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ABSTRACT

The major barriers in the commercialization of the fuel cell technology for
automotive applications are the cost and durability of the Pt catalyst and the support
stability at high potentials. The U.S. Department of Energy (DOE) targets direct hydrogen
fuel cell systems for transportation to meet 65% peak-efficiency, 5,000 hour durability with
a mass production cost of $40/kW by 2020. Currently in 2015, the system can be operated
at peak energy efficiency of 60% for 3,900 hours with cost of $55/kW. To meet these
targets, precious metal loadings must be greatly reduced without altering the catalyst

stability.

The primary objective of this dissertation is to develop highly active and durable
hybrid cathode catalysts (HCC) with ultra-low Pt loading for Proton Exchange Membrane
Fuel Cells (PEMFC) through interaction of highly active and stable Pt and compressive Pt-
lattice (Pt*) catalyst deposited on catalytically active and highly stable carbon composite
catalyst (CCC) support and active carbon composite catalyst (A-CCC) support. The HCC
activity is enhanced by by the synergistic effect of catalytic active sites for ORR present in
the supports and those in Pt and Pt*. The stability of Pt-based catalyst can be greatly
improved by doping with transition metal (TM), which weakens interactions between Pt
and adsorbents such as OHags and Hupd. Highly active and durable HCC is developed in this
study through: (i) synthesis of highly catalytically active and stable Co-containing CCC

and A-CCC supports, (ii) surface functionalization and uniform Pt deposition on CCC and



A-CCC supports, (iii) performance optimization of Co-doped Pt catalysts by using
protective coating to inhibit particle agglomeration and growth during the pyrolysis step,
(iv) optimization of Pt/Co ratio and annealing temperature and (v) chemical leaching to
remove excess metal used to dope the support. T The support stability has been enhanced
through optimization of: (i) Brunauer-Emmett-Teller (BET) surface, (ii) the support
structural properties (amorphous/crystalline ratio), and (iii) the hydrophilic/hydrophobic
ratio of the supports. During the past five years, the performance and durability of the
catalysts were continuously studied. Stability of the catalyst was tested under U. S. DRIVE
Fuel Cell Tech Team suggested protocols (a) potential cycling between 0.6 and 1.0 V for
30,000 cycles, (b) potential holding at 1.2 V for 400 h, and (c) potential cycling between
1.0 and 1.5 V for 5,000 cycles. The mass activity, Ho-air polarization curve, ECSA, and
power density were measured at regular intervals. Detailed results of this work will be

discussed in this dissertation.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Fuel Cells

Like battery, a fuel cell is an electrochemical device that converts chemical energy
to electrical energy via a chemical reaction. However, a fuel cell can continuously provide
electricity as long as the reactant are supplied from outside of the cell, while battery needs
to be recharged when all the energy stored inside is consumed [1].
1.1.1 Composition and Working Mechanism

As shown in Figure 1.1, a fuel cell contains five parts from left to right: anode,
anodic catalyst layer, electrolyte, cathodic catalyst layer and cathode. The reactions happen
on the electrodes where catalysts facilitate the reactions’ speed.

The basic fuel on the anode side is hydrogen. Methanol or other hydrocarbons can

also be used as fuels. The oxidation reaction in a fuel cell when hydrogen fuel is used is:

H, =2H"+2e,¢e° =0V (1.1)

Hy/H*

When hydrogen enters from the anode side, it is catalyzed to form protons and
electrons in the anodic catalyst layer. Protons go across electrolyte, which insulates
electrons, and arrive at the cathode. Oxygen is fed into cathode as an oxidant. Electrons
create electrical current by passing through the external circuit to the cathode to participate

the oxygen reduction reaction (ORR) as follow:



%02 +2H" +2¢° =H,0, €}, , =123V (1.2)

The overall reaction is:

1 0

H, +20, = H,0, e, =123V (1.3)

1.1.2 Advantages of Fuel Cells

With the limited fossil fuel storage and increased power demand, renewable energy
is considered to be an alternative or at least supplemental to the current energy consumption
mode. Among all, fuel cell offers high energy conversion efficiency as high as 60%,
compared to the traditional energy and other renewable energy, such as reciprocating
engine (35%) and wind turbine (25%) [2]. Fuel cells also show the superiority in zero
emission, modularity, scalability, quick installation and cogeneration operations [2, 3].
1.1.3 Types of Fuel Cells

Fuel cells classification is determined by different types of electrolyte. They are
named as proton exchange membrane fuel cells (PEMFC), direct methanol fuel cells
(DMFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC) and solid
oxide fuel cells (SOFC). Table 1.1 summarizes the major characteristics of different kinds
of fuel cells [1]. With different stability of electrolyte, the fuel cells have to be operated at
different temperatures. PEMFC, DMFC, AFC and PAFC have either polymer or liquid as
electrolyte, so they are low temperature fuel cells. Since carbonate salt and ceramic are
very stable, high temperature will help the electrochemical reaction occur in MCFC and

SOFC, respectively.



1.1.4 Applications and Problems in Commercialization

PEMEFC is suitable for automotive applications since the solid electrolyte will not
leak and it can start up quickly at low temperatures. However, the cost of the Pt catalyst is
too high to commercialize [4].

Similar as PEMFC, DMFC uses methanol as fuel. It could be used in portable
electronics. Methanol reduced the fuel cost, but methanol will permeate through membrane
and lower the cathode efficiency [5].

AFC is used in space vehicles and provides drinking water as well. It also uses Pt
as catalyst and metal carbonate formation from the atmospheric CO2 will decrease the
electrolyte conductivity by the reaction between CO> and electrolyte [6].

With moderate operating temperature around 200 °C, PAFC is applied for
stationary power instead of portable energy device. However, as all the low temperature
fuel cells, the cost of Pt catalyst is the major drawback [4].

Both MCFC and SOFC are used for large stationary power applications. But their
sulfur intolerant and slow start up remain to be the problem [6].

1.2 Proton Exchange Membrane Fuel Cell

As discussed above, due to advantages of PEMFC, like low operating temperature,
high power density and easy scalability, it has great potential to be used in the next
generation electric vehicles if the cost and durability issues are solved.

1.2.1 Current Status
According to the U.S. Department of Energy (DOE) targets, direct hydrogen fuel

cell systems for transportation should meet 65% peak-efficiency, 5,000 hour durability



with a mass production cost of $40/kW by 2020. Currently in 2015, the system can be
operated at peak energy efficiency of 60% for 3,900 hours with cost of $55/kW [7].
1.2.2 Research Focus

As shown in the cost breakdown in Figure 1.2 [7], nearly 3 quarters of the cost
comes from the Membrane Electrode Assembly (MEA), which includes catalyst and
application, gas diffusion layer (GDL), membrane, and MEA frames. Besides the cost,
durability, the other barrier for PEMFC application, is also related to MEA degradation
[8]. Thus, great deal of efforts needs to be put into the field of MEA study.
1.2.2.1 Catalyst Layer

Pt is commonly used as the electro-catalyst in PEMFC to facilitate hydrogen
oxidation reaction (HOR) on the anode and oxygen reduction reaction (ORR) on the
cathode by lower the activation energy. From Figure 1.2, we can see that catalyst and
application occupies almost half of the cost. Carbon supported Pt was developed to increase
the Pt utilization and lower Pt loading [9]. Solubilized ionomer is introduced as binder and
proton conductor to the catalyst layer. Therefore, the normal catalyst ink composition
contains catalyst, solvent and ionomer. The highly dispersed ink will be transferred to be a
catalyst layer between membrane and GDL. Researchers at Los Alamos National Lab
found that different solvent can contribute to different ionomer morphology which results
in the variation of MEA stability under accelerated stress test (AST) [10, 11]. All these
efforts lead the Pt loading to decrease from 3-4 mg/cm? to 0.4 mg/cm? with acceptable
performance [12].

Since the electrochemical HOR is facile on Pt catalyst with an exchange-current

density, io, of the order of 10 A/cm? [13], anode loadings as low as 0.05 mge/cm? are



possible without significant cell voltage losses for fuel cell operation with pure H2[14]. To
satisfy the 2020 DOE target of 0.125 mgeem/cm? loading total per MEA for automotive
fuel cells, the major research focus draws on the decrease of cathode Pt catalyst loading or
exploration of non-precious metal catalyst and improve the catalyst activity and durability.
1.2.2.2 Membrane

As a solid electrolyte, proton exchange membrane should offer high proton
conductivity, high mechanical stability, zero electrical conductivity, high oxidation
resistance, and low gas permeability [1]. Nafion® membrane from DuPont Company is the
most outstanding commercialized PEM electrolyte. The backbone structure of
polytetrafluoroethylene (PTFE) is responsible for the stability while the sulfonic acid
groups (SOsH) replace sulfonyl fluoride groups (SO2F) on the side chain to provide proton
conductivity. To further reduce the transfer resistance, thinner membrane is developed.
However, the mechanical stability and H. cross-over affect the membrane lifetime [15].
Extensive research has been carried out to overcome these problems and to reduce cost,
such as modification of Nafion® membrane with inorganic compound to increase the
dimension stability and water uptake[16], and development of alternative membranes like
hydrocarbon membranes with high temperature tolerance [17, 18].
1.2.2.3 Gas Diffusion Layer

GDL plays an important role in maintaining the three phase equilibrium in PEMFC.
It allows gas reactants and proper amount of water to reach the catalyst layer. On the other
hand, it avoids too much water accumulation with a PTFE coating to stop the
electrochemical reaction. Therefore, better water management and cost reduction is

required for GDL research by optimization of thickness, PTFE content, and morphology



[19-21]. Since GDL is made from carbon paper, stability at high potentials (>1.2 V) also
needs to be considered [15, 22, 23].
1.3  Cathode Catalyst for PEMFC

Due to the sluggish kinetics of ORR and high potential at the cathode side, the
activity and durability of cathode catalyst restrict the PEMFC commercialization besides
the high cost of Pt. Especially, for automotive applications, the cathode catalyst should be
able to retain both the catalyst stability and support durability.
1.3.1 Catalyst Support
1.3.1.1 High Surface Area Carbon

High surface area (HSA) carbon like carbon black is widely used as the catalyst
support to improve Pt utilization because of its good electric conductivity, pore structure
for Pt anchorage, high surface area for uniform Pt particle dispersion and low cost [24].
Though carbon corrosion reaction starts above 0.207 V as follow in the presence of water,

C+2H,0 >CO, +4H" +4e", & =0.207V (1.4)

carbon is inert material in acidic media, carbon corrosion rate is slow at relatively low
temperature (60-80 °C) under normal PEMFC working conditions at 0.6-0.7 V [25].
However, for automotive PEMFC applications, local fuel cell starvation can cause water
electrolysis and carbon oxidation on the anode and repetitive shutdown/startup may lead
the cathode interfacial potential difference to nearly 1.5 V which accelerates carbon
corrosion as well [26, 27]. Moreover, Pt on carbon speeds up the corrosion [28, 29].
Electrochemical oxidation of carbon supports results in carbon support loss which leads to
Pt particle detachment, agglomeration and sintering and subsequent loss of electrochemical

surface area (ECSA) of Pt-based catalysts [30-32]. Carbon oxidation can increase the



hydrophilicity of the surface which results in higher mass transfer resistance [33]. Carbon
support loss also causes a decrease in catalyst layer thickness which increases the cell
resistance [34] due to poor electrical contact with the gas diffusion layer [35, 36]. The
corrosion occurs much more on defects which is more present on high surface area carbon
with high amorphicity [37].
1.3.1.2 Graphitic Carbon

Low surface area graphitic carbon has been taken into account for automotive
application at high potentials for its larger average graphitic crystallites and less defects
[38]. Carbon nanotube (CNT) [39, 40], carbon nanofiber (CNF) [40, 41], and graphene or
graphene oxide [42, 43] have been proved with higher support stability comparing to HSA
carbon by using both a rotating ring disk electrode (RRDE) and PEMFC. Andersen et al.
[40] studied the thermal and electrochemical stability of CNF, CNT and Vulcan XC-72
and reported better durability of CNF and CNT, following the order that
CNF>CNT>Vulcan XC-72. The electrochemical durability of single-walled carbon
nanotube (SWNT) and multi-walled carbon nanotube (MWNT) is compared by cyclic
voltammograms (CV) and X-ray photoelectron spectroscopy (XPS) before and after
potentiostatic holding at 1.2V for 120 hours [39]. The results show lower oxygen content
and better stability for MWNT than that for SWNT. Modified graphene exhibits 2-3 times
higher durability than Pt/CNT and commercial Pt/C after potential step method (1.4 V 10
st0 0.85 V 5 s) for 44 hours [42].

Though the graphitic carbons improved the support stability at high potential
operating conditions, the power density shows lower value compared to that of HSA

carbons due to uneven Pt dispersion [40, 42]. Therefore, proper activation is necessary for



low surface area graphitic carbon support. The most common way for carbon activation is
concentrated nitric acid oxidation to introduce carboxylic acid groups (COOH) into carbon
surface which act as Pt anchorage sites. Jha et al. [44] activated SWNTSs with varied amount
of COOH groups by high temperature concentrate nitric acid oxidation. The Pt on
functionalized SWNT shows better performance than that on Vulcan XC-72. Among all,
the Pt on SWNT with low degree of functionalization illustrates best ORR activity with
optimized BET surface area and amount of COOH groups. Ghosh et al. [45] synthesized
graphene particles and functionalized the graphene with citric acid to have better Pt
interaction and even Pt distribution. With defects formed by strong acid oxidation, there is
chance to decrease the carbon electrical conductivity and corrosion resistance. Besides the
chemical oxidation method to functionalize the support, support activation can also be
carried out by coating with polymer [46, 47], covalent modification with ionic liquids [48,
49], and non-covalent functionalization by pi-pi interaction [50-52].
1.3.1.3 Non-carbonaceous Supports and Their Hybrid Support

To solve the support oxidation problem completely, non-carbonaceous material
was studied as support for fuel cell. Titanium oxide (TiOx) [53-58], tin oxide (SnOx) [59-
61], tungsten oxide (WOy) [62-64] and tungsten carbide [63, 65, 66] supports are
extensively explored on the performance and stability after Pt deposition. Wesselmark et
al. [67] compared the polarization curve and electrochemical surface area (ECSA) of sole
Ptand Pt on Sn, Ti, Zr, W and Ta before and after 1000 cycles between 0.6 and 1.2V. Only
Pt on SnOx exhibits initial activity higher than sole Pt. However, all Pt on metal oxide
catalysts show lower performance than sole Pt after AST, except Pt on WOy. The enhanced

activity may be attributed to less oxide coverage on Pt surface.



Due to the low surface area and low electrical conductivity [68], the catalyst on
non-carbonaceous support illustrates lower performance than that on carbon [59]. Doping
metal oxide with n-type material can improve the electrical conductivity [69]. Huang et al.
[54] synthesized Nb-doped Ti oxide with high conductivity of 1.11 S/cm. The Pt on this
support shows similar performance as Pt/C. It also exhibits ten times higher activity after
AST.

