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The Oxygen Reduction Reaction (ORR) is the key
catalytic challenge for hydrogen/air fuel cell vehicles

B State-of-the-art fuel cell anode and cathode
catalysts are platinum nanoparticles supported
on high surface area carbon (Pt/C)

B Nanoparticles maximize Pt surface area for
catalysis per gram of Pt @

B Anode

— Kinetics are fast on Pt — seven orders of
magnitude faster than cathode reaction

— Low Pt loadings (0.05 mgPt/cm?) work well on
anode

B Cathode
— Kinetics are slow on Pt = high voltage losses
* 400 mV out of 560 mV total loss at 1.5 A/lcm?
— High Pt loadings necessary (~0.4 mg pure Pt/cm?)
* Pt/C ORR activity of 0.11 A/mg Pt

* 0.5 g Pt/kW is state-of-the-art for stacks with
Pt/C cathode catalyst

20 nm




Pt cathode catalyst durability limits PEMFC lifetime

® Automotive fuel cell stack operating conditions promote
materials degradation

— Polymer electrolyte is very acidic
— 300,000 large load cycles

« ~1/3 loss of Pt surface area loss over 1000 hours at
constant current and after 1000 voltage cycles
(2.5 nm to 3.5 nm patrticle growth)

— 30,000 shutdown/startups k2

- Can result in very corrosive conditions (high voltages) _Cycled, 0t01.05V

» Corrodes catalyst and carbon support

3
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— ~2500 subfreezing starts
* Transition through frozen and liquid water product

B Must last for 5,000 operating hours with less than 50 to 75 mV
voltage loss

— Less than 5 to 12-fold loss of catalyst activity

B Current durability status with conventional Pt/C materials is
2,000 hours with cycling




U.S. Department of Energy Catalyst Technical Targets

Characteristic Units Stack Targets
2010 2015

Platinum group metal total g/kW (rated) 0.3 0.2

content (both electrodes)

Platinum qroup metal (PGM) mgPGM/cm? 0.3 0.2

total loading electrode area

Cost $/kW 5° 32

Durability with cycling

Operating temp <80°C h 5,000°| 5,000°

Operating temp >80 °C h 2,000°| 5,000"

Electrochemical area loss® % <40 <40

Electrocatalyst support loss®| mV after 100h@ <30 <30

1.2V

Mass activity A/mgPt @ 900 0.44 0.44
MViRr-free

Specific activity® uAlcm’@ 900 720 720
MViR-free

Non-PGM catalyst activity per A/cm3@ 800 mV >130 300

volume of supported catalyst (IR-free)

? Based on 2002 dollars, platinum cost of $450/troy ounce = $15/g, loading <0.2 g/kW
and cost projected to high volume production (500,000 stacks per year)
. Includes typical driving cycles.
Tested per GM protocol (Mathias, M.F., et al., Interface, Electrochemical Society, Fall, 2005, p. 24.)

dTest at 80°C/120°C H2/02 in MEA,; fully humidified with total output pressure of
150 kPa; anode stoichiometry 2; cathode stoichiometry 9.5
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Approaches to developing lower cost and more durable
cathode catalysts

B Platinum group metal (PGM) alloys
— Changing electronic properties/bonding characteristics of PGM

B Ultra-low Pt loading by “nano-engineering” of particles
— Core-shell structures

B Novel support and catalyst structures
— Organic “whiskers”
— Carbon nanotubes
— Mesoporous carbon supports
— Conductive oxide supports
B Non-PGM catalysts
— Fe and Co complexed with carbon-nitrogen molecules/polymers
 not pyrolyzed, pyrolyzed, and acid-leached
— Chalcogenides

— Carbides, oxides, oxynitrides, and oxycarbonitrides




Alloying Pt with base metals enhances ORR activity by 2x

B Many researchers over several decades have shown that Pt alloys have

higher ORR activities than Pt alone.

