. In FY 2015,
a Pt*/A-CCS catalyst was synthesized using procedures
developed at the University of South Carolina (USC). Our
results showed that the Pt*/A-CCS catalyst has the potential
to meet the 2017 DOE technical targets for electrocatalysts
for automotive applications as shown in Table 1.

FY 2015 Accomplishments

The following results were accomplished for the Pt*/A-CCS
catalyst:

*  Achieved an initial mass activity of 0.41 A/mg,,,
and loss of mass activity of 46% after 30,000 cycles
0.6-1.0 V)

+  Measured a potential loss of 35 mV (iR-free) at 0.8 A/cm’
after 30,000 cycles (0.6—1.0 V)

*  Accomplished 25% ECSA loss after 30,000 cycles
0.6-1.0 V)
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TABLE 1. Progress towards Meeting Technical Targets for Electrocatalysts for Automotive Applications

100% RH, no back press.)

Characteristic Units 2017 DOE Targets FY 2015 Status at USC
(Pt*/A-CCS)
PGM total content g/kW (rated) 0.125 0.19
PGM total loading mgF,GM/cmz 0.125 0.2
Mass activity (H,/0, (2/9.5 stoic.) 80 °C, Almg,, @ 0.9V .. 0.44 0.41
100% RH, 150 kPa,, )
Catalyst durability
(30,000 cycles, 0.6-1.0 V, 50 mV/s, 80 °C, H,/N,, % mass activity (MA) loss <40% 46% loss (MA)

% ECSA loss
mV loss @ 0.8 Alcm?

<40% 25% loss (ECSA)
<30 mvV @ 0.8 Alcm? 35mV loss (H,-air)

Support stability
(5,000 cycles, 1.0-1.5V, 500 mV/s, 80 °C, H,/N,,
100% RH, no back press.)

% mass activity (MA) loss <40%
% ECSA loss
mV loss @ 1.5 Alem?

53% loss (MA)
<40% 24% loss (ECSA)
<30 mV @ 1.5 Alcm® 10 mV gain (H,-air)

RH - relative humidity; ECSA - electrochemical active surface area

*  Pt*/A-CCS showed excellent support stability after 5,000
cycles (0.6-1.0 V)

— Potential gain of ~10 mV (cell potential)
was accomplished at 1.5 A/cm? after
5,000 cycles

e Accomplished 53% mass activity loss and 24% ECSA
loss after 5,000 cycles (1.0-1.5 V)

e Accomplished (rated) initial power density of
0.19 g, /KW
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INTRODUCTION

Novel methodologies were developed at USC to
synthesize catalytically active and highly stable carbon-
based supports [1-19]. Pt/A-CCS and Pt*/A-CCS catalysts
with enhanced ORR kinetics were developed that showed
higher performance than commercial Pt/C at low loadings
(<0.1 mg/em?) [17-19]. In FY 2015, a Pt*/A-CCS catalyst with
high activity towards ORR was synthesized and its support
stability (1.0-1.5 V potential cycling, 5,000 cycles) and
catalyst durability (0.6—1.0 V potential cycling, 30,000 cycles)
were evaluated.

APPROACH

The HCC technology developed at USC is based on
a two-step patented process to synthesize highly active
and stable ultra-low-PGM HCC. 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
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should have an onset potential and kinetic activity for ORR
similar to that of the platinum catalyst. To accomplish these
requirements, an A-CCS was synthesized with optimized
(1) BET surface area, porosity, pore size, and pore size
distribution; (2) hydrophilic/hydrophobic ratio; (3) structural
properties (amorphous/crystalline ratio); (4) number of
catalytic active sites through metal catalyzed pyrolysis;

(5) Pt/Pt*-support interaction by inclusion of active surface
functional groups; and (6) with cobalt 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.

RESULTS

Synthesis, support stability, and catalyst durability of
the Pt/A-CCS catalyst were reported in the FY 2014 annual
report. In FY 2015, the A-CCS with optimized physical
properties was used for the synthesis of Pt*/A-CCS to
meet the DOE 2017 technical targets for electrocatalysts
and catalyst support. Initially, Pt/A-CCS was prepared by
depositing Pt nanoparticles on A-CCS using a modified
polyol reduction procedure developed at USC [17-19]. Then,
a Pt*/A-CCS catalyst having a particle size distribution of
4-5 nm was synthesized through the controlled annealing
of the Pt/A-CCS catalyst. The novel annealing procedure
developed at USC inhibited the Pt particle growth at high
temperature. The compressive Pt-lattice is formed by the
diffusion of cobalt, which is present in the A-CCS, into Pt
during the annealing process. The support stability and
catalyst durability of the Pt*/A-CCS catalysts were evaluated

FY 2015 Annual Progress Report



Popov - University of South Carolina

V.A Fuel Cells / Catalysts & Electrodes

using 1.0—1.5 V potential cycling and 0.6—1.0 V potential
cycling protocols, respectively.