To combine the advantages of carbon and non-carbon supports, extensive research
has been done on hybrid supports as well [70, 71]. Pt on N-doped carbon @ silica improves
the electrical conductivity with N-doped carbon and can be self-humidified resulting from
introduction of silica [72]. Liu et al. [73] prepared PtAu/C with different amounts of TiOx.
The PtAu/C durability is improved by the enhanced Pt-support interaction in the presence
of TiOx. Similar effect is found on SnO2 on improvement of Pt/C durability [74].

1.3.2 Pt Catalyst

Platinum, due to its low overpotential and high catalytic activity, is currently used
for hydrogen oxidation at the anode and oxygen reduction reaction (ORR) at the cathode
in PEMFCs [75]. The requirements for fuel cell lifetime significantly vary for different
applications; 5000 h for cars, 20,000 h for buses, and 40,000 h of continuous operation for
stationary applications [76].

Platinum-based catalysts dissolve when the cathode is subjected to potential cycles
during fuel cell operation. According to Pt Pourbaix diagrams, Pt dissolution can occur in
a narrow potential and pH window near 1 V vs. RHE [77, 78]. A kinetic model developed

by Darling and Meyers [79] indicated that platinum dissolution in PEMFC is fairly



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” (1.5)
Pt+H,O0 > PtO+2H" +2e" (1.6)
PtO+2H" — Pt* +H,0 (1.7)

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 [79].

Potential cycling is generally used for cleaning the catalyst surface and to activate
the MEAs before evaluating the catalyst performance in PEMFC. As mentioned earlier, Pt
dissolves at higher potential regions when subjected to potential cycling [77-80]. Platinum
dissolution in phosphoric acid and sulfuric acid has been studied by Ota et al [81].

Improving the electrocatalytic activity and durability of Pt-based catalysts with low
Pt content towards ORR is one of the main challenges in advancing the performance of
PEMFCs. Different mechanisms for Pt dissolution and redeposition on the catalyst surface
and Pt migration through the surface have been suggested to explain the increase of the
catalyst particle size over exposure time. The thermodynamic driving force for
agglomeration/sintering and Ostwald ripening is the reduction in surface energy
accompanying particle growth [82]. This phenomenon leads to dissolution of smaller
particles and growth of larger particles.

Accelerated durability test (ADT) has been used to evaluate the durability of Pt
catalysts in a three-electrode cell employing either a rotating ring electrode (RDE) or a
rotating ring disk electrode (RRDE). This procedure usually allows degradation in the

catalyst activity to be observed within several days, rather than several weeks otherwise
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required before any significant decrease in fuel cell performance is noticed [83]. Advances
in the synthesis of porous and hollow Pt nanostructures as cathode catalysts for PEMFCs
have been reported [84, 85]. Zhang et al. [85] showed extremely high activity and stability
for porous dendritic Pt nanotubes under potential cycling between 0.6 and 1.2 V in O»-
saturated 0.5 M H2SOa. The porous dendritic Pt nanotubes exhibited 4.4 fold improved
catalytic activity and 6.1 fold durability up to 4000 cycles when compared to a commercial
Pt/C catalyst. Inaba [86] reviewed the durability and mechanisms of degradation of
electrocatalysts in PEMFCs. The degradation phenomena of cathode catalysts using a
square wave potential cycling protocol between 0.6 and 1.0 V indicated only Pt dissolution
without affecting the carbon support. The square wave potential cycling significantly
decreased the ECSA after 10,000 cycles.

However, the catalyst durability studies in three-electrode studies in flooded
electrolyte is very different from the actual fuel cell operating conditions and 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 catalysts in MEAS subjected to potential cycling experiment
and measuring the decay in mass activity, ECSA, and H-air fuel cell performance [87-96].

The electrocatalyst durability under simulated automotive drive cycle by utilizing
various simplified potential cycle profiles in a 25 cm? MEA was reported by Uchimura et
al [94]. Based on the results a hypothesis was made to attribute the higher dissolution under
higher anodic sweep rates to the lower coverage of Pt with oxides which exposed bare Pt

to high potentials.
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It has been reported that the square wave cycling (SWC) offers accelerated
degradation when compared to triangular wave cycling (TWC) [78, 97]. The effect of TWC
and SWC on the catalyst durability was studied by Marcu et al. [98]. The study showed
that the number of cycles in SWC was responsible for the performance losses, while in
TWOC the transitional testing time is responsible for the loss.

The Pt/C catalyst stability in PEMFCs has been reported in the literature by
measuring the fuel cell performance under Hz-air [87-89, 91, 95] or under H>-O2[90, 93].
The fuel cell performances were evaluated after subjecting to TWC [87, 89, 90, 93, 95] or
SWC [88, 91, 95]. The potential cycling experiments were performed either under Ho-N2
[87, 89-91, 93, 95] or under Hz-air [88] supplied to the anode and cathode compartments,
respectively.

A systematic study on the impact of Pt particle size and operating conditions on
PEMFC cathode catalyst durability was carried out by Yang et al. [95] using MEAs with
0.2 mg cm 2 Pt loading on both the anode and cathode. The results indicated that ~ 12 nm
particles resulted in practically no change ECSA or mass activity up to10 k cycles with low
fuel cell performance at high current density regions. The smaller Pt particles (~2 nm)
showed very good initial performance and high losses of ECSA, mass activity, and
potential loss at high current densities. The MEA prepared with ~7 nm Pt particle showed
very good initial performance and very slow electrode decay characteristics. The fuel cell
performance under constant flow of H. and air (1000/2000 sccm) at 80 °C and 150 kPa
back pressure showed potential loss of 25-30 mV at 0.8 and 1.5 A cm 2 after 30,000 cycles
between 0.6 and 1.0 V. A very stable H-air fuel cell performance with less than 30 mV

loss at 0.8 and 1.5 A cm2was achieved when the MEA was cycled at low relative humidity
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(RH) conditions (30% RH) up to 10,000 cycles. The slow decay for the 7 nm particle
catalyst was attributed to the particle stability.

Avrisetty et al [87] investigated the effect of Pt loading on Pt catalyst durability using
commercial MEAs having 0.15 and 0.4 mg cm 2 Pt loading at the cathode and 0.05 mg
cm 2 Pt at the anode. The authors observed high ECSA loss for the MEA with 0.15 mg
cm2 Pt when compared to the MEA having 0.4 mg cm~2 Pt. The authors concluded that
70% of the observed 54 mV cell voltage loss at 1.0 A cm2after 30,000 cycles was resulted
from the reduced mass transfer coefficient in the catalyst layer of the MEA with 0.15 mg
cm 2Pt

Kim et al. [89] have reported the effect of dispersing medium, such as water-2-
propanol mixture, N-methyl pyrrolidone (NMP), and glycerol, used for catalyst ink
preparation, on the catalyst durability. The H»-air fuel cell performance measured under
constant flow (200/500 sccm Ha/air supplied to anode/cathode) at 30 psig back pressure
exhibited only 20 mV for the catalyst ink prepared with glycerol and 178 mV loss for the
commercial MEA at 0.8 A cm2after 70,000 cycles. The authors have postulated that the
microstructure of the electrode dictated by polymer-solvent interactions largely determines
the durability rather than Pt particle growth.

The durability for 40% Pt/graphitic carbon catalyst under simulated fuel cell
automotive operating conditions i.e. potential cycling under Hz/air atmosphere has been
reported by Dhanushkodi et al. [88] SWC with 3 s at 0.6 followed by 3 s at 1.0 V was used
to study Pt dissolution at 40, 60, and 80 °C. Significant loss in ECSA was observed during
the first 1000 cycles at all the temperatures. Cell potential loss of ~ 30, 35, and 90 mV were

observed at 1.7 A cm 2 after 20,000 cycles at 40, 60, and 80 °C, respectively. The authors
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have developed a diagnostic expression to estimate the kinetic activity losses using
effective platinum surface area using cyclic voltammograms which indicated that the
performance loss is mainly due to Pt loss.

Other durability studies have reported the H>-O2 fuel cell performance after
performing potential cycling experiment on Pt nanostructure and Pt/C. However, these
studies do not provide any useful information on the durability of Pt-based catalysts since
PEMFCs for transportation applications are operated under H-air. The study of
electrocatalytic activity and durability of carbon supported Pt nanodendrites showed Ho-
O- fuel cell performance loss of 59.5% at 0.6 V after 20,000 cycles between 0.6 and 1.0 V
[90]. The performance loss was attributed to the collapse of Pt nanodendrite structure due
to potential cycling. The effect of operating conditions on Pt catalyst durability under 0.4-
1.0 V potential cycling indicated the impact of cycle number on Pt agglomeration than the
sweep rate and MEA size [93]. Ohyagi et al. [93] suggested that the Pt agglomeration
degradation occurs in a flooding area in a cell plane under load change operating
conditions.

1.3.3 Modified Pt Catalyst

In order to achieve high catalytic activity and to overcome the sluggish ORR
kinetics at the cathode, well-defined alloys [99-102], core-shell type [103-109] and porous
Pt nanostructure [84, 85] catalysts have been used as cathode catalysts in PEMFCs.
However, the durability of Pt and Pt-based alloy catalysts still does not meet the demand
from the automobile manufacturers [110].

A number of studies have been reported in the literature for the degradation of Pt

and Pt-alloy cathode catalysts performance degradation using three-electrode cell [83, 86,
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98, 110-119] and membrane electrode assembly (MEA) [87-96, 120]. The losses in catalyst
mass activity (in A/mgey), electrochemical surface area (ECSA, in m?/ger), and fuel cell
performance under H>-O> or H»-air were used to evaluate the catalyst stability.

An ADT was used by Colon-Mercado et al. [83] to evaluate the durability of
PtsNi/C at various fixed potentials. Their study showed a direct correlation between
performance degradation and Ni dissolution in 0.3 M H>SO4. A study of evaluation of
stability and durability of Pt/C and Pt-Co/C catalysts showed that repetitive potential
cycling (RPC) between 0.5 and 1.0 V resulted in Pt and Co dissolution and re-deposition
of pure Pt on the Pt-Co particles [113]. The ORR activities of Pt and Pt-Co after RPC were
found to be similar after 1000 cycles.

The effect of nanoporosity formation in PiNis bimetallic catalyst during acid
leaching on the catalytic activity and durability was studied by Gan et al. [114, 115]. The
results indicated that O>-free acid leaching enabled the suppression of nanoporosity which
significantly increased the catalytic activity and catalyst durability up on potential cycling
between 0.6 and 1.0 V. The PtNis leached in the presence of N2 showed a mass activity
loss of 24% and a specific activity loss of 26% after 30,000 potential cycles in an RDE
[114].

The catalytic activity and the durability of well-defined Pd@Pt core-shell
nanoparticles with various shell thickness was evaluated by Choi et al. [116] in O»-
saturated 0.1 M HCIO4 at room temperature at a scan rate of 50 mV s using a potential
cycle experiment between 0.6 and 1.2 V vs. RHE. The results indicated that the Pd@Pt

nanoparticles with a shell thickness of 0.94 nm exhibited enhanced activity and stability up
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to 20,000 cycles due to the lower OHag bonding strength when compared to pure Pt
catalysts.

Pt monolayer (PtML) on electrodeposited Pd nanostructures such as Pd nanorods
(Pdnr) and Pd nanowires (Pdnw) on oxidized carbon (Cox) support was used as an
advanced electrocatalyst for PEMFCs [117]. The catalyst synthesis and the durability
studies were performed in a three-electrode cell using glassy carbon RDE. Potential cycling
studies indicated excellent stability for the Ptm/Pdnw/Cox catalyst with no negative shift
in the polarization curve and 38% ECSA loss after 30k cycles. However, synthesis of Pt
monolayer catalysts using RDE will yield a few milligram of the catalyst and is not feasible
for large-scale production to meet the demand of automotive manufacturers.

Yu et al. [96] reported one of the earlier studies in evaluating the durability of
PtCo/C cathode catalyst in a dynamic fuel cell environment with continuous water fluxing
on the cathode. A potential cycling test between 0.87 and 1.2 V vs. RHE was applied to
study the effect of cobalt or platinum dissolution on the cell performance. The results
indicated that cobalt dissolution did not have any negative influence in terms of reduced
cell voltage and the membrane conductance. Their study showed that the fuel cell
performance enhancement of 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. The authors concluded that the potential cycle testing
accelerated the cobalt dissolution which was supported by the observed catalyst activity
loss in the first 400 potential cycles.

The impact of particle size and heat treatment on the durability of Pt and Pt-alloy

catalysts under potential cycling (0.6-1.0 V) conditions was examined by Makharia et al.
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[92]. The results indicated that poorly dispersed Pt/C catalyst with increased particle size
showed reduced Pt surface area loss when compared to well-dispersed Pt/C. The authors
observed similar ECSA loss after ~ 25,000 cycles for heat treated Pt/C and PtCo/C catalysts
hiaving particle sizes of 4-5 nm. They assumed that the improved voltage-cycling stability
of Pt-alloy catalyst is due to both its larger particle size and an intrinsically higher stability
of the Pt-alloy catalyst when compared to pure Pt catalyst.

The catalyst durability is largely affected when subjected to SWC conditions [78,
88, 91, 97] Li et al. [91] studied the stability of Pt and PtPd hybrid catalysts supported on
a nitrogen-modified carbon composite (NMCC) support by cycling the cathode between
0.7 for 30 s and 0.9 for 30 s under H2-N2 atmosphere. They have reported potential losses
of 18.7, 5.3, and 1.2% for the Pt/C, PtYNMCC, and PtsPd:/NMCC catalysts, respectively,
at 0.8 A/lcm?. The higher stability for the PtsPdi/NMCC catalyst was attributed to the
synergistic effect of NMCC and Pt by forming PtCo alloy during heat treatment, and the
large particle sizes which are more resistant to Ostwald ripening and particle coalescence.
A very high cell potential loss of ~210 mV at 0.8 A cm™2after 10,000 cycles has also been
reported for a Pt/C catalyst when SWC between 0.4 V for 10 s and 1.05 V for 10 s was
employed [95].
1.4  Objectives and Outline

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-based
alloy catalysts appear to provide enhanced ORR activities. Formation of transition metal

(TM) subsurface atoms in Pt-TM phases lead to weakened interactions between Pt and
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adsorbents such as OHags and Hypa. The altered Pt electronic structure decreases oxygen
binding energy which not only increases the activity but also enhances the catalyst
durability with less oxygenated intermediates covered on the Pt surface to induce Pt
dissolution [121-125]. Consequently, Pt oxidation onset potential shifts to a higher value.
The observed shift of the onset for Pt oxidation will increase Kinetic mass activity due to
less presence of Pt oxide on Pt at high potentials which has much lower exchange current
density (i°=1.7x10"°A/cm?) compared to pure Pt (i°=2.8x10"" A/cm?). Since PtO:
dissolves during potential cycling conditions according to the following reaction,

PtO, +4H" +2e~ — Pt** +H,0 (1.8)
Thus, less PtO, formation due to higher onset Pt oxidation potential alleviates Pt
dissolution and enhances the catalyst stability.