(P. Ross, M. Watanabe, K. Kinoshita, R. Adzic, N. Markovic, V. Stamenkovic, D. Landsman,
F. Luczak, and many others)

B Nanoparticles do not achieve the high levels of enhancement (4-10x) seen
with bulk alloys, but enhancements of 1.5 to 4x are observed.

H2/02 80C 150kPa s=2/9, RH 100%/100%

—— T 7  |—#—40%Ptalloy
toi-i-3i77] Pt reference values: ] 0.21mg/em2
r-4-+-+-11 *Mass activity (per 1
it unit mass Pt): 0.1 i Short stack
-tiH A/mgp, E
-1 Specific activity (per | | —o—Pto4zmgim2 data from
-4-11 : N om
_oss ipi| cm? Ptactive surface commercia General Motors
) i-1i°]] area [ by H electro- ] catalyst
gﬂaﬁ =38 H sorption]):
5 £ 200 pA/em?p, 1
TS - ———— T __r__rr—rr| —l— Commercial Pt
MEA 0.4
mg/cma2
S W T R X Reference: F. Wagner,
] —8— 28% Pt alloy
B S N B ) Wt T A A 0.265mg/cm2 General Motors, Progress
" 0.1000 1 0000 10,0000 MEA 2008 Conference, La
mass activity (Afmgz9) [(A/cm?) / (Mgp/cm?)] Grande Motte, France,
m current density/Pt loading 14 Sept., 2008.
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Pt alloys also show superior resistance to surface area
loss and maintain activity advantage over time

B Platinum alloy particles lose activity with
time, however

— activity benefit of alloys still retained

® UTC Power PtlIrCr alloy

Mass Activity Decay during potential cycling 0.4-
0.95V, 10s:10s, 80°C, Subscale MEA, 25cm?

0.4
= # Pt- G57 (08-060) after 1,000 hours of operation
é’ 4 DOE52 - 30% R2IrCr (08-077) _ _
03 e DOE43-30% P2r05C015(08-079) | — base metal lost immediately from alloy
£, —— surface, but maintained in core
g 3 T :
< s >
1)) _
01 ® * Mass activity PtCo vs. Pt, steady 0.2 vs load-cycle 0.02-
= 1.0 A/lcm2
« compensation
00 . . . . . . 0.3 between specific area
0 5 10 15 20 25 30 3B loss and specific
Cycles (1/1000) a 0253 activity gain
E P
Source: S. Motupally, UTC Power, < 0.2 1 i ¢ Pt Co steady
Jan., 2009. 2 0.15 A A . !Pt steady
3 0 . / PtCo cycled
o m
01 5 = O Pt cycled
% o ®
S 0.05
D T T
Source: F. Wagner, General Motors, 0 500 1000 1500
Progress MEA 2008, La Grande Motte, time (h)

France, Sept., 2008.
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De-alloyed PtCu, exceeds Pt mass activity targets in liquid
electrolyte tests

M P. Strasser, University of Houston
M Activity and durability need to be confirmed in fuel cell tests

1 : - activating
, L 0.1 M HCIO,, 25°C, =i *a) ) pretreatment
1600 rpm, removes most
A4 ~10pgp/em?2 copper
2+ (expectonly 1.1X : » but Pt-Pt XRD
E I{owper activi{y than Pt/C /j Efcal:ﬂf}ém spacing still that of a
< 27T at 60°C) . PtCu alloy (smaller)

f: /]

0 0.2 0.4 0.6 0.8 1 1.2

N. Hahn, S. Koh and P. Strasser,ﬁiIr e Almgp, m2/gp,
ECS Trans. 3(1), 2006, 139. Dealloyed 052 38
PtCu,/C
Pt/C 012 77
GM 2

sl Source: Fred Wagner, General Motors, Progress MEA 2008 Conference,
La Grande Motte, France, Sept., 2008.
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Alloying palladium with base metals also enhances Pd’s activity

B Brookhaven National Laboratory; Argonne National Laboratory; University of
Texas; Ecole Polytech, Canada; and others.