Figure 1 shows the initial mass activity and stability of
mass activity after 30,000 potential cycles (0.6—1.0 V) for the
30% Pt*/A-CCS catalyst. At 0.9 Vg ;... the catalyst showed
an initial mass activity of 0.41 A/mg, and 46% loss after
30,000 cycles. The commercial 30% Pt/C catalyst showed a
68% loss (Table 2) after 30,000 cycles. The ECSA loss for
the Pt*/A-CCS catalyst is 25% (decreased from 24.1 mz/gPt to
18 mz/gpt) while the commercial 30% Pt/C catalyst showed an
80% loss after 30,000 cycles.

The H,-air fuel cell performance of the 30%
Pt*/A-CCS catalyst subjected to 0.6—1.0 V potential cycles
(30,000 cycles) is shown in Figure 2A (iR-corrected cell
voltage vs. current) and Figure 2B (cell voltage vs. current).
In H,-air, the fuel cell exhibited an initial current density
of 1.55 A/em® at 0.6 V ik iree With a rated power density of
0.19 g,,,/kW. The catalyst showed 35 mV (iR-free) loss and
32 mV (cell voltage) loss at 0.8 A/cm? after 30,000 cycles
(0.6—1.0 V). The commercial Pt/C catalyst showed no activity
at 0.8 A/cm” after 30,000 potential cycles between 0.6 V and
1.0 V. The catalyst durability results of the 30% Pt*/A-CCS
and commercial Pt/C catalysts are compared in Table 2.

Figure 3A (iR-corrected cell voltage vs. current) and
Figure 3B (cell voltage vs. current) show the H,-air fuel
cell performance of 30% Pt*/A-CCS catalyst subjected to
1.0-1.5 V potential cycles (5,000 cycles). The 30% Pt*/A-CCS
catalyst exhibited an initial mass activity of 0.41 A/mg, and
53% loss after 5,000 cycles. The H,-air fuel cell performance
showed an initial current density of 1.4 A/cm” at 0.6 V ke
and 1.45 A/cm’ after 5,000 cycles. The catalyst showed
10 mV gain (iR-free) and 29 mV gain (cell voltage) at
1.5 A/em” after 5,000 cycles (1.0-1.5 V). The ECSA loss is
24% (decreased from 21 m*/g, to 16 m*/g, ). The commercial
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FIGURE 1. Stability of mass activity of Pt*/A-CCS catalyst subjected to
30,000 potential cycles between 0.6 V and 1.0 V at 50 mV/s. The catalyst
loading is 0.1 mg,, /cm’ on both the anode and cathode electrodes. The fuel
cell operating conditions are: H,/0, (2/9.5 stoic.), 80°C, 100% relative humidity
(RH), 150 kPa,,  back pressure. Nafion® NRE 212 membrane is used as the
electrolyte.

Pt/C catalyst showed very high mass activity loss (74%), 92%
ECSA loss, and no activity at 1.5 A/cm” after 5,000 potential
cycles between 1.0 V and 1.5 V. The support stability test
results for the 30% Pt*/A-CCS and commercial Pt/C catalysts
are summarized in Table 2. According to Reiser et al. [20],
the cathode interfacial potential difference can reach ~1.5 V
due to the H,-air front in the anode compartment during
startup/shutdown and carbon corrosion is an inevitable
parasitic reaction at these high potentials. However, the
1.0-1.5 V potential cycling experimental results of the 30%
Pt*/A-CCS catalyst show that the USC-developed A-CCS

TABLE 2. Summary of Support Stability Test (5,000 Potential Cycles between 1.0 V and 1.5 V) and Catalyst Durability Test (30,000 Potential Cycles between