However, due to galvanic corrosion and high anodic overvoltage for transition
metal under operational conditions, the transition metal leaches out which results in
contamination of the catalyst interface and the membrane. The un-leached Pt-alloy
catalysts may show very good stability under potential cycling but low Ha/air fuel cell
performance due to a protective passive layer on the Pt catalyst particles. Furthermore, the
catalyst supports play an important role in determining the overall stability of the catalyst,
since porous carbon supports is prone to corrode at low pH at the cathode interface, high
temperature, and high anodic potentials (1.0-1.5V) at the cathode interface during start-
up/shutdown cycles. Electrochemical oxidation of carbon at potentials between 1.0 and 1.5
V results in carbon loss leading to Pt agglomeration and sintering and subsequent loss of
electrochemical surface area (ECSA). Carbon supports with high degree of graphitization

as support materials is proved to be effective ways to improve the catalyst durability.
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However, the durability studies of Pt and Pt-based alloy catalysts with ultra-low loading
(0.1-0.2 mge: cm2) 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
requirements described by U.S. DRIVE Fuel Cell Tech Team in “Cell Component
Accelerated Stress Test Protocols for PEM Fuel Cells.” [126].

The objectives of the present investigation are to synthesize hybrid cathode
catalysts (HCC) and metal-doped HCC using catalytically active and stable partially
graphitized carbon composite catalyst (CCC) and graphitized activated carbon composite
(A-CCC) supports and evaluate their performance using 0.1 mget cm2 loading according
to U. S. DRIVE Fuel Cell Tech Team protocols [126]. The CCC and A-CCC supports show
high activity for oxygen reduction reaction due to the presence of non-metallic active sites
for ORR. The HCCs are a combination of Pt and CCC or A-CCC supports which show
enhanced ORR activity through synergistic effect.

The support stability will be enhanced through optimization of: (i) Brunauer-
Emmett-Teller (BET) surface, (ii) the support structural properties (amorphous/crystalline
ratio), and (iii) the hydrophilic/hydrophobic ratio of the supports.

Highly active and durable hybrid cathode catalysts for PEM fuel cell was developed
through: (i) synthesis of highly catalytically active and stable Co-containing CCC and
activated carbon composite catalyst, A-CCC supports, (ii) surface functionalization and
uniform Pt deposition on CCC and A-CCC supports, (iii) performance optimization of
Co-doped Pt catalysts by using a protective coating to inhibit particle agglomeration and
growth during the pyrolysis step, (iv) optimization of Pt/Co ratio and annealing

temperature, and (v) chemical leaching to remove excess metal used to dope the support.
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The performance and durability of the catalyst was evaluated using RDE and 25
cm? membrane electrode assemblies (MEAS). Stability of the catalyst was tested under (a)
potential cycling between 0.6 and 1.0 V for 30,000 cycles, (b) potential holding at 1.2 V
for 400 h, and (c) potential cycling between 1.0 and 1.5 V for 5,000 cycles. The cell

potential, ECSA, and power density was measured at regular intervals.
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Table 1.1. Some characteristics of important fuel cells.

PEMFC DMFC AFC PAFC MCFC SOFC
Primary Automotive and | Portable power | Space vehicles | Stationary Stationary Vehicle
applications stationary power and drinking power power auxiliary power
water
Electrolyte Polymer Polymer Concentrated Concentrated Molten Yttrium-
(plastic) (plastic) (30-50%) KOH | 100% Carbonate stabilized
membrane membrane in H20O phosphoric acid | retained in a Zirkondioxide
ceramic matrix
of LiAIO>
Operation 50-100°C 0-60°C 50-200°C 150-220°C 600-700°C 700-1000°C
temperature
range
Charge carrier H* H* OH" H* COs3™ o
Prime cell Carbon-based Carbon-based Carbon-based Graphite-based | Stainless steel Ceramic
components
Catalyst Pt Pt-Pt/Ru Pt Pt Ni Perovskites
Primary fuel H2 Methanol H2 H2 H, CO, CH4 Hz, CO
Start-up time Sec-min Sec-min Hours Hours Hours
Power density 3.8-6.5 ~0.6 ~1 0.8-1.9 1.5-2.6 0.1-15
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Figure 1.1. Fuel Cell working mechanism.
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Figure 1.2. PEMFC Stack Cost Breakdown.
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CHAPTER 2

EXPERIMENTAL

2.1  Carbon Support Synthesis
2.1.1 Synthesis of Oxidized Carbon

6 g of the Ketjenblack EC-300J was refluxed with the mixture of 420 mL of 70%
nitric acid and 180 mL of DI water for about 7 h at 85-90 °C.The solution was filtered and
washed thoroughly with 2 L DI water. The sample was collected and dry in the vacuum
oven overnight.
2.1.2 Synthesis of Carbon Composite Catalyst

Carbon composite catalyst, denoted as CCC, was synthesized by the drop-wise
addition of Cobalt-N chelate complex onto the oxidized carbon dispersed in de-ionized
water under vigorous stirring. The resulting CCC was subjected to heat-treatment in argon
starting from 800 °C to 1100 °C, followed by leaching in 0.5M H>SO4 at 80 °C for 2 hours
to remove excess Co on the carbon surface.

The CCC treated at 1100 °C was named as CCC-2"? to distinguish with the lower
temperature heated CCC since the CCC-2"? support exhibits higher graphitization degree.

CCC-2" was subjected to a purification and stabilization procedure to remove the
electrochemically unstable amorphous carbon in the support [127, 128] and named as

Cccc-3.
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2.1.3 Synthesis of Activated Carbon Composite Catalyst

Activated carbon composite catalyst (A-CCC) was synthesized using the same
purification and stabilization procedure to remove the electrochemically unstable
amorphous carbon with a different carbon base material.

Different weight percentages of Co were encapsulated into A-CCC by varying the
ratio of Cobalt-N chelate complex and A-CCC to get different Pt to Co ratio in the Co-
doped Pt/A-CCC catalysts.

The Co-doped CCC and A-CCC supports are used for Pt/CCC and Pt/A-CCC
catalysts synthesis.

2.2  Catalyst Synthesis
2.2.1 Synthesis of Carbon Supported Pt Catalyst

A surface functionalization process to increase the hydrophilic property of CCC
and A-CCC was developed using a bifunctional organic molecule containing aromatic
hydrocarbon and acid groups. The surface modification process is necessary to control the
Pt catalyst particle size as well as the uniform distribution of platinum over the support
surface. The Pt/C and HCC were synthesized using a modified polyol method [59]. A
desired amount of PtCls was dissolved in 200 mL of ethylene glycol followed by dispersing
carbon, CCC or A-CCC supports in the solution. 0.2 M NaOH was used to adjust the pH
of the solution to 12. Next, the solution was refluxed at 160 °C for 3 h in an inert
atmosphere. The resulting Pt/C, Pt/CCC or Pt/A-CCC catalysts were rinsed with de-ionized

water and dried under vacuum at 80 °C for 12 hours.
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2.2.2  Synthesis of Carbon Supported Co-doped Pt Catalyst

Co-doped Pt/CCC or Co-doped Pt/A-CCC catalyst was synthesized by
encapsulating the Pt/CCC or Pt/A-CCC sample with a protective coating followed by heat-
treatment under reducing or inert atmosphere at 800 °C. During the controlled heating
process, the Co incorporated in to the CCC support diffuses to the surface and forms the
Co-doped Pt catalyst. In the final step, the Co-doped Pt/CCC catalyst treated in inert
atmosphere was leached in 0.5M H>SO4 at 80 °C (named as L-Co-doped Pt/CCC).
Commercial catalyst, a 46.4wt % Pt/C catalyst (TEC10E5S0E), purchased from Tanaka
Kikinzoku Kogyo K.K, Japan was used to compare the performance and stability of the
catalysts synthesized in this study.
2.3 Materials Characterization

X-ray diffraction (XRD, Rigaku 405S5) patterns were recorded to identify the
crystalline structure of the supports and HCC catalysts. Brunauer-Emmett-Teller (BET,
Quantachrome) was used to determine the surface area and pore-size distribution of the
supports. X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) was used to
confirm the presence of pyridinic—type nitrogen active sites in the supports. High resolution
transmission electron microscopy (HRTEM, Hitachi H9500) was used to determine the
particle size and particle dispersion of the HCC catalysts. X-ray fluorescence spectroscopy
(XRF, Fischer XDAL) was used to measure Pt and Co amounts in HCC (in wt. %) and the
Pt loading (in mget cm™2) in the anode and cathode electrodes. Inductively coupled plasma
(ICP, Perkin Elmer) analysis was used to determine the composition of the HCC catalysts.
Energy-dispersive X-ray spectroscopy (XEDS) was used to analyze the Co-doped Pt

structure in the HCC catalysts.
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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 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 [129].

_4ycosd
P 2.1

d

p

where y and 6@ denote the surface tension of mercury and the contact angle between
mercury and the sample.
2.4  RRDE and CV Measurements

Electrochemical characterization studies were performed using a three-electrode
cell and Pine bipotentiostat (Model AFCBP1). A rotating ring-disk electrode with a Pt ring
and a glassy carbon disk (0.196 cm?) was used as the working electrode. Pt-mesh was used
as the counter electrode, and an Ag/AgCl [0.255 V vs. reversible hydrogen electrode
(RHE)] was used as the reference electrode. All the electrochemical characterization
studies in three-electrode cell were performed in 0.1 M HCIOa4. The catalyst ink was
prepared by blending the catalyst powder (carbon, CCC, HCC or Pt/C) with ethanol in an
ultrasonic bath. The carbon loading was 120 pigcarson CM 2 0n the glassy carbon disk and Pt
loading was 20 pge: cm 2. 5 pL of 0.25% Nafion® solution was added on top of the catalyst
layer to minimize anion adsorption effects on the catalysts. Cyclic voltammograms (CVs)
recorded in nitrogen at a scan rate of 50 mV s were used to obtain the background

capacitive currents and electrochemical surface area (ECSA) of the Pt catalysts.
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The ECSA of Pt-based catalysts 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 [130]. The specific ECSA was calculated based on

the following equation:

Specific ECSA = =24 2.2)

mXqy

where Q is the charge for hydrogen desorption, m is the Pt metal loading, and qu is the
charge required for desorbing a monolayer of hydrogen on Pt surface. After the ECSA
measurements, the electrolyte was purged with oxygen for 30 min prior to the oxygen
reduction reaction kinetics measurement using linear sweep voltammetry (LSV) at a scan
rate of 5 mV s™1. The oxygen reduction current was calculated from the difference between
currents measured in the nitrogen- and oxygen-saturated electrolytes.
2.5  PEM Fuel Cell Testing

The catalyst inks for the anode and cathode were prepared by blending the catalysts
(Pt/C or HCC) in isopropyl alcohol and Nafion® solution (5% solution, Alfa Aesar) in an
ultrasonic bath. Commercially available carbon paper (SGL 10 BC) was used as the gas
diffusion media for the anode preparation. The cathode catalysts were directly deposited
onto the Nafion® NRE 212 membrane. The anode and cathode catalyst loading was fixed
at 0.1 mgp cm™ and confirmed using XRF. The catalyst-coated anode electrode was hot-
pressed onto the blank side of the cathode catalyst-coated membrane at 140 °C for 3 min
under 200 psi to form the membrane electrode assembly (MEA). A blank SGL 10 BC
carbon paper was used as the gas diffusion media on the cathode side. Initially, the MEA
was activated under the supply of H> and O, at 80 °C to the anode and cathode

compartments, respectively with a flow rate of 750 mL min. ! and 100% relative humidity

28



(RH). The catalyst mass activity and polarization studies were performed under H»/O> and
Ha/air, respectively at 80 °C. Other fuel cell operating conditions are provided in respective
figures.

2.6 Accelerated Stress Test

The electrochemical durability of the Pt/C and HCC cathode catalysts were
examined using AST protocols suggested by U.S. DRIVE Fuel Cell Tech Team [126]. The
tests were carried out in a single cell with an electrode area of 25 cm?. During the
experiment, pure hydrogen (200 cc min.™) and nitrogen (75 cc min.™) having 100% RH
were supplied to the anode and cathode compartments, respectively.

To determine the stability of the carbon supported Pt catalyst, the cathode side of
the cell is subjected to three different testing protocols: (i) 30,000 potential cycles between
0.6and 1.0 V at 50 mV s ! at a cell temperature of 80 °C; (ii) applying 1.2 V constant potential
to the cathode with respect to the anode for 400 h at a cell temperature of 80 °C under
150kPaans back pressure; (iii) 5,000 potential cycles between 1.0 and 1.5 V at 500 mV s™!
at a cell temperature of 80 °C. Periodic measurements of polarization curve and ECSA were
performed to determine the electrochemical stability of the Pt/C and HCC catalysts. The
catalyst mass activity was evaluated under H2/O> (2/9.5 stoic.) at 80 °C, 100% RH, and
150 kPaans back pressure. The polarization curves were recorded under Ho/air (2/2 stoic.)

at 80 °C, 50% RH, and 170 kPaans back pressure.
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CHAPTER 3

EFFECT OF PLATINUM LOADING ON MASS ACTIVITY OF PEMFC

If the use of PEMFC in transportation becomes a reality, the large required amount
of Pt/C catalyst will cause an enormous increase of Pt demand that will result in a dramatic
increase in platinum price. In the recent years, to alleviate this problem, research has been
conducted at improving catalyst activity and durability while decreasing the catalyst cost
through developing a catalyst with ultra-low platinum loading. The ultimate research goal
is to develop a cathode catalyst with platinum group metal content (PGM) lower than 0.2
g PGM kW and approach 0.1 g PGM kW™, The parameters for catalyst activity at
decreasing loading, however, have not yet been universally studied.

Gasteiger et al. [14] in their study of the dependence of polymer electrolyte
membrane (PEM) fuel cell performance at three different Pt catalyst loadings (0.4, 0.24,
and 0.15 mge: cm™), have concluded that mass activity (MA) and ECSA (utilization) in
cathode catalyst membranes (CCMs) are essentially independent of Pt loading. Saha et al.
[131] found that the utilization of a printed CCM layer decreased as the loading of the
catalyst layer increased from 0.02 to 0.12 mg cm™. Lee et al. [132] observed that the mass
activity measured in membrane electrode assemblies (MEAS) is only 10-30% of the ring
disk electrode (RDE) mass activity, and increased as loading decreased while the utilization
was held constant. They concluded that O, may access the catalyst particles more

effectively when it exhibits thin layer geometry, or higher porosities at lower loadings.
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Debe [133] concluded that the enhanced oxygen reduction reaction (ORR) activity
of the Nano Structured Thin Film (NSTF) 3M catalysts is a result of asymmetrical surface
area distribution. The asymmetrical surface area controls the gas velocity distributions in
the Knudsen regime, which results in an additional pre-exponential scaling factor in the
Butler-Volmer equation dependent on a distance metric describing the catalyst surface area
distribution. The catalyst loading influenced the surface enhancement factor (SEF) and
consequently the scaling factor.