B Activity of Pd;Fe exceeds that of Pt, but does not achieve DOE target

Cu ;Pd Pt
0
§-I ’ 08V :
<5 - | B
s 7001 3 i1 E
(D < 1) 24 £ ’g
5 A =
- < =
£ -1400 £
E ':."" Pd/\C
—= -2100 - o
2 | 3
< T T T T T T T b L b L] v L]
-2800 — 04 05 08 07 08 09 10
E/V vs RHE
BROOKHIAEN

NATIONAL LABORATORY

Source: R. Adzic, 2006 DOE Annual Report.




Core-shell structures improve Pt utilization

B Only Pt atoms on the surface of nanoparticles are
active for ORR

— For 3-5nm nanoparticles ~25% of atoms are on
the surface, ~75% are not available for catalysis

B Core-shell catalysts with thin (monolayer) shells of
Pt and cores of less expensive metals maximize Pt
utilization and reduce cost

B Core metals or alloys modify the electronic structure
of the Pt shell to enhance its ORR activity

0.24
nm
s 1 Source: P. Zelenay, FC-3, 2008 DOE
£ & Hydrogen Program Review.




Pt monolayers on alloy cores exceed DOE activity targets
in liquid electrolyte tests

B Brookhaven National Laboratory Pt/Pd;Fe/C ,
B Pton Pd core; Pt on Pd;Fe; Pt on Au/Ni; core B E-TEK 10% PUC
1.2 4l 3
I i ‘ 0.85V
os | rnwayc  PUAUNIG/C . | PtPdFelc oY
- % <1 -1
:Et"' [ PLANNIC \i 24
e IVI’I: mass activity Hzle metal rmass activity 0-
Pt/Pd/C and Pt/Pd,;Fe/C B Pt on Pd shows 2.5 times activity of Pt
o usv I m Pton Pd,Fe shows 5 times activity of Pt
o “] N 1® = Pton Pd core shows perfect core-shell
> | \ E= Pt Pdin :
T 4l k} WP, PFeC | structure with complete layer-by-layer shell
-~ | § Casy formation
2 %‘\ ':\% 1?2 | Incomplete shell formation with other catalysts
D' =N\ 77—\ |,

Source: R. Adzic, Brookhaven National Laboratory.
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Novel support structures - organic “whiskers”
B 3M'’s nanostructured thin film (NSTF) electrodes are formed from an organic
pigment
B Pt and Pt alloys are vapor-phase deposited on aligned whiskers
B Catalyst forms continuous thin layer over whiskers

B Catalyst has high activity and stability due to thin film rather than nanoparticle
structure

B Best NSTF-supported Pt alloy catalyst shows 4x activity of state-of-the-art
nanoparticle Pt (Source: V. Stamenkovic, Argonne National Laboratory, Feb.,

2009) e S T
I I |
. . R B s
. 20V 5™, 1600 rpm II-r
- III
050 }'E ,'I
]
- E,. MSTH . | :|__
I i
— -0
: MATF - PikiFe ,-’If .
28 NSTF - PiCobn -7«-;"
150 [ MSTE - Pure Ft— | ,f/f
) '_"l&,. e
-1.75
=200

0.0 I o2 I 0.4 I e I 0.8 I 10
E {V vs RHE)
Source: M. Debe, FC-1, 2008 DOE Hydrogen Program Annual Merit Review.




3M NSTF catalyst shows the potential to exceed the 2010
catalyst durability and 2015 Pt loading targets

B 3M NSTF catalyst showed no surface area loss and low mass activity loss (13%)
over 30,000 voltage cycles in a single cell (must be demonstrated in a stack)

B <0.2 g Pt/kW achieved with 0.05/0.10 mgPt/cm? on anode/cathode in a single cell
(shows the potential to exceed DOE’s 2015 0.2 g/kW peak power stack target)