0.6 V and 1.0 V) for Pt*/A-CCS and Commercial Pt/C Catalysts

Catalyst/Test Particle Size Mass Activity (A/mg,,) ECSA (mzlgm) Cell Voltage Loss (mV)
(nm) Initial Final Initial | Final AV, AV,
Pt*/A-CCC
Support Stability 4~5 0.41 0.19 21 16 0 (29 mV gain) 0 (10 mV gain)
(53% loss) (24% loss) at 1.5 Alcm? at 1.5 Alcm?
(5,000 cycles) (5,000 cycles) (5,000 cycles) (5,000 cycles)
Catalyst Durability 4~5 0.41 0.22 24 18 32 35
(46% loss) (25% loss) at 0.8 Alcm? at 0.8 A/cm?
(30,000 cycles) (30,000 cycles) (30,000 cycles) (30,000 cycles)
Commercial Pt/C
Support Stability 2.2 0.18 0.047 68 5.4 No activity No activity
(74% loss) (92% loss) (5,000 cycles) (5,000 cycles)
(5,000 cycles) (5,000 cycles)
Catalyst Durability 2.2 0.18 0.057 68 13.6 No activity No activity
(68% loss) (80% loss) (30,000 cycles) (30,000 cycles)
(30,000 cycles) (30,000 cycles)
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FIGURE 2. Comparison of H,-air fuel cell performance of 30% Pt/A-CCS
catalyst subjected to 30,000 potential cycles between 0.6 V and 1.0 V at

50 mV/s. (A) iR-corrected cell voltage vs. current and (B) cell voltage vs.
current. The catalyst loading is 0.1 mgF,GM/cm2 on both the anode and cathode
electrodes. The fuel cell operating conditions are: H,-air (2/2 stoic.), 80°C, 60%
RH, 170 kPa_, back pressure. Nafion® NRE 212 membrane is used as the
electrolyte.

support is highly stable at high potentials when compared to
the carbon support used in commercial Pt/C catalyst. For the
first time, by developing a breakthrough stable carbon-based
composite at the Center for Electrochemical Engineering

at USC, we have shown excellent support stability under
1.0-1.5 V potential cycling conditions for the Pt*/A-CCS
catalyst.

CONCLUSIONS AND FUTURE DIRECTIONS
Conclusions for Pt*/A-CCS Catalyst

*  Accomplished initial mass activity of 0.41 A/mg, ..,
and loss of mass activity of 46% after 30,000 cycles
0.6-1.0 V)
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FIGURE 3. Comparison of H,-air fuel cell performance of 30% Pt/A-CCS
catalyst subjected to 5,000 potential cycles between 1.0 V and 1.5V at

500 mV/s. (A) iR-corrected cell voltage vs. current and (B) cell voltage vs.
current. The catalyst loading is 0.1 mgPGM/cm2 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.

*  Accomplished potential loss of 35 mV (iR-free) and
32 mV (cell voltage) loss at 0.8 A/cm” after 30,000 cycles
0.6-1.0 V)

*  Accomplished 25% ECSA loss after 30,000 cycles
0.6-1.0 V)

*  The Pt*/A-CCS showed excellent support stability after
5,000 cycles (1.0-1.5 V)

—  Potential gain of ~10 mV (iR-corrected cell
voltage) was accomplished at 1.5 A/cm” after
5,000 cycles
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*  Accomplished 53% mass activity loss and 24% ECSA
loss after 5,000 cycles (1.0-1.5 V)

*  Accomplished (rated) initial power density of
0.19 g,/ kW

Future Anticipated Accomplishments

*  Our studies showed the formation of an ordered
tetragonal Pt-Co phase, while the disorder to ordered
Pt-Co phase ratio increased with increasing pyrolysis
temperature. The catalyst performance was found to
depend on the disordered/ordered Pt-Co structures
(Pt*/A-CCS).

—  Detailed studies will be carried out to optimize
the performance of Pt*/A-CCS with the structural
properties of Co-doped Pt.

—  Structure-property performance relationships will
be evaluated for different Pt-Co ratios which result
in structures with different degrees of formation of
compressive Pt-lattice structure.

— A mathematical model developed at USC will be
used to optimize the ratio of ordered and disordered
Pt-Co phases.

*  Further studies will be carried out to increase the H -
air fuel cell performance of the Pt*/A-CCS catalyst by
controlling the hydrophilic/hydrophobic properties of
A-CCS. The goal is to eliminate the eventual flooding of
the support during 1.0-1.5 V cycling.

*  The catalyst which best achieves the 2017 DOE technical
targets for electrocatalysts and catalyst supports will be
selected.

+  Reproducibility studies of the selected catalyst in 25 cm®
and 50 cm> MEAs will be conducted.

e High-volume production procedures for the A-CCS
support and Pt*/A-CCS catalyst will be optimized.

*  Cost reduction will be achieved by:
—  Further decreasing the PGM loading.

—  Developing cost-effective synthesis procedures that
eliminate the chemical leaching process during
Pt*/A-CCS synthesis.

—  Optimizing of the Pt/Co ratio and decreasing the
annealing temperature and reaction time.

Deliverables

1. Supply of 25 and 50 cm”> MEAs for independent evaluation at
NREL by the end of December 2015.
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