Siddique et al. [134] developed catalyst layer microscopic model mimicking the
experimental fabrication. 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 triple phase boundaries.
Too small agglomerate size may lead to the loss of connectivity or entanglement between
them.

According to recent studies, the electrode fabrication method has a profound effect
on optimal Pt loadings and utilization [110, 135-138], therefore the measurable mass
activity also. Numerous studies were performed, but no final agreement has been achieved.
Therefore, in this work we studied both (MA) and specific activity (SA) in detail for a
better understanding of the effects of the catalyst loading on these parameters.

3.1  Characterization of the Catalyst

Figure 3.1 shows the XRD and TEM image of the Pt/C catalyst. It is shown, that

the catalyst deposited uniformly on the surface of the carbon support. The particle’s

average diameter was calculated by using the Debeye-Scherrer equation. The average

31



particle diameter was found to be 2.7 nm. The thin layer-RDE method revealed that the
ECSA is 85 m? g, which is very close to the theoretically expected value.
3.2  Effect of Pt Loading on the ECSA in PEMFC

Figure 3.2 exhibits the hydrogen adsorption and desorption peaks in the cyclic
voltammograms recorded for different cathode Pt loading in a 25 cm? MEAs. The total
charge for the hydrogen adsorption/desorption increased as the Pt catalyst loading
increased in the MEAs. As expected, the current in the double layer region also increased
with an increase in the Pt loading. The specific electrochemical surface area of Pt was
calculated using Equation 2.2 by integrating the charge under hydrogen desorption peaks
appearing between 0.05 and 0.35 V (vs. Ag/AgCl). The ECSA was calculated by assuming
a charge of 210 uC cm required for the desorption of a monolayer of H* on a smooth Pt
planar electrode surface. The ECSA values given in Table 3.1 show a decrease in the ECSA
with an increase in the Pt loading which indicates that Artel (ECSA) depends on the Pt
loading. The increase in the ECSA at lower catalyst loading (0.05 mge: cm?) may be
attributed to the fact that the Pt catalyst particles are uniformly distributed as a thin catalyst
layer on the Nafion® membrane with minimum particle agglomeration. This increases the
availability of Pt catalyst active sites for oxygen reduction resulting in maximum catalyst
utilization. Table 3.1 also demonstrates that the catalyst utilization for different MEAs
decreased from 82.56% to 48.33% when the Pt loading is increased from 0.05 to 0.4 mgpt
cm. The utilization of the Pt catalyst depends on how effectively the catalyst particles are
connected to: (i) the ionic conductor Nafion® membrane and (ii) the electronic conductor
gas diffusion layer (GDL). If the thickness of the catalyst layer increases, the probability

of the percolation of the reactants through the catalyst layer may decrease. Hence, the
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reactants may not reach the Pt catalytic sites that are far away from the Nafion®
membrane/GDL interface resulting in lower catalyst utilization at higher catalyst loadings.
3.3  Effect of Pt Loading on H2-O2 Polarization Curves in PEMFC

Figure 3.3 presents the effect of 46% Pt/C loading on the current density. The fuel
cell was operated at 80 °C under H2/O (750/750 ml min'), 100% RH and ambient pressure
to measure the initial performance of MEAs with different Pt loadings under H>/O>. The
catalyst mass activity was determined using the experimental 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. The
fuel cell testing conditions are: 80 °C under H2/O- (2/9.5 stoic.), 100% RH and 150 kPaabs.
The operating conditions are also given in the figures. The fuel cell performance was
evaluated using MEAs prepared with Pt loadings of 0.05, 0.1, 0.2, 0.3 and 0.4 mg cm,
respectively. Both the high and low current increases as the loading increases, but the
increase is more substantial when the loading increases from 0.05 to 0.2 mg cm™2. As
expected, the current density measured at 0.9 V (iR-corrected) decreases from 0.035 A cm”
210 0.012 A cm™ measured for Pt loadings between 0.4 mg cm and 0.05 mg cm2.
3.4 Effect of Pt Loading on Mass Activity and Specific Activity in PEMFC

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:
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0.9V

MA = =2
L (3.1)

SA = iO.9V
L-ECSA,jea (3.2)
SEFen = ECSApa - L (3.3)

where io.9v is the current density measured at 0.9 Vir-free and normalized to the geometrical
surface area (A cm2), here L is specifically the Pt loading (mg cm2), SEFwmea is the surface
enhancement factor (cmpi? cm™), SA is the specific activity (A cmer2) and MA is the mass
activity (A mget ).

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 =T510g( oo + Ju, )~ TSIOG(ECSA - m,, jo) (34)

where TS is the Tafel slope, jeen is the measured total cell current density (A cm™), ju2 is
the hydrogen crossover current density, which is measured to be a value of 3.3 mA cm™
according to literature [14]. met is the Pt cathode loading (mgetcm?).

Eq. (3.4) requires the polarization of the CCMs with different Pt loadings, and when

Lo
plotted the following should yield identical slopes: Eir-free VS. the Iog(J°e”m—JH2) or Eir-free

Pt
vs. log of mass activity A mge? (the mass specific current density, jm). With this

assumption, the cathode performance is controlled only by the ORR kinetics and the Ohmic

losses (Rg), or:
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Figure 3.4 shows the MA and SA at different loadings. An increase of MA up to
0.23 A mgert was observed for 0.05 mgmetal cm loadings, compared with a MA of 0.085
A mgett measured for Pt loadings of 0.4 mg cm2. However, as shown in Table 3.2 and the
prediction of Eq. 3.4, the MA increases when the loading decreases which may be related
to the increase in ECSA from 41.08 to 70.18 m? g. The ECSA increase is a consequence
of the catalyst utilization (Table 3.1) calculated from the ECSA of the thin-layer film RDE.
The effect of the ECSA can be evaluated, by substituting the current density with the
specific current. The result shows (Table 3.2) that the SA increased from 213 pA cm2p to
342 pA cm 2 when the loading decreased from 0.4 mg cm to 0.05 mg cm2. The MA and
SA 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 ECSA only partially accounted for the
increase in MA. Consequently, the structure of the active layer or the reaction path may
have also changed. Inaba et al. [139] showed that the increase of Pt loading altered the
agglomeration of the Pt/C catalyst on RDE disk. Bonakdarpour [140] varied the loadings
on nanostructured thin film catalysts (3M), and found that the reaction mechanism of the
ORR changed. The lower loadings or increased catalyst agglomeration altered the reaction
path of the ORR, which was attributed to the sparsely distributed active sites. The slopes
of the log irt-V and log im-V plots were almost identical to the theoretically expected values
for the different Pt loadings, which indicate that the MEAs were kinetically controlled and
the reaction path did not change. Consequently, the increased MA points out that the MA
curves cannot be reasonably predicted by Eq. 3.4, therefore the polarization curves

obtained in this study for 46% Pt/C catalyst cannot be fitted with Eq. 3.4.
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According to the experimental results, the MA is controlled not only by R and

the ORR Kinetics, but also by the utilization of the Pt surface area which in turn depends
on the cathode Pt loading shown in Table 3.1. 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.
3.5  Physical Characterization of the MEAS

Table 3.3 shows the specific surface area, the average pore size, the porosity of the
catalyst layer at different loadings. The data clearly shows that the loading highly
influenced the physical properties of the catalyst layer. The specific surface area decreased
from 754 to 212 m? gt as the loading increases from 0.05 to 0.4 mg cm™. It suggests that
the newly deposited particles stick to the previous ones and screen each other’s surfaces.

The variation of the pore diameter is shown in Figure 3.5. 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 smaller than 20 nm diminish.
The porosity was almost the same between 39% and 42 % at 0.05 and 0.4 mg cm™* loadings,
respectively. At 0.05 mg cm™ the porosity shows a higher value (39%) than 0.1 mg cm™
(31%), probably because the particles first coat the membrane and after 100% coverage
they start to overlap with the previous layers. Above 0.1 mg cm a clear increasing trend
is shown from 31% to 47% as the loading increases from 0.1 mg cm™ to 0.4 mg cm™.
3.6 Development of Theoretical Model

The results can be explained by taking into account that in PEM fuel cells, the
catalyst forms triple phase boundaries (TPB) in a 3D structure of gas, catalyst, and

electrolyte, which makes the experiments and the evaluation of the data more complex than
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for simply flooded agglomerates [141]. Agglomerate and macro-homogeneous models
have been developed to model the polarization curve. However they have no general
solution, different asymptotic solutions have been derived. One of the first solutions was
developed by Perry and Newman et al. [142]. When both diffusion and proton migration
are not limiting (as in the kinetic region), the following expression can be derived:

i——ia, éla exp[—%-n"j (36)
where apt (cm? cm®) is the area of the active catalyst per unit volume, io (A cm™) is the
exchange current density, and Ic. (cm) is the catalyst layer thickness (theoretical value), «
the symmetry factor of the charge transfer, ¢ (mol cm=) is the oxygen concentration at the
catalyst interface, and ¢, (mol cm?) is the reference concentration. This model, however,
does not take the Pt loading into consideration.

Jaouen [143] et al. developed a spherical agglomerate model and also determined

the asymptotic solutions. In the kinetic region it was found that:

. . c F
= anie, (1) (15, )exp(—ﬁ—_r-ncj 37)
0

where & is the polymer volume fraction inside the agglomerate, and & is the gas-phase
porosity (macroporosity), T is the temperature (K) and R is the universal gas constant. In
his model the current depends on the structure of the active layer. The general theory of
dimensionless analysis and asymptotic solutions were developed by Gyenge [144], but in
the kinetic region he derived the same relationship as Egs.3.4-3.5.

The Pt active area per unit volume is commonly determined by [145, 146]

= Me Ve ECSA ppoe
t
Wer (3.8)
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where ECSARpe is the specific ECSA of the catalyst (m? g), measured using thin-layer
RDE and w is the catalyst utilization. The thickness, WcL (cm), can be calculated by
assuming the conservation of volume. This model indicates that the ECSA and the structure
are independent of the loading, and consequently leads to the same linear scaling approach
between loading and the volumetric specific surface area as the Tafel-approximation, i.e.
apt is independent of the loading. Contrarily, Gu et al. [12] concluded that Pt and C act as
the structural element, while the ionomer essentially fills out the voids. Pt particles smaller
than 1.7 nm are mainly incorporated into the pores, but bigger particles (3-5 nm) are mainly
found on the surface [147]. Zhang et al. [148] also concluded that Pt particles are in the
mesopores and Nafion primarily presents on the external surface, blocking the micropores
but not the macropores. Gode et al. studied the effects of Nafion loading by using different
porosimerty and simulation techniques [149]. First, they observed that the increase in
Nafion ratio did not increase the layer thickness linearly. Second, Nafion first covered the
micropores (<2 nm) and later the meso- and macropores. These result indicate, that the
volume, and the thickness depend on how the catalyst layer formed and how the particles
connect to eachother, and how they fill out the volume. Therefore Eq.3.8 should be
precisely calculated as the quotient of the total surface area of the catalyst (Atwt) and the
total volume of the catalyst layer (Viot).

ECSA-M
a, = \’}m - L= ECSAMM p) (M)

tot Vtot (3.9)

where Mgt (mg) is the total Pt loading and pet(Mer) (mg cm™) is the loading dependent Pt
density in the agglomerates or in the CL. Eq. 3.8 is valid only if the ECSA and the pr; are

to be independent of the loading. However, the measured data shown in Table 3.1 indicate
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that the ECSA depends on the loading. The catalyst density may also depend on the loading
which were summarized previously according to [146-149]. Introducing a non-linear
scaling factor, similar to the utilization of the ECSA (Table 3.1), Eqg. 3.9 can be rewritten

into the following form

8 = ECSA - Vyea 2ot Puea (3.10)

where vmea is the catalyst utilization (%) of the MEA at different loadings and Pwiea is the
non-linear scaling factor (%). While prt now does not depend on the loading, it can be

calculated by dividing it with the geometrical surface area:

M m
Pet = Vv = W_Pt
cL cL (3.11)
and Eqg. 3.8 becomes
a, = ECSA -V, v% Poes
cL (3.12)

where the Wc is the average thickness predicted by the spherical agglomerate model. The
real thickness of the catalyst layer is very difficult to determine by STEM measurement,
because the surface of the CL is very rough (non-uniform).

The combination of the asymptotic solutions of the macro homogeneous and
agglomerate models Eq. 3.6-3.7 and the new form of the surface area per unit volume of

the cathode CL Eq. 3.12, renders the log i-V relationship with the following general form

. COZ V4
7o =TS In Jeen REF
’ ECSA - VyealoPugaMp C(?IZDL

Substituting Joan _ I,, with the mass specific current and using the log identities we reach

mPt

(3.13)
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0,

7=TSI(i_)~TS In{ECSA -vMEAiOPMEA[%J J
REF (3.14)

Also including Joan = ip, We reach
ECSA-vyeaMp,
: : %
n=TSIn(i,)—TSIn 'OPMEA(C%?LJ
REF (3.15)

which are both Tafel-type equations, however the constants are different from the original
Tafel equation. It is evident that the non-linear scaling factor influences both the MA and
SA.
3.7 Conclusion

Our experimental data showed that the electrochemical specific surface area
(ECSA), MA, and SA all increase as the loading decreases. The increase of the ECSA is
attributed to the increase of the utilization of the catalyst as they are closer to the membrane
and to the GDL in a thinner layer. The increase of the ECSA indicates that the commonly
applied Tafel-approximation cannot be fitted to our result, because the MA and SA are
controlled not only by Re and the ORR kinetics, but also by the utilization of the catalyst,
which in turn depends on catalyst loading, and the structure of the catalyst layer, the degree
of agglomeration, and screening of the catalyst particles.

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
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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. First principle model will be developed in our future work which will

explain quantitatively the dependence of mass activity on the loading.
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Table 3.1. Comparison of electrochemical properties for different Pt loadings.

Pt loading Current Density ECSA Utilization
@O-QViR-free
/ mg cm Fuel Cell/RDE !/ %
| A cm™?
/ ng 1

0.05 0.012 70/85 82

0.1 0.0185 68/85 80

0.2 0.03 64/85 75

0.3 0.0321 48/85 56

0.4 0.035 41/85 48
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Table 3.2. Summary of the measured values and calculated mass and specific activities of
the Hz-O> fuel cells under DOE fuel cell testing conditions.

Pt loading Tafel slope Specific activity Mass activity
/ mg cm™ /'V dec? / PA cmpi? / mA mg?
0.05 -0.065 343 240
0.1 -0.065 272 185
0.2 -0.063 234 150
0.3 -0.064 223 107
0.4 -0.063 213 87.5
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Table 3.3. Physical characterization of the pore structure of the CL at different Pt loadings.