B Challenge with NSTF architecture is preventing “flooding” of catalyst layer

EI:I 1 1 1 1 1 1 1 1 1 1 1 1.6 T T T T T T T T T il [u] T
H| Ecs=A comdsons ECSA Target: < = 40% loss 7 I Previous Best : A/C = NSTF PtColn 0.1/0.15 mg_/cm’ i //
18 {80 can. 7.47 4 peg Cutist =N M Faund: ~ 0% laze s g 14 PEM: 3M 850 EW_ 35 micron: GDL 3M 2975 g €3
B FI:“ DFE |:.|:DF 1|::|:| Dcurm:‘-ﬁl . - ) . — T T IR R R R P TR PPE PP LT FRPRER P | —
Hur=dlty: 199%/190%. Mass Activity Target: < 60% loss X New Best of Class: A/C = NSTF PtCoMn 0.05/0.10 mg_fcm’ :
18 H H Found: ~ 13% loss of activity 1 ~— i PEM: 3M 850 EWY, 20 micron; GDL: 3M New =
14 B 1 :3 12 = o -
L] i L | Galvanodynamic Scans
e [ el | [ ] (o] T, /DP's = 80/68/68 °C Previous Best of Class g
E 12 . o 1_0 - anairstoich:2_012_5 FC12969 - 937R =7 Q& ..... -
= | m ) Py i _ 10/05/07 A
4 ] [ = - | H,fair Inlet pressure = 150 kPa el
E 10 i 2 0.8 GDS(0.02, 2, 10 step/dec, 180s/pt)
— Iy K - LOTTERNL T -
'EI -} % Evl'l|t|3| -E:F'Bmﬂﬂ m.'.w |5|]|:ﬂn'|llil = 000125 A"E—TIJ‘ r q) Bath 'UJEA electrodes.condrtloned il T
- 1 _n (] - | 50 cm® Quad serpentine cell
0 2 Hx FInal § pecific activity (S00mV] = 000111 Aem™, [T . : :
E I“-_ H'IItIEI ':-ﬂliilﬁl': mass aot W“T =-0.115 h.rrgn i ) 0B i .
i "1._ Final catalytic mass activity = 0.100 A'ma_ HE % -
i [ I o : -
4 H ™oma®™ ECSA Condbeons ‘.L_) FC1465€1—757 ]
| 7%z aifpsla. H M, o A _ FC14693-572
2 Y Flow CEED/CE- B00. Countes Mo, 0 ........................ .............. 01/22/09 -
kIl Humidity: 200%4'200% [0 : : :
] 1 T 1 I 1 L L L 1)) | | | | | |
0 5000 100040 15000 20000 25000 20000 0.0

0.55 0.60 0.865 0.70 0.75 0.80
e n ok Ce“ Voltage (V) Specic Pawer Descly Prjectans- raph 1

Source: M. Debe, 3M, Jan., 2009.

Total Cyles

Source: M. Debe, FC-1, 2008 DOE Hydrogen Program
Annual Merit Review.




Carbon nanotubes and mesoporous carbon supports

B Argonne National Laboratory; U. California-Riverside; U. New Mexico,
U. Dayton; FC-Cubic, Japan; ECN, Netherlands; others

B Well-controlled electrode architecture can improve platinum utilization and
reactant access to catalyst

B Carbon nanotubes and mesoporous carbon show higher stability than traditional
carbons

Mesoporous carbon support improves mass activity of platinum
Very small (<1 nm) Pt particles are encapsulated and stabilized by mesopores
Mesoporous carbons have issues with poorer conductivity than traditional carbon

i
=]
<
£
3
E
g
s

0.80 082 084 086 088 0.90
Potential (v vs RHE)

Source: D.J. Liu, Argonne National Laboratory Source: H. Notsu, T. Kitamura,A. Hayashi, I. Yagi, FC-Cubic, Japan,3™
LANL-NEDO-AIST Workshop, San Diego, CA, Sept., 2008.
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Oxide supports and additives improve Pt ORR activity

B NbO, (Brookhaven NL); TiO, (U. Poitiers, France); NbTi,Og (AIST, Japan)

Coav emesge | W PUNDOL/C: Three times the activity of

4 L
[ FEMEC 1T 5 ug Fhioe®

" PYTiO,/C: Three
times the activity of Pt

on carbon alone

Source: N. Alonso-Vante, Progress MEA 2008
Conference, La Grande Motte, France, Sept, 2008.