Loading Specific surface area Pore diameter Porosity
Im? gt / um ! %
0.05 754 0.012 39
0.1 557 0.011 31
0.3 244 0.044 34
0.4 212 0.0391 43
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Figure 3.1. (a) XRD spectrum of the 46% Pt/C catalyst. Average particle size is 2.7 nm and
(b) the HR-TEM image at 20 nm resolution.
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Figure 3.2. The CV measurements in MEA at different loadings. Anode: 100 % H> 200
ccm, Cathode: 100% N2 75 ccm, cell temperature 80°C, 100% RH.
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CHAPTER 4

DEVELOPMENT OF HIGHLY ACTIVE HYBRID CATHODE
CATALYSTS FOR PEMFC

Stable and highly active hybrid cathode catalyst (HCC) has been developed by us
at USC that shows higher fuel cell performance than the commercial Pt/C catalyst with low
Pt loading of 0.4 mg cm[91, 150, 151]. Therefore, the objective of this work is to decrease
the platinum loading in cathode electrodes through optimization of both the synergetic
effect in the HCC catalyst and implementation of more active doped Pt catalyst. The goal
IS to maintain the high ORR activity with ultra-low Pt loading in fuel cells by combining
the catalytic activity of the CCC used as support and Pt active sites. In this study, CCC is
not only an ORR active support, but also a transition metal source to form Pt shell transition
metal rich core catalyst to further improve the activity. The HCC is expected to show
optimum performance at high potential (0.9 Vir-free) under H2/Oz and at high current
regions (0.6 Vir-free) Under Ho/air fuel cell operating conditions.

4.1  Synthesis of Carbon Composite Catalyst

Figure 4.1 illustrates the schematic diagram of the approach used to synthesize CCC
and HCCs. Surface modification on the carbon support introduces oxygen and nitrogen
groups on the surface. The metal-catalyzed pyrolysis increases the carbon graphitization
degree in the presence of cobalt at high temperatures (800~900 °C), introduces Co in the

carbon matrix, and introduces nonmetallic active sites on the carbon surface Next, the
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chemical leaching removes excess of metal used to dope the support. Modified polylol
process was used for uniform platinum deposition. After Pt deposition, the Co doped in the
CCC diffuses to the surface to form Co-doped Pt catalysts during heat-treatment in the
presence of polyaniline protective coating. The heat-treatment process was optimized to
control the particle size between 3-5 nm, resulting in compressive Pt-lattice catalyst having
Pt-shell/doped metal core structure with different metal doping content from 7-15%.

In our previous studies, partially graphitized CCC supports showing very good
ORR activity were synthesized at relatively low temperatures [152]. Figure 4.2 (a) and (b)
presents the HRTEM images of the carbon black and leached CCC, respectively. In Fig.
4.2 (a), carbon black exhibits the normal amorphous carbon structure. However, as a result
of Co catalyzed pyrolysis, a nanostructured tube or fiber of graphitic carbon is formed, as
shown in Fig. 4.2 (b). It is clear that Co particles are encapsulated by the graphitic carbon
substrates even after chemical leaching.

Figure 4.3 illustrates the powder XRD patterns for the high surface area carbon
black and the carbon composite catalyst. Co peaks are observed in the CCC support. The
intensity of graphitic carbon peak (0 0 2) appearing at 26° is narrow and sharp for CCC
support, which confirms the HRTEM results showing graphitic carbon morphology for the
support. The formation of graphitic carbon increases both the electronic conductivity and
the support stability in fuel cell operating conditions at high potentials, high humidity and
low pH [153, 154]. The BET surface areas of CCC and A-CCC decreased from 800 m? g
(carbon black) to 400 m? g,

The ORR kinetics of as-received carbon (Ketjen black), oxidized Ketjen black and

CCC are compared in Figure 4.4. The onset potential for ORR increases when the as-
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received carbon is subjected to various surface modifications including oxidation in HNO3
and incorporation of nitrogen and transition metals. The carbon composite catalyst showed
an onset potential of 0.85 V vs. RHE and well-defined kinetic and mass transfer regions in
0.1 M HCIO4 electrolyte at room temperature.

Our previous studies have shown the formation of graphitic- and pyridinic- type
nitrogen groups on the carbon surface by the X-ray photoelectron spectroscopy [155-160].
Although there is a disagreement on the active sites for the ORR in non-precious metal
catalysts, it is generally believed that transition metal such as Fe or Co may introduce
nitrogen groups (pyridinic-N, pyrrolic-N, and graphitic-N) on the carbon surface with a
strong Lewis basicity [158, 161]. The increased electron-donor ability of the N-doped
carbon weakens the O—O bond via the bonding between oxygen and nitrogen and/or the
adjacent carbon atom and consequently increases the catalytic activity towards ORR [161].
Table 4.1 summarizes the cobalt concentration in the CCC support obtained after the
chemical leaching in 0.5M H2SO4 solution at 80 °C determined by XPS and ICP-AES.
XPS detected no metal traces from the leached carbon composite catalyst while ICP-AES
analysis shows 12.7 wt.% Co. Since the escape depth of photoelectrons is a few
nanometers, XPS analysis provides only the surface composition of the CCC [158, 162].
Therefore, it is evident that Co particles are removed from the CCC surface and exist only
in the bulk of the carbon. The results obtained in this study are in agreement with our
previously published work that the nitrogen-doped in the carbon matrix is presumably the

primary active site for the ORR [155-160].
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4.2 Development of Hybrid Cathode Catalyst

The HCC was synthesized by depositing Pt nanoparticles onto the CCC support to
prepare the Pt/CCC catalyst. After the metal-catalyzed pyrolysis, the carbon surface
becomes too hydrophobic due to the formation of graphitic nanostructures which do not
facilitate uniform Pt deposition on the support. Therefore, a surface modification process
was developed to control the Pt catalyst particle size within 3-5 nm and uniform
distribution over the CCC supports. The most common method is oxidation of carbon
supports in acid to increase the hydrophilicity [163]. However, strong acids will corrode
the carbon support and increase the support acidity and CO> formation which will decrease
the catalyst stability [112, 163]. In this study, we have used a non-covalent
functionalization on carbon surface via n-r interaction. The non-covalent functionalization
involves a bifunctional molecule which is adsorbed onto the inherently hydrophobic
graphitized surfaces of the supports. The bifunctional molecule contains a pyrenyl group
and a carboxylic acid functional group. The pyrenyl group, being highly aromatic in nature,
is known to interact strongly with the basal plane of graphite via n-n interaction thus
immobilizing the bifunctional molecule on the surface of carbon. Carboxylic acid
functional groups attached to the pyrenyl group endow hydrophilic characterization with
the graphitized carbon which is the same effect obtained from the acidic treatment. The
grafting of oxygen-containing groups onto the CCC support surface endows a negative
charge and creates the electrostatic stability required for a colloidal dispersion [163]. The
effectiveness of surface functionalization on graphitic carbon supports is clearly seen in

Figure 4.5. Without surface activation, half of the carbon surface is free of Pt particles and
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Pt aggregation is observed where Pt is deposited. After surface activation, Pt nanoparticles
are uniformly disperse over the entire graphitic carbon surface.

Figure 4.6 compares the X-ray diffraction patterns of Pt/CCC and commercial Pt/C
catalysts. The XRD patterns of the HCC catalysts show the characteristic diffraction peaks
of the face centered cubic structure for Pt at 20 = 39.7, 46.2, 67.8, 81.4° that correspond to
(111),(200),(220)and (31 1) planes, respectively. The particle sizes of the Pt/CCC
and commercial Pt/C catalysts are calculated to be 2.2 and 2.0 nm, respectively, using the
peak width of Pt (2 2 0) by Debye—Scherrer equation [53].

The HRTEM images shown in Figure 4.7 present the particle size distribution of
commercial Pt/C and Pt/CCC catalysts, respectively. The particle size increases as the
surface area of the carbon support decreases. Pt particles are dispersed uniformly on the
partially graphitic CCC support due to the surface functionalization. The Pt particle size
distribution shown in Figure 4.7 confirms the average particle sizes calculated using XRD
data.

It has been reported that the Pt-alloy particle size can increase as high as 20 nm
after heat-treatment at 800 °C [164]. 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 Co-doped Pt/CCC during high temperature pyrolysis
process. In order to study the effectiveness of the polyaniline protective coating, the
Pt/CCC 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 4.8. It is important to note that the Pt/CCC catalyst heated

for 30 min. in the absence of polyaniline protective coating resulted in particle
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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.

As described earlier, the novelty of the catalyst synthesis is to diffuse Co, which is already
incorporated in to the graphitic carbon matrix, into Pt to form Co-doped Pt catalyst during
heat-treatment as reported in our previous studies [91, 165]. 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 [114, 115, 166-169]. The unreacted transition metals are
then leached out in strong acids for longer duration [166-169]. In our studies, the chemical
leaching was carried out for a shorter duration (~30 to 60 min) to remove excess transition
metal particles from the surface to prepare leached Co-doped Pt/CCC (L-Co-doped
Pt/CCC) catalyst.

Figure 4.9 compares the X-ray diffraction of fresh, heat-treated (Co-doped
Pt/CCC), and leached (L-Co-doped Pt/CCC) catalysts. The XRD pattern of the fresh
Pt/CCC catalyst shows the characteristic diffraction peaks of the face centered cubic
structure at 2e = 39.7, 46.2, 67.5, 81.4° that correspond to (111), (200), (220) and (311)
planes, respectively. The diffraction peaks shift to higher Bragg angles, which illustrate a
decreased lattice constant due to the formation of Co doped Pt catalysts. Moreover, the
diffraction peaks became sharper after post treatment, indicating the increase in crystallite
sizes. The particle sizes of the fresh Pt/CCC and treated catalysts are calculated to be 2.2

nm and 3.5 nm, respectively, using the peak width of Pt (220) by Debye—Scherrer equation.
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4.3 Electrochemical Characterization

The mitigation of Pt dissolution mechanism is studied by comparing the CVs of L-
Co-doped Pt/CCC and pure Pt/C catlysts. Pt surface structure tends to undergo
modifications with sublayer transition metal leading to weakened interactions between Pt
and adsorbates [121, 125]. A 60 mV shift of Pt oxidation peak is observed after Co-doping
which indicates that the Pt compressive lattice catalyst experiences less electrochemical
oxidation than pure Pt. Therefore, besides the oxidation potential shifts, the ECSA
calculated by H desorption/adsorption also reduced 3 times.

Figure 4.11 (a and b) presents the H»-air polarization curves and corresponding
power density curves for 30% Pt/CCC, 30% Co-doped Pt/CCC, and 30% L-Co-doped
Pt/CCC in comparison with in-house 30% Pt/C and commercial 46% Pt/C catalysts as
cathodes with Pt loadings of 0.1 mg cm™ in single PEM fuel cells (25 cm* MEAs). The fuel
cell was operated at 80 °C under Hy/air (2.0/2.0 stoic.), 50% RH and 170 kPaas back
pressure. The current densities are 1420, 1370, 1730, 1200, 1200 mA cm 2 at 0.6 Vir-frec
with maximum power densities of 944, 857, 1050, 757, 746 mW cm 2 for the Pt/A-CCC,
Co-doped Pt/CCC, L-Co-doped Pt/CCC, Pt/C and commercial Pt/C, respectively. Figure
4.11 (a and b) indicates that all the HCCs perform better in Hz-air than in-house 30% Pt/C
or commercial 46% Pt/C catalysts, especially in the mass transfer region. The enhancement
in the performance proves the existence of synergistic effect between the catalytically
active CCC support and Pt or doped-Pt catalysts. Moreover, after the removal of excess Co
on the surface by chemical leaching, the L-Co-doped Pt/CCC displays the highest ORR

activity due to the formation of altered Pt electronic structure by Co-doping [52, 170].
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The other phenomena we observed is the activity increase at high potential for the
L-Co-doped Pt is 2.4 times higher than Pt (0.47 A mg™' for L-Co-doped Pt vs. 0.18 a mg’!
for Pt), but only 1.4 times (1730 mA cm™ for L-Co-doped Pt vs. 1200 mA cm™ for Pt) at
low potential due to the fact that Pt oxide has less ORR catalytic activity compared to pure
Pt. Due to less presence of Pt oxide at high potentials on the compressive Pt surface, the
performance in the kinetic region increases as shown with higher mass activity at 0.9V.
However, at 0.6 V where only pure Pt works as ORR catalyst, so the performance increase
is not significant.

4.4  Catalyst Stability under Potential Cycling between 0.6 and 1.0 V

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 HCC and Pt/C catalysts [126]. Figures 4.12, 4.13 and 4.14 present the polarization
curves of Co-doped Pt/CCC and L-Co-doped Pt/CCC and commercial Pt/C catalysts before
and after 30,000 cycles under H»-air (2.0/2.0 stoic.) operating conditions. The stability of
the Co-doped catalysts is better than commercial Pt/C catalyst. After 30,000 potential
cycles between 0.6 and 1.0 V, the Co-doped Pt/CCC and L-Co-doped Pt/CCC catalysts
showed 40 and 65 mV loss, respectively at 800 mA cm 2. It has been reported that the
altered Pt electronic structure decreases oxygen binding energy which not only increases
the activity but also enhances the catalyst durability with less oxygenated intermediates
covered on the Pt surface to induce Pt dissolution [170].

Table 4.2 summarizes the catalyst stability results such as cell potential loss, power
density loss, and mass activity loss of the catalysts synthesized in this investigation in

comparison with commercial Pt/C. The calculation of loss of mass activity and the
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degradation rate are outlined in Table 4.2. The mass activity in the kinetic region shows
values higher than 0.44 A mgp! for Co-doped Pt/CCC indicating higher ORR catalytic
activity than Pt/C catalyst due to the change in Pt electronic structure [52, 170]. The initial
and final mass activities of Co-doped Pt/CCC catalyst are 0.44 and 0.25 A mgpi! (43%
mass activity loss), respectively. The activity and stability of mass activity for this catalyst
meet the 2017 DOE technical targets (initial value >0.44 A mgp;! and final value >0.26 A
mgpi ). Under the same condition, the commercial catalyst showed 0.18 and 0.08 A mgp;!
(55% mass activity loss) before and after AST, respectively. On the other hand, the mass
activity degradation rate per cycle of Co-doped Pt/CCC is 6.33x10°° A mgp, ! cycle™!, while

that of Pt/C is 3.33x10° A mgp; ! cycle!. The Co-doped Pt/CCC catalyst exhibits the highest

cell voltage at 800 mA cm 2 (666 mV) value after 30,000 cycles with a maximum power
density (initial) of 857 mW c¢m 2. The L-Co-doped Pt/CCC demonstrates the highest
maximum power density values before and after potential cycling (decreased from 1054 to
820 mW cm 2 after 30,000 cycles) since more Pt skin is exposed during acid leaching due
to the removal of excess Co [166-169].

The fresh and cycled L-Co-doped Pt/CCC catalysts were selected for elemental
mapping and line-scan XEDS studies post-test analysis to confirm the formation and
retention of doped-metal core and Pt-shell type catalyst structure. The elemental mapping
and line-scan of XEDS results of fresh and after 30,000 potential cycles of L-Co-doped
Pt/CCC catalyst are shown in Figure 4.15 and 4.16, respectively. The XEDS elemental
mapping results indicate that Pt and Co are homogeneously mixed as seen in Figure 4.15.
Most of the Co particles that are incorporated into the CCC support diffused during

controlled heat-treatment process to form the Co-doped Pt catalysts and only a small
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amount is remaining in the support. After 30,000 cycles, Pt dissolved and re-deposited to
form larger particles. The Co is partially removed accompanied by Pt dissolution and the
remaining one is protected by a thicker Pt film as shown in Figure 4.16. The Pt shell
thickness increases from 0.8 nm to as high as 2.4 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 [106, 171]. Thus, the initial high activity is related to the
compressive Pt strain [52]. After cycling, with the thicker Pt skin formation due to Pt
dissolution/re-deposition, the electronic effect between Pt and Co is reduced [106], which
may be one of the reasons for the activity loss besides the well-explained Pt particle
agglomeration effect [126].

Tables 4.3 and 4.4 summarize the compositions for Pt/CCC, Co-doped Pt/CCC and
L-Co-doped Pt/CCC (initial and after 30,000 cycles) catalysts determined by ICP-MS and
XREF, respectively. The Pt concentration in the fresh Pt/CCC catalyst is 28.02% (Table 4.3),
which is close to that of the target 30% Pt concentration. After heat-treatment, Pt
concentration is increased in the heat-treated (Co-doped Pt/CCC) and leached (L-Co-doped
Pt/CCC) samples due to the loss of carbon support during heat-treatment. The difference
in Co amount in Pt/CCC and Co-doped Pt/CCC is due to the fact that some of the Co is
lost during protective coating process performed in acidic solution. Since XRF detects only
the weight ratio of Pt and Co, it is easier to illustrate the Co composition variation using
the data presented in Table 4.4. After leaching, XRF analysis indicates that ~45% Co
remains in the L-Co-doped Pt/CCC catalyst with a Pt to Co ratio of 1:0.42. Approximately
one third of initial Co amount from the core of the catalyst is dissolved during potential

cycling between 0.6 and 1. 0 V leading to Pt to Co ratio of 1:0.29 after cycling.
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4.5  Support Stability under Potential Holding at 1.2 V

Besides the normal fuel cell operating conditions between 0.6 and 1.0 V, the
cathode catalysts should be stable upon fuel starvation and start-up/shutdown conditions
when the cathode potential exceeds 1.2 V and reaches as high as 1.5V. Thus, potential
holding at 1.2 V was used to evaluate the support stability to meet the requirements of
automotive fuel cells.

In our previous study, Co-doped Pt/CCC cathode catalyst was subjected to 1.2 V
constant potential for 400 h to study their support stability in comparison with commercial
Pt/C catalyst [128]. The results are summarized in Table 4.5. The commercial Pt/C catalyst
which uses high surface area carbon as support lost its activity completely after 400 h
potential holding. The Co-doped Pt/CCC showed 201 mV loss at 800 mA cm. It has been
reported that carbon corrodes at 0.207 V vs. RHE; however, it is not detected during fuel
cell operation (0.6-1.0 V) due to its sluggish kinetics [92]. According to Young et al. [172],
potentials above 1.2 V accelerates the carbon corrosion rate and cause severe structural
degradation of catalyst layer on both commercial Pt/C and doped-Pt/CCC catalysts.

4.6 Conclusion

Catalytically active CCC was synthesized from commercial Ketjen black carbon
by subjecting to various processes including surface modification with mineral acids,
treatment with nitrogen-containing organic compounds, transition metal catalyzed
pyrolysis, and chemical leaching. A novel controlled pyrolysis with polianiline protective
coating was used to prevent the Pt particle agglomeration and sintering during Co-doped
Pt/CCC catalyst synthesis. X-ray diffraction study indicated the formation of Co-doped Pt

particles with an average particle size of 3.5 nm which was confirmed by HRTEM studies.
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The fuel cell studies indicated significant performance improvements for the HCCs in both
kinetic and mass transfer regions of the polarization curve when compared to a commercial
Pt/C catalyst. The improvement in the fuel cell performance of the HCCs with ultra-low
Pt loading (0.1 mge: cm™2) is attributed to the synergistic effect of catalytically active CCC
support and Pt or compressive Pt-lattice catalysts. The HCCs, namely, Co-doped Pt/CCC,
and L-Co-doped Pt/CCC showed enhanced maximum power densities of 857, 1050 mW
cm?, respectively, when compared to commercial Pt/C (746 mW cm). The Co-doped
Pt/CCC, and L-Co-doped Pt/CCC catalysts showed maximum power density loss of 16,
and 22% after 30,000 cycles between 0.6 and 1.0 V which is much less than that for a
commercial Pt/C (63% loss). However, due to the corrosion of CCC support at 1.2 V, this

catalyst is cannot be used for automotive applications.
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Table 4.1. Cobalt Concentration in carbon composite catalyst obtained after the chemical
leaching in 0.5M H2SOq4 solution at 80 °C, determined by XPS and ICP-AES.

Analytical technique Co Concentration / wt.%
XPS 0
ICP 12.7%
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Table 4.2. Comparison of cell potential, maximum power density, and mass activity of Co-doped Pt/CCC, L-Co-doped Pt/CCC, and
commercial Pt/C catalysts before and after 30,000 cycles between 0.6 and 1.0 V in 25 cm? MEAs under fuel cell testing conditions.

H2-air performance Maximum power Mass Activity
at 800 mA cm density at 0.9ViRr-free
| MViR-free / mW cm2 / A mgpt
Sample Degradation
. Loss* . Loss . Loss** rate ***
Initial | 30,000 I mv Initial | 30,000 1% Initial | 30,000 1% / A mgect
cycle?
Co-doped %
PUCCC 706 666 40 857 721 16 | 044 | 0.25 43 6.33x10
L-Co-doped -6
PUCCC 724 659 65 | 1054 | 820 22 | 047 | 0.16 66 10.33x10
Co”;,rtr;gc'a' 696 | O | 696 | 746 | 274 | 63 | 018 | 008 | 56 | 3.33x10%

*FY 2017 US DOE technical targets for electrocatalysts after 30,000 potential cycles between 0.6 and 1.0 V. The catalyst performance
evaluation metrics are: <30 mV cell potential loss at 800 mA cm 2 and <40% mass activity loss after 30,000 cycles.

Initial—30,000
Initial

** Mass activity loss = X 100%

Initial—30,000

*** Degradation rate = 20000



Table 4.3. Compositions of the Pt/CCC, Co-doped Pt/CCC, L-Co-doped Pt/CCC (Initial)
catalysts, determined by ICP-MS.

Sample Concentration / wt. % Pt to Co ratio
Pt Co C / molar ratio
Pt/CCC 28.02 8.37 66.61 Pt:Co=1:1
Co-doped Pt/CCC 30.88 7.82 61.30 Pt:Co=1:0.85
L-Co-doped Pt/CCC 30.60 3.92 65.48 Pt: Co=1:0.43
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Table 4.4. Compositions of the Pt/CCC, Co-doped Pt/CCC, L-Co-doped Pt/CCC (initial
and 30,000 cycles in fuel cell testing conditions®) catalysts, determined by XRF.

Sample Concentration / wt. % Pt to Co ratio
Pt Co / molar ratio
Pt/CCC 78.4 21.6 Pt: Co=1:0.93
Co-doped Pt/CCC 80.1 19.9 Pt: Co=1:0.81
L-Co-doped Pt/CCC (Initial) 88.8 11.2 Pt: Co=1:0.42
L-Co-doped Pt/CCC (30,000) 91.7 8.1 Pt: Co=1:0.29
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Table 4.5. Comparison of cell potential, maximum power density, ECSA and mass activity
losses of 30% Co-doped Pt/CCC, 30% Pt/C and commercial 46% Pt/C catalysts before and
after subjecting to 1.2 V potential holding experiment in 25 cm? MEAs under fuel cell

testing conditions.

Potential loss Maximum Mass activity
In Ho-air at 800 | power density | ECSA loss Loss
Sample
mA cm 2 loss | % at 0.9 ViRr-free
/mViR-free /% /%
30% Co-doped
PUCCC 201 54 60 50
30% Pt/C (25 h) 685 91 - 58
Commercial
46% PUC 696 85 71 72
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Figure 4.1. Schematic diagram of synthesize CCC and HCC.
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Figure 4.2. HRTEM images of (a) carbon black, and (b) CCC (The scale bar is 20 nm.).
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Figure 4.3. XRD patterns of carbon precursor, and CCC.
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Figure 4.4. Polarization curves for the oxygen reduction reaction on as-received carbon
black, HNOzs-oxidized carbon, and CCC in Oz-saturated 0.1 M HClO4 at room temperature.
Sweep rate: 5 mV s”!; rotation speed: 1600rpm; carbon loading: 120 pg cm 2.
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Figure 4.5. Comparison of Pt deposition on CCC support with and without surface
activation.
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Figure 4.6. XRD patterns of Pt/CCC and commercial Pt/C catalysts.
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Figure 4.7. Transmission electron microscopy image of (a) commercial Pt/C,

Pt/CCC catalysts (The scale bar is 10 nm).
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Figure 4.8. TEM images of Pt/CCC pyrolyzed with and without protective coating.
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Figure 4.9. XRD patterns of Pt/CCC, Co-doped Pt/CCC and L-Co-doped Pt/CCC catalysts.
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Figure 4.10. Cyclic Voltammograms comparison between L-Co-doped Pt/CCC and Pt/C in
RDE in N;-saturated 0.1 M HCIO4 at room temperature. Sweep rate: 50 mV s™; rotation
speed: 1600rpm; Pt loading: 20 pg cm ™.

76



H T H T H T H T H T
. lof (@) H,/air stoic: 2.0/2.0 |
. 170 kPa backpressure |
g 08 80°C, 50% RH
8 ©r — 7]
3 0\3\‘\
> \ \ \A\
2 06 S
. I~ A. =
_g \ ~.
3 I \ \ ]
$ 04r -
o] —m— Commercial 46% Pt/C
ﬂ%:’ —e—30% PY/C
T 02F _e_30% Co-doped Pt/CCC T
—A— 30% L-Co-doped Pt/CCC
Oo L 1 L 1 L 1 L L 1
0 400 800 1200 1690 2000
Current Density / mA cm
[ T T T T T T T T T T T ]
~ 1000 (D) /A\‘ -
£
(&)
= 800 L H ,jair stoic: 2.0/2.0 // \
E 170 kPa backpressure /t§‘ |
> [ 80°C, 50% RH /‘
G 600 / -
[ I ]
o
5400 - -
2 .
o —m— Commercial 46% Pt/C
200 | —e&—30% Pt/C -
—e— 30% Co-doped Pt/CCC
—A—30% L-Co-doped Pt/CCC
0 _? L 1 L 1 L 1 L 1 L 1 ]
0 400 800 1200 1600 2000

Current Density / mA cm”

Figure 4.11. (a) Hz-air polarization curves of the PEM fuel cells, and (b) the corresponding
power density prepared with 30% Co-doped Pt/CCC, and 30% L-Co-doped Pt/CCC
catalysts and compared with 30% Pt/C and commercial 46% Pt/C catalysts. The fuel cell
operating conditions are: Ho/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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Figure 4.12. Hy-air polarization curves and the corresponding power density of the PEM
fuel cells prepared with Co-doped Pt/CCC catalyst before and after 30,000 cycles. The fuel
cell operating conditions are: Ho/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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Figure 4.13. H»-air polarization curves and the corresponding power density of the PEM
fuel cells prepared with L-Co-doped Pt/CCC catalyst before and after 30,000 cycles. The
fuel cell operating conditions are: Ho/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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Figure 4.14. H»-air polarization curves and the corresponding power density of the PEM
fuel cells prepared with commercial 46% Pt/C catalyst before and after 30,000 cycles. The
fuel cell operating conditions are: Ho/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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Figure 4.15. XEDS elemental mapping of L-Co-doped Pt/CCC catalyst (a) before and (b)
after 30,000 cycles.
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CHAPTER 5

DEVELOPMENT OF STABLE GRAPHITIC 2N° AND 3RP
GENERATION CCC

Besides the normal fuel cell operating conditions between 0.6 and 1.0 V, the
cathode catalysts should be stable during fuel starvation and start-up/shutdown conditions
when the cathode interfacial potential difference exceeds 1.2 V and reaches as high as 1.5
V [92]. This high potential together with other favorable conditions such as presence of Pt,
low pH, high oxygen and water contents, and high temperature accelerates the carbon
corrosion according to reaction 1.4.

The kinetics of carbon oxidation reaction is very slow at the actual cathode potential
under PEMFC operating conditions [92]. However, the corrosion reactions are
significantly accelerated under high potential conditions, such as OCV (~1.0 V) and
potential excursions (~1.5 V) under startup/shutdown cycles [26] or local fuel starvation
[92, 173], which lead to fuel cell performance degradation. Therefore, durability of the
catalyst support is extremely important for automotive fuel cell applications, since
approximately 30,000 startup/shutdown cycles without any significant loss of voltage are
required over 5,500 h of operation [126]. According to our previous study, the Pt/CCC
catalyst showed an iR-free cell voltage of 699 mV at 800 mA cm 2 which decreased to 498
mV after 400 h potential holding at 1.2 V resulting in total cell potential loss of 201 mV.

The mass activity and ECSA losses after 400 h testing are 50% and 60%, respectively. The
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high cell potential loss for the Pt/CCC catalyst may be attributed to the oxidation of non-
graphitic carbon initiated by the surface defects on the partially graphitized CCC. Thus, the
objective of the chapter is to develop CCC with different graphitization degree and to study
their stability using a potential holding experiment (1.2 V for 400 h) by comparing the
potential loss at 800 mA cm™2 under Hp-air fuel cell operating conditions. The 2"
generation CCC, named as CCC-2"Y, is achieved by annealing CCC precursor at 1100 °C
in the presence of Co, followed by acid leaching. To further increase the graphitic support
purity, a purification and stabilization step is carried out to treat the CCC-2"%. The new
material is the 3" generation CCC, named as CCC-3".
5.1  Synthesis of 2" and 3" Generation CCC

Figure 5.1 shows the XRD patterns of carbon black and CCC treated at different
temperatures. The sharp peak at 26° confirms the formation of highly graphitic carbon for
CCC-2" and CCC-3", which were treated at 1100 °C. The sample with or without
purification shows no difference in XRD, which means the graphitic carbon remains in the
support. Only CCC annealed below 900 °C exhibits obvious Co peaks at 44 at 52°. Table
5.1 summarizes the Co content achieved by ICP analysis and the lattice parameters
calculated from XRD for different CCC. ICP analysis proves that CCC treated at 800 and
900 °C contains 12.7 and 4.8% Co in the support, respectively. However, less than 1% Co
exist in the CCC-2" pyrolyzed at 1100 °C since most of the Co was diffused to the surface
during heat-treatment which was then leached out in 0.5 M H2SO4. HRTEM images of
different CCCs in Figure 5.2 prove the above assumptions. Compared to the CCC heat-

treated at lower temperature (Fig 5.2 a & b) in chapter 4, CCC-2" illustrates much more
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clear graphitic structure (Fig. 5.2 c). As can be seen in Figure 5.2 d, the amorphous carbon
has been successfully removed and only graphitic carbon exists after purification step.