-1

J I mA Hgpy

Pt on carbon alone

Source: R. Adzic, J. Zhang, K. Sasaki, M.
Vukmirovic, J. Wang, M. Shao, FC-09, DOE
Hydrogen Program Review, May 16-19, 2006.

T
7 %
8 %

0.02

0.01

0.00

5 % xwt % PUTIO,/C

20 %

10% wt. 5% wt. 15%wt /C
TiIoJC  TiOJC TiO/C




Niobium-doped titanium oxide supports improve Pt-based
electrode durability

200- B NbTi,O4 (AIST, Japan)

S PLOL
4 I M TiOE

I

Current /

00 0.5 St de GG
i 9V ys. 3 mV/s, 10000cycles)
Potential / WV vs. AglAgCl

901 150

100

< < 50

~ 0] < 0

Source: H. Notsu, T. . £ _spl

Kitamura,A. Hayashi, I. E £ -1001

Yagi, FC-Cubic, O 50 S -1501

Japan,3 LANL-NEDO- o]

AIST Workshop, San -100 : : , 300 . : .

Diego, CA, Sept., 2008. 00 0.5 10 0.0 i LS
Potential / V vs, AglagCl Potential / V vs. AglagCl




Transition metal-carbon-nitrogen complex catalysts offer
potential for PGM-free catalysts

B Los Alamos NL, 3M, and South Carolina have :
demonstrated improved activity and lifetime ; okt oy
for Fe and Co-containing pyrolyzed catalysts : 5L

W Activity still lags that of PGM catalysts and
needs improvement

M [dentity of the active site is not known —
encapsulated metal catalyzes site formation?

Pyrolyzed Fe;Co-polyaniline cathode catalyst fuel cell performance

0.6 , 1.0 0.5 -
O H.-Air Q
£ 05 2 0.8 04 S
o . )
< 04l 2 Q
= 0. 0.6 - - 0.3 @
= g o 2
% 0.3 S 5 X 9C 58 8 E é‘
o 02 g 0.4 - 0.2 3
E) ' Anode: 0.25 mg cm-2 Pt (E-TEK), 30 psig —e— Air \‘\\ o
S 04| Cathode: 4.0 mg cm-2 PANI-Fe3Co-G, 30 psig 02 O iy 013
o Membrane: Nafion® 1135 —A— Oxygen-power density ~
0.0 —Cell: . 80°C, 0.40V : 0.0 . . ; ; : ; : 0.0
0 200 400 600 00 02 04 06 08 10 12 14 16
Time (hours) Current density (A/cm?)
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Nitrogen-modified carbon-based catalysts show ORR activity

0 B University of South Carolina
B Metal-free nitrogen-modified carbon
0.2 W Activity lags that of metal-containing
g catalysts
= 04p B [dentity of the active site is not known
o 1.0 . ————
&
- L e 025
5 06 5 0.4V
5 0.8 s 0.20 - ] ]
%‘ 015 4 mg cm™ UF-C catalyst
-0.8 + £
> S
Oz-saturated HZSO4 1 C:U 0.6 E’ 0.05} H, (30 psi) / O, (30 psi) ]
0z 04 08 08 1o :S S 0w W |
S 04} i
Disk Potential / V(NHE) o
(@) C | UFC catalyst
(b) HNO;-treated C, 0.2 - .
(c) NH;-treated C I ,
(d) urea-formaldehyde- 6 mg cm”, H, (30 psi)/ O, (40 psi)
modified C 0 02 04 06 08 10 12

(e) selenourea-formaldehyde-modified C

. Current Density / A cm™
Source: B. Popov, U. South Carolina, Jan., 2009.