Brunauer-Emmett-Teller (BET) isotherm and the corresponding Barrett-Joyner-
Halenda (BJH) pore size distribution of the carbon black and CCC supports subjected to
different treatment showed large hysteresis between adsorption and desorption, as well as
sharp increase/decrease in high relative pressure which indicates the presence of mesopores
in both the supports (Figure 5.3). After stabilization, the pore volume of CCC-3" decreased
by half compared with CCC-2". Furthermore, the BET surface area of CCC-2"and CCC-
3" are 250 and 140 m? g, respectively due to the removal of high surface area amorphous
carbon.
5.2  Synthesis of Pt on 2" and 3" Generation CCC

X-ray diffraction studies of Pt/CCC-2"% and Pt/CCC-3" catalysts and Pt crystallite
size calculation using Debye—Scherrer equation indicated particle size of 2.5 and 2.7 nm,
respectively (Figure 5.4). Besides the Pt peaks, prominent graphite (002) peak is also
detected at 26°. The TEM image shown in Fig. 5.5 confirms the XRD particle size
calculations and particle sizes between 2.0 and 3.0 nm are observed for the Pt/CCC-2"! and
Pt/CCC-3" catalysts. The micrograph shows that the Pt particles are uniformly distributed
on to the supports and Pt/CCC-3™ has more clear graphite structure than Pt/CCC-2".
5.3  Electrochemical Characterization

The fuel cell performances of the Pt/CCC-2"9, Pt/CCC-3™ and commercial Pt/C
catalysts were evaluated in a 25 cm? cell. Nafion NRE 212 membrane was used as the
electrolyte. First, the fuel cell was operated at 80 °C under H2-O2 (750/750 ml min') and

100% RH. Fig. 5.6 indicates that the performance of the catalyst increases as the CCC

85



support surface area decreases and Pt/CCC-3" achieves highest activity with lowest
support surface area and highest graphitization degree.

The mass activities of the Pt/CCC-2", Pt/CCC-3" and commercial Pt/C catalysts
are compared in Fig. 5.7. The experiment was carried out under the following DOE
suggested conditions: 80 °C under H2/O2 (2/9.5 stoic.), 100% RH and 150 kPaaps. As can
be seen from Fig. 5.7, the mass activities of Pt/CCC-2"Y, Pt/CCC-3" and commercial Pt/C
catalysts are 0.227, 0.29 and 0.18 A mgpr 2, respectively. The trend is the same as the whole
polarization curve shown in Fig. 5.6. The mass activity of the heated sample increased to
0.29 A mgett even without forming the alloy. The higher mass activity of Pt/CCC-3" is
attributed to the synergetic effect of CCC support and Pt catalyst.

Figure 5.8 depicts the H.-air fuel cell performance of Pt/CCC-2", Pt/CCC-3" and
commercial Pt/C catalysts. The cell was operated at 80 °C with 40% RH and 150 kPaans
back pressure. Similar to the H2/O> and mass activity performance, Pt/CCC shows higher
activity than Pt/C commercial catalyst in high current region. The performance at high
current density region under Hy/air for the Pt/CCC-3" catalyst (1.2 A/cm? at 0.6 Vir-free) iS
much better than that of commercial Pt/C (0.85 A/cm? at 0.6 Vir-free). Pt deposited on
stabilized highly graphitic CCC support shows better performance than that on CCC
prepared without stabilization.

5.4  Support Durability Studies of Pt on CCC-2" and CCC-3" Catalysts

The support durability test was evaluated for the Pt/CCC-2" and Pt/CCC-3

catalysts. Pt/CCC-2", Pt/CCC-3" and commercial Pt/C catalysts were tested under support

stability conditions suggested by U.S. DRIVE Partnership/Fuel Cell Technical Team. The
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test conditions are given in the experimental section. The mass activity and Ho/air fuel cell
performance were measured at regular intervals.

Figure 5.9 and 5.10 compare the mass activity of Pt/CCC-2", Pt/CCC-3" catalysts
(before and after potential holding for 400 h) with that of Pt/C (before and after potential
holding for 25 h) obtained under H»/O> according to the testing protocol suggested by the
U.S. DRIVE Partnership/Fuel Cell Technical Team. The details of operating conditions
are given in the graph. The mass activity of Pt/CCC-2" decreased from 0.22 to 0.11 A
mgeit (50% loss) after 400 hours holding at 1.2V while the mass activity of Pt/CCC-3™
decreased from 0.29 to 0.20 A mg™? (31% loss). On the other hand, the commercial Pt/C
showed 58.2% loss of mass activity from 0.182 to 0.076 A mger* decay after 25 h potential
holding at 1.2 V. Furthermore, the loss in ECSA for the Pt/CCC-2" and Pt/CCC-3
catalysts is 64 and 34.7%, respectively after 400 h potential holding test. The 1.2 V
potential holding test revealed that the Pt/CCC-2" and Pt/CCC-3" catalysts show higher
initial mass activity and excellent support stability than the Pt/C which clearly indicates
the importance of CCC supports’ stability and catalytic activity at high potentials.

The H-Air fuel cell performances of Pt/CCC-2"! and Pt/CCC-3" catalysts are
compared in Figure 5.11. Both the catalysts showed current densities of ~1.2 A cm at 0.6
Vir-free. IN the case of Pt/CCC-2"Y, the iR-free cell voltage loss is 128 mV (from 671 mV to
543 mV) and the cell voltage loss is 118 mV. For the Pt/CCC-3" catalyst, the whole
polarization curve remains the same until 200 h potential holding at 1.2 V and the iR-free
voltage loss is 66 mV while the cell voltage loss is 76 mV. The potential loss is higher than

the 2017 DOE target (30 mV loss after 400 h). However, Pt/C catalyst showed a drastic
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decrease in Hz-air performance after 25 h potential holding at 1.2 V due to the severe
carbon corrosion (Fig. 5.12).

Figure 5.13 and Figure 5.14 compare the activity of Pt/CCC-2"9, Pt/CCC-3" and
Pt/C cathode catalysts at high potential, and high current regions before and after the
support stability test, respectively. At high potential of 0.9V, both CCC supports exhibits
good support stability after holding at 1.2V (Figure 5.13). However, as the current
increases, the drop in voltage becomes higher and higher. At 800 mA cm2, doubled voltage
loss is observed (Figure 5.14 a). When the current increases to 1200 mA ¢cm2, Pt/CCC-3'
shows 115 mV voltage after stability test. Both Pt/CCC-2"? and Pt/C both show no activity
at that current density. The huge power density loss at high current region is due to carbon
oxidation during the AST. The water formation at low current region is limited. As the
current increases, more water is produced on the cathode side during ORR. However, it
cannot be efficiently removed from the catalyst layer due to increased hydrophilicity
caused by carbon oxidation. Most of the Pt active sites are covered by water and oxygen
cannot penetrate to participate in the reaction, which causes the mass transfer limitation to
occur at much earlier stage during ORR.

The present study showed that the graphitic structure increases the support stability
when compared to the high surface area carbon support which is generally used in
commercial Pt/C catalyst. The improved support stability is solely attributed to the high
degree of graphitization of the CCC-2"%. It has been reported that the extent of
graphitization of carbon supports plays an important role on the support stability, with more
graphitic carbons being more thermally and electrochemically stable [174-176]. However,

the cell potential loss of 128 mV is significantly high for practical use in automotive PEM
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fuel cell stacks. Since Pt deposition is non-selective or more favorable on amorphous
carbon, the CCC-2" leads to a poor stability under high potentials. By removal of
amorphous carbon without changing the graphitic structure in CCC-2"Y, CCC-3" further
improves the corrosion resistance and support stability.

5.5  Catalyst Durability Study on Co-doped Pt/CCC-3" Catalyst

The Co-doped Pt/CCC-3" catalyst was prepared by impregnating Co salt into the
Pt/CCC-3" catalyst in the presence of an in-house developed coating, followed by high
temperature pyrolysis. As shown by XRD in Figure 5.15, the shift of all the peaks for the
PtCo catalyst illustrates the Pt-Pt bond distance is decreased compared to the fresh catalyst.
The particle size of Co-doped Pt/CCC-3" catalyst grows to 4.0 nm from 2.5 nm after high
temperature pyrolysis.

To improve the high current density activity, the Co-doped Pt/CCC-3" is leached
to remove the excess Co on the surface. The leached sample is named as L-Co-doped
Pt/CCC-3".

The catalyst durability was evaluated by cycling the potential between 0.6 and 1.0
V at 50 mV st scan rate. The durability test conditions are described in the experimental
section. Figure 5.16 and Figure 5.17 illustrates the mass activity at high potentials
measured in Hz-Oz and Ho-air polarization curves of the Co-doped Pt/CCC-3" and the L-
Co-doped Pt/CCC-3" catalysts, respectively. The Co-doped Pt/CCC-3" shows initial mass
activity (0.42 A mgeel) and mass activity after 30k cycles (0.20 A mger?) in Hz/O2
corresponding to a loss of 52%. The ECSA decreased from 23.2 to 19.8 m? g* after 30 k
cycles. The Co-doped Pt/CCC-3 catalyst exhibited an initial Hx/air performance of 800

mA cm at 0.607 Vir-iree and the iR-free potential decreased to 0.561 V after 30 k cycles
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(loss of 46 mV). The cell potential loss is 53 mV after 30 k cycles. The loss in cell potential
is slightly higher than the 2017 DOE target of 30 mV loss after 30 k cycles. On the other
hand, the leached catalyst exhibits higher initial activity in both high potential (mass
activity of 0.44 A mg* at 0.9V) and high current regions (cell voltage of 690 mV at 800
mA cm2). However, after cycling, there is a significant activity decrease due to Pt
dissolution. As a comparison, the catalyst durability results of commercial PtsCo on
graphitic carbon support is presented in Figure 18.

Figure 5.19 a summarizes the mass activity comparison (at 0.9V) of Co-doped
Pt/CCC-3", L-Co-doped Pt/CCC-3" Pt/CCC-3", commercial Pt3Co/C and Pt/C cathode
catalysts (The values are obtained from Figures 5.16 and 5.18 a.). Fig. 5.19 b summarizes
the current density comparison (at 0.6V) of Co-doped Pt/CCC-3", L-Co-doped Pt/CCC-
3™ Pt/CCC-3", commercial Pt3Co/C and Pt/C cathode catalysts (The values are achieved
from Figures 5.17 and 5.18 b.) before and after 30 k potential cycling between 0.6 and
1.0V. Figure 5.19 a shows that all the Co-doped catalysts have initial high mass activity
than pure Pt. The mass activities are 0.42, 0.44 and 0.39 for Co-doped, L-Co-doped catalyst
and commercial PtsCo/C, respectively. After 30k cycles, both Pt/CCC-3 and Pt/C
catalysts have final mass activity of0 0.08 A/mg. With Pt compressive lattice formation,
the final mass activity of Co-doped Pt/CCC-3" is 0.2, which is 2.5 times higher than that
of pure Pt. However, this catalyst lost the stable structure after leaching, showing the same
final mass activity as Pt. The whole polarization curve in Ho-air illustrates that the current
obtained for the Co-doped Pt/CCC-3" at 0.6V is stable but not high enough to achieve
desired power density. High mass activity at high potential does not always transform to

better performance at high current in Hz-air, but the stability of mass activity is
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representative for the catalyst system. Therefore, the unstable mass activity can indicate
the poor durability of L-Co-doped Pt/CCC-3". The other phenomenon observed is that the
leached catalyst is not as stable on CCC-3 as on the 1% generation CCC. One major
difference is that we used two different Co doping method. That is, the compressive Pt
lattice on CCC-3" is formed by Co doping from outside the Pt particles (conventional
impregnation method), while that on CCC is formed through Co diffusion from the CCC
support. After acid leaching, conventionally (impregnation method) prepared compressive
Pt structure has more pores on the surface. The increase of roughness contributes to the
decrease in catalyst durability [52]. The other reason is that the CCC-3" has 3-time smaller
BET surface area and smoother surface which also affects the Pt-C interaction.
56  Conclusion

Cobalt catalyzed the support graphitization and aided the formation of carbon
nanotubes at 1100 °C. Graphitic carbon has better support corrosion-resistance due to less
presence of surface defects which act as oxidation etching sites. A support purification and
stabilization procedure was developed to remove the electrochemically unstable
amorphous carbon from the CCC-2" which resulted in a highly stable CCC-3" with
improved support stability. At high temperatures above 900 °C, the Co embedded within
the support diffused towards the surface and formed compressive Pt lattice catalyst. The
compressive lattice structure prepared by the conventional impregnation method showed
less ORR activity with the Co-rich surface compared to the in-house developed doping
method. After removal of excess Co by chemical leaching, the stability of the compressive

lattice structure is reduced due to increase of surface roughness.
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Table 5.1 Physical property of CCC subjected to different treatments, including XRD,

BET and ICP.
Sample Pyrolysis Lc BET Co
temperature from XRD surface area from ICP
/°C / nm /m?g? | %
Carbon black - 11 780 0
CCC 800 3.6 350 12.7
CCC-900 °C 900 3.8 380 5
ccc-2m 1100 7.3 250 0.5
ccc-3« 1100 & 7.4 140 0.3
purification
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Table 5.2. Comparison of particle size, mass activity, ECSA, cell potential losses of 30%
Pt/CCC-2", 30% Pt/CCC-3™ and 30% Pt/C catalysts before and after subjecting to 1.2 \/
potential holding experiment in 25 cm? MEAs under fuel cell testing conditions.

) Mass activity Potential loss
Particle ) )
_ Loss in Hz-air at 800 ECSA loss

Sample size

at 0.9 Vir-free mA cm? 1 %
/ nm

[ % | MViRr-free
30% Pt/CCC-2" 2.5 50 128 64
30% Pt/CCC-3" 2.7 31 66 22
30% Pt/C (25 h) 2.2 58 620 -
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Figure 5.1. X-ray diffraction patterns of carbon black and CCC subjected to different
treatment.
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Figure 5.2. TEM images of CCC treated at (a) 800°C, (b) 900°C, (c) 1100°C and (d) after
stabilization. The scale bar in the TEM image is 50 nm.
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Figure 5.4. X-ray diffraction of Pt/CCC-2" and Pt/CCC-3" catalysts.
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Figure 5.5. Transmission electron microscopy images of (a) Pt/CCC-2" and (b) Pt/CCC-
3" catalysts (The scale bar is 10 nm).
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CHAPTER 6

DEVELOPMENT OF ACTIVATED CARBON COMPOSITE CATALYST
(A-CCS) AND PT/A-CCS CATALYST

6.1  Synthesis of A-CCS and Pt/A-CCS

In order to further improve the support stability at high potentials (1-1.5 V), The A-
CCC was synthesized by the same two-step stabilization process described in Chapter 5
from a different carbon precursor. The A-CCC with a BET surface area of 200 m? g~* was
used to synthesize 30% Pt/A-CCC catalyst. The HRTEM images shown in Fig. 6.1
revealed that the Pt particles are uniformly distributed over the A-CCC support with an
average particle size of ~3.1 nm. Figure 6.2 exhibits the XRD patterns of A-CCC and Pt/A-
CCC. 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 [177, 178]. The L. value for
A-CCC is only 2.8 while that for Ketjen black, CCC and CCC-2" is 1.1, 3.6 and 7.3,
respectively. Compared to CCC, A-CCC did not show significant graphitic structures.
However, due to difference in the carbon precursors’ nature, A-CCC exhibits improved
hydrophobicity.

From Chapter 5, we know that highly graphitic carbon was not friendly for Pt
anchorage due to its small BET surface area and smooth surface. Therefore, the catalyst
after 30,000 potential cycles between 0.6 and 1.0V exhibits poor catalytic performance.

Thus, it is very important to study the Pt-C interaction on A-CCS to see the increase of
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surface area and decrease of graphitic nature can help to improve the catalyst-support
interaction and further enhance the catalyst durability.
6.2  Catalyst Stability

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/A-CCC and Pt/C catalysts. Figures 6.3, 6.4, and 6.5 present the polarization
curves of Pt/A-CCC and commercial Pt/C catalysts before and after 30,000 cycles under
H,-O; (constant flow 750/750 mL min™' and stoic 2.0/9.5) and H-air (2.0/2.0 stoic.)
operating conditions, respectively. As shown in Figure 6.3 a, when the cathode reactant is
sufficiently supplied for ORR at 100% RH, the Pt/A-CCC 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 6.3 b). At kinetic region in
Figure 6.4, when fuel supply is limited, mass activity losses of 50 and 61% are noticed for
Pt/A-CCC 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/A-CCC catalyst
(Figure 6.5 a), the Vir-free loss 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 2. Furthermore, the Pt/A-CCC catalyst
showed initial maximum power density of 944 mW c¢cm 2 and 703 mW cm 2 after 30,000
cycles (26% loss). The Pt/C (Figure 6.5 b) showed no activity at that current density and
the maximum power density drops from 746 mW cm 2 to 274 mW cm 2 (63% loss). The
increased stability can be attributed to strong m-bond in the A-CCC due to enhanced
graphitic nature, which acts as anchoring sites (sp2-hybridized carbon) for Pt [179, 180].

The ECSA change during potential cycling shown in Figure 6.6 also supports the above
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explanation. The ECSA of commercial catalyst experienced significant loss from 65 to 13
m? g~ ! while that of Pt/A-CCC is much more stable during the cycling test with only 41%
loss (from 39 to 23 m? g !). As shown in Figure 6.6 (c), the normalized ECSA remained at
around 60% of its initial value for the Pt/A-CCC 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.
6.3 Support Durability under Potential Holding at 1.2 V

The initial He-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/A-CCC catalyst are compared
in Figure 6.7. The 30% Pt/A-CCC 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 cm2 which decreased to 958 mW cm™2 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. 6.8. Figure 6.9 (a) and Figure 6.9 (b) compare the ECSA loss in the fuel cell
for the commercial 46.7% Pt/C and 30% Pt/A-CCC -catalysts, respectively. The
commercial Pt/C showed an initial ECSA of 52 m? gt * which drastically decreased to 15
m?2 get 1 (71% loss) after 25 h due to severe carbon corrosion. Conversely, the 30% Pt/A-
CCC showed much lower ECSA loss of only 30% with initial and final ECSA values of
40 and 28 m? ger 1, respectively.

All the fuel cell polarization results together with kinetic activity loss and ECSA

loss data clearly indicate that graphitic carbon-support offers better corrosion resistance
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during potential holding. Furthermore, significantly low potential loss of 27 mV at 800
mA cm 2 after 400 h potential holding experiment obtained for the 30% Pt/A-CCCS
catalyst is also attributed to the increased hydrophobicity of the support [181] and a
relatively stronger catalyst-support interaction [180] when compared to other Pt catalysts
investigated in this study.
6.4  Support Durability under Potential Cycling between 1.0 and 1.5 V

In order to further evaluate the support stability of Pt/A-CCC under very severe
corroding conditions, AST [126] between 1.0 and 1.5 V for 5,000 cycles at 500 mV st
sweep rate was performed under H2/N2 at 80 °C and 100% RH and the results are compared
with that of commercial Pt/C catalyst in Figure 6.10 (a and b). The Pt/A-CCC catalyst
showed no potential loss up to 2,000 cycles and only 24 mV loss cycles at 1500 mA cm 2
after 5,000 which satisfies the DOE targets for support stability [126]. The maximum initial
power density is 970 mW cm2 and the loss is only 3% after 5,000 cycles which shows that
the A-CCC support in Pt/A-CCC 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 A-CCC
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.

Fig. 6.11 (a) and (b) shows the BSEM image of the cross-section of the fresh and
post-cell test of the MEAS, which contains Pt/C or Pt/A-CCC catalyst on the cathode side.

Five distinct layers can be identified: the anode GDL, the commercial Pt anode, the Nafion
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membrane, the cathode catalyst layer and the cathode GDL. From the change in the
contrast provided by the BSEM, it is obvious to distinguish the cathode catalyst layer of
commercial catalyst is corroded completely, as shown in Figure 6.10 (a). However, after
5,000 cycles between 1.0 to 1.5 V, the cathode side of Pt/A-CCC maintained its catalyst
layer structure under highly corrosion environment (Figure 6.11 b).
6.5  Conclusion

A-CCC support was synthesized using purification and stabilization process with
a different carbon precursor as a starting material. The A-CCS support is less graphitic but
more hydrophobic in nature compared to CCC-3" The Pt on A-CCC support exhibits
improved Pt catalyst stability due to modified pore size distribution and graphitization of
the support. On the other hand, the Pt/A-CCC catalyst exhibited only 27 mV loss at 800
mA cm2 after 400-hour potential holding at 1.2 V and 35 mV loss at 1500 mA cm 2 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. These studies suggest that the Pt/A-CCC

catalyst can be a promising cathode candidate material for transportation applications.
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Table 6.1. Summary of the fuel cell performance of Pt/A-CCS catalyst before and after

catalyst and support AST.

DOE
Metric Units Pt/A-CCS Pt/C

target

Initial Mass Activity
Initial Mass activity A/mgrem @ 0.9V | 0.22~0.26 0.18 >0.44
Catalyst Stability (30,000 cycles between 0.6 and 1.0 V)
Loss in catalyst activity % loss after AST 50% 68% <40%
Loss in ECSA % loss after AST 41% 80% <40%
Potential loss @ 0.8 A/cm? | mV loss after AST | 72 mV 620 <30 mV
Support Stability (400 h holding at 1.2 V)
Loss in catalyst activity % loss after AST 32% 2% <40%
Loss in ECSA % loss after AST 6% 71% <40%
Potential loss @ 0.8 A/cm? | mV loss after AST | 18 mV 620 <30 mV
Support Stability (5,000 cycles between 1.0 and 1.5 V)
Loss in catalyst activity % loss after AST 41% 56% <40%
Loss in ECSA % loss after AST - - <40%
Potential loss @ 1.5 A/lcm? | mV loss after AST | 36 mV 620 <30 mV
PGM Content and PGM Loading

PGM total content grem/KW (rated) 0.18 0.3 <0.125
PGM total loading Mgrem/CMZgeo 0.2 0.2 <0.125
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Figure 6.1. Transmission electron microscopy image of Pt/A-CCC catalyst (The scale bar
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CHAPTER 7

DEVELOPMENT OF HIGHLY DURABLE HYBRID CATHODE
CATALYST DEPOSITED ON A-CCS FOR PEMFC

The pure Pt on A-CCS presents high support stability and enhanced catalyst
durability compared to Pt/CCC-3' catalyst. To further improve the durability, Co should
be doped into Pt to have the lattice contraction to slow down Pt dissolution. However,
doping Pt with too much Co can decrease the ORR activity with excess Co coverage on Pt
active sites, while smaller Co ratio may not be effectively to provide the compressed Pt
strain. Therefore, Pt to Co ratio plays a significant role in catalyst development and Pt to
ratio needs to be optimized to achieve the highly active and durable catalyst.

7.1  Effect of Pt to Co Ratio on ORR Catalytic Activity

Initially Co-doped A-CCS was synthesized by mixing A-CCS 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 H2SO4for 4 hours to remove
the excess of Co on the surface, is named as A-CCS. Table 7.1 summarizes the ACCS
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,
we 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 A-CCS is only related to carbon to Co ratio. XRD patterns
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of A-CCSs with different Co concentration are compared in Figure 7.1. 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 with more ligand.

30% Pt is first deposited on the supports having different Co concentrations and
PtCo alloy catalysts with the Pt to Co ratio between 1:1 and 3:1 are formed using the
methodologies described in Chapter 2. The heat-treated catalysts are named as Co-doped
Pt/A-CCS. The XRD is shown in Figure 7.2. 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 superlattice
reflections such as (100) reflection at 33°.

The effect of Pt to Co ratio on ORR catalytic activity are 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).

The mass activity is measured at high potential region under the condition: H»/O»
(2.0/9.5 stoic.), 100% RH and 150 kPaaps back pressure, 80°C cell temperature. As shown
in Figure 7.3, at 0.9V, the mass activities are 0.220, 0.298, 0.311, 0.356, 0.420 and 0.383A
mg! for pure Pt, PtsCo1, Pt25Co1, Pt2Cor, Pti.sCor and PtiCo; catalysts, respectively. From
Figure 7.3 b, we can see that the mass activity increases as the Co to Pt ratio increases,

following a linear fit, except for PtiCoi. The lower mass activity achieved with Pt;Co; is

131



due to the formation of ordered fct structure. It has been reported by Koh [182] that ordered
PtCo fct structure is more corrosion resistant but less active for ORR.

The polarization curves are obtained under Ho/air (2.0/2.0 stoic.), 50% RH and 170
kPaapns back pressure, 80°C cell temperature. As discussed in chapter 5, 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.

7.2  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 very much. Pt to Co ratios
between 2:1 and 3:1 give higher activity than pure Pt at 0.6 V. Therefore, Pt to Co ratio 2:1
is selected to be optimized the annealing temperature to have better Pt Co interaction.

As reported in the literature, when the annealing temperature is increased, more
ordered PtCo structure with lower activity is form [182]. 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
7.5). Furthermore, the catalyst annealed at higher temperature exhibits higher shift in 26

angle indicating more compressive Pt lattice formation.
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The effect of annealing temperature on ORR catalytic activity is 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). From the mass activity study results shown in Figure 7.6 a & b, at 0.9V,
the highest mass activity of 0.356 A mg™! is obtained for the Pt2Co catalyst heat-treated at
800 °C. Figure 7.6 b shows that above 800 °C, the mass activity decreases as temperature
increases. The Ho/air polarization curves shown in Figure 7.7 a & b presents the similar
tendency as the mass activity study. The observed phenomenon is due to more ordered
structure formation at high temperature which decreases the activity. Besides, high
temperature also contributes to Pt particle growth and agglomeration. Therefore, the
compressive Pt-lattice catalyst development is a trade-off between the catalyst activity and
durability. At 0.6V, the catalysts pyrolyzed between 700 and 850°C show better ORR
activity than pure Pt, as shown in Figure 7.7 b. Based on these studies, the catalysts
annealed at 800 and 850°C are chosen for catalyst durability studies.

7.3 Catalyst Durability and Support Stability Studies of Co-doped Pt/A-CCS Catalysts

To investigate the catalyst stability in PEM fuel cell under 100% RH and 80 °C cell
temperature, potential cycling experiment (0.6-1.0 V for 30,000 cycles) was performed on
the 800 and 850°C treated Co-doped Pt/A-CCS catalysts. Figures 7.8 a & b and Figure 7.10
a & b present the Tafel plot of voltage versus mass activity and whole polarization curves
of the 800 and 850°C treated Pt2Co; catalysts before and after each 10,000 cycles under
H»-0O; and H»-air operating conditions, respectively. The mass activity values at 0.9V versus
cycle number or these two catalysts are compared in Figure 7.9. Both the catalysts showed
huge performance decay at 0.9 V after first 10,000 cycles at 0.9V which is similar to the

results reported for pure Pt [11]. The performance decay is caused due to removal of Co
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from the PtCo catalyst together with Pt dissolution and re-deposition. Once a thick Pt shell
is formed due to Pt dissolution/re-deposition process, the catalyst becomes more stable.
However, the catalyst treated at 850°C presents improved durability but with lower initial
ORR activity. Similar phenomenon is also shown in Hz-air polarization curves. At 0.6V, as
shown in Figure 7.11, the initial current densities are 1430 and 1360 mA cm for 800 and
850 °C treated catalysts, respectively. After the first 10,000 cycles, both the catalysts show
the same current density value of 1190 mA cm™. From then on, the higher temperature
annealed catalyst exhibits enhanced durability upon cycling with the same power output at
0.6 V. On the other hand, the lower temperature annealed catalyst shows gradual decrease
of current density at the same potential during catalyst durability test (0.6-1.0 V cycling).
The enhanced durability is attributed to more ordered structure formation at 850 °C.

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 Hz-air shows no decrease of ORR activity after 5,000
cycles. Instead, there is a 10 mV gain at 1500 mA c¢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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7.4  Conclusion

To avoid the leaching step during Co-doped Pt catalyst synthesis, the effect of Pt to
Co ratio on the ORR activity in PEMFC has been investigated. With the increase of Co to
Pt ratio from 0 to 0.67:1, the mass activity at high potential increases while the H»-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 Co-doped Pt
catalyst is achieved with Pt,Co; ratio annealed at 850°C. The A-CCS support also shows
high corrosion-resistance in the presence of Co-doped Pt during potential cycling between

1.0and 1.5V.
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Table 7.1 Pt to Co ratio prepared by different Co to ligand amount.

C:Co: ligand Co wt. Ptto Co Ptto Co
/ wt. ratio percentage in A- / wt. ratio / atomic ratio
CCS
| %
4:1:20 13% 77:23 1:1
4:1:10 14% 75:25 1:11
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 7.1. XRD patterns of A-CCSs with different Co concentrations.

137



Relative intensity / a.u.

Scanning Angle, 20/ degrees
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Figure 7.4. Ha-air polarization curves of the PEM fuel cells prepared with Co-doped Pt/A-
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Figure 7.10. Hz-air polarization curves of the PEM fuel cells prepared with Co-doped Pt/A-
CCS catalysts with Pt to Co ratio of 2:1 annealed at (a) 800 °C and (b) 850 °C (iR-corrected
cell voltage vs. current density) before and after 30,000 cycles between 0.6 and 1.0 V. The
fuel cell operating conditions are: Hp/air (2.0/2.0), 80 °C, 50% RH, 170 kPa back pressure.
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