Chalcogenide catalyst activity is improving, but still relatively low

m University of lllinois, University of Voltage-current plots vs. mass of Ru
Poitiers, France, and others :

0.9
B Chalcogenides are metal selenides or 3
|ﬁdeS 08 —8—. 20 wit% Ru/C: Uncorrected:Voltage
Su —e— 10 wt% RuSe/C: Uncorrected Voltage
B PGM chalcogenides have been found 072
to be more active than non-PGM S 064w,
chalcogenides £ Nl
05 - . T
. = - -
B Current focus is to form shells of PGM \'\‘\ e
selenides on less expensive cores 04 e S
(e.g., iron) 0.3 4 """--\.__. . .
0.2 .
0 i 4 G 8

Current Density (A mg”, cm?)

Sources: A. Wieckowski, University of
lllinois, and P. Zelenay, Los Alamos
National Laboratory
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Tantalum oxycarbonitride shows promising ORR activity

B Yokohama National University, Japan
B High performance, but still approximately 100 mV voltage loss compared to Pt

1.1
------------------------ Pt/C ---
1.0 f----- Our new target-----------
Zr-CNO
2 o9t} =
R ZrO2x Ta-CNO. ...
g 08 °5
Source: K. Ota, 3% LANL-
> 07 L ZrO,N, ©TaON NCI;LIJZ)rge-AISTVt\?orkshop, San
‘-‘n: . O Diego, CA, Sept., 2008.
x 0.6 o TiO,
WP wesTa )
05 ZrN
0.4 1 1 1 1
2000 2002 2004 2006 2008 2010
Year




Alternative oxidants

B Acal Energy liquid re-circulating oxidant, polyoxometallate

ACAL Cathode Side of Redox Cell

e n Reduced redox species
Water .
& Heat B Acal Energy’s business plan
H‘F
= No platinum Gas based on a 10+ year
. catalyst Reaction . .
H X Chamber timeframe for automotive
— Potential : :
. for2-5times [ < ar applications
. power density
/\" Reservoir
Power Density Curves tor Generation 1 Catalyst/Mediator System
Membrane Catalyst/
Electrolyte Oxidized redox species mediator S (—————_ - 300
Cathode combination o0n T \________________________________;,--:'__'______________________-_‘_"_'!-_-h. ________
] ] 0.7 4 —— Optimised Voltage| | -
B Recent claims of 570 mW/cm?, published ;| il vokage ] a0 3
power density of ~300 mW/cm? fos N/ ==L LL LY ;
: = e, . z
B Power density does not currently meet  § 4= T 5
DOE target of >1 W/cm? I I 12
) ] . . 1
B System-level issues with a re-circulating ol yFooo
aqueous-based reactant . | | | | | .
0 200 400 600 ann 1000 1200

Source: http://ukinjapan.fco.gov.uk/resources/en/pdf/5608783/6 AcalEnergy.pdf Current Density { mA / em2 )



http://ukinjapan.fco.gov.uk/resources/en/pdf/5608783/6_AcalEnergy.pdf

Summary and future directions

M Pt-based catalysts
— Conventional supports and architectures:

* Pt core-shell catalysts and de-alloyed catalysts show the most promise for
meeting or exceeding performance and cost targets for PGM-based
catalysts

» Long-term durability in a fuel cell under load cycling conditions must be
demonstrated

— Novel architectures and supports:

« 3M NSTF architecture shows great promise for meeting performance, cost,
and durability targets (simultaneously and in a stack)

« Water management is a challenge and is being addressed by 3M

* NSTF-based fuel cell must be demonstrated in a real-world environment

B Non-Platinum electrocatalysts
— Enormous progress has been made in improving activity, however activity still
falls short of targets
— Identification of active site in C-N-containing catalysts is necessary to improve
number of active sites and reduce electrode layer thickness
— Novel electrode architectures will most likely be needed for non-PGM catalysts
to facilitate reactant access to all active sites within the electrode volume




DOE’s catalyst R&D strategy to address cost and durability
issues

B Continue to carry out Pt, PGM, and non-PGM studies in parallel
M [ncrease open circuit voltage and performance of non-PGM catalysts
B |dentify catalyst degradation mechanisms and mitigate effects

B Test catalysts in fuel cells under load cycling and start-stop conditions

B Develop an accelerated durability test protocol which mimics real-world
conditions, but shortens analysis time
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