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Overall Objective 
Develop advanced materials (catalysts, membranes, 

electrode structures, membrane electrode assemblies 
[MEAs])	and	fuel	cell	operating	concepts	capable	of	fulfilling	
cost, performance, and durability requirements established 
by DOE for  portable power fuel cell systems; assure path to 
large-scale fabrication of successful materials. 

Fiscal Year (FY) 2014 Objectives 
Optimize thrifted “advanced anode catalyst” (AAC) to •	
achieve	key	direct	methanol	(MeOH)	fuel	cell	(DMFC)	
performance goal of 150 mA cm-2 at 0.6 V with low Pt 
loadings (<1.0 mg cm-2 at anode). 

Scale	up	the	synthesis	of	PtRu/CuNWs	to	a	10-mg	batch	•	
and test in MEAs.

Synthesize	multi-block	copolymers	capable	of	delivering	•	
>200 mA cm-2 at 0.5 V in a single-cell DMFC test at 
75°C.

Develop alternative oxides and intermetallic Pt supports •	
for ethanol (EtOH) oxidation.

Improve	mass	activity	of	the	ternary	PtRuPd/C	dimethyl	•	
ether (DME) oxidation catalyst  from the FY 2013 
performance	of	37	A/g	to	50	A/g	at	0.5	V	in	a	single-cell	
direct DME fuel cell test at 80°C.

Complete	DMFC	testing	of	a	short	stack,	utilizing	•	
components developed in the project.

Technical Barriers
This	project	addresses	the	following	technical	barriers	

in	the	Fuel	Cells	section	of	the	Fuel	Cell	Technologies	Office	
Multi-Year	Research,	Development,	and	Demonstration	
Plan [1]:

(A) Durability (catalysts, membranes, electrode layers)

(B) Cost (catalysts, MEAs)

(C)  Performance (catalysts, membranes, electrodes, MEAs)

Technical Targets
Portable fuel cell research in this project focuses 

on	the	DOE	technical	targets	specified	in	Tables	3.4.7a,	
3.4.7b,	and	3.4.7c	in	the	Fuel	Cells	section	3.4.4	(Technical	
Challenges)	of	the	Fuel	Cell	Technologies	Office	Multi-Year	
Research,	Development,	and	Demonstration	Plan	[1].	Table	1	
summarizes the latest DOE performance targets for portable 
power fuel cell systems in three power ranges.

Using	DOE’s	Table	3.4.7	as	a	guide	with	relevance	to	
portable	power	systems,	the	following	specific	project	targets	
have been devised:

System	cost	target:	$5/W	•	

Performance	target:	Overall	fuel	conversion	efficiency	•	
(ηΣ)	of	2.0-2.5	kWh/L

In	the	specific	case	of	a	DMFC,	the	above	assumption	
translates	into	a	total	fuel	conversion	efficiency	(ηΣ) of 
0.42-0.52, corresponding to a 1.6-2.0-fold improvement 
over state-of-the-art systems (ca. 1.250	kWh/L).	Assuming	
fuel utilization (ηfuel)	and	balance-of-plant	efficiency	(ηBOP) 
of	0.96	and	0.90,	respectively	(efficiency	numbers	based	on	
information obtained from DMFC systems developers), and 
using a theoretical voltage (Vth) of 1.21 V at 25°C, the cell 
voltage (Vcell) targeted in this project can be calculated as:

Vcell = Vth [ηΣ (ηfuel ηBOP )-1]  = 0.6-0.7 V (depending on ηΣ achieved)

V.J.1  Advanced Materials and Concepts for Portable Power Fuel Cells
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Thus,	the	ultimate	target	of	the	material	development	
efforts in the DMFC part of this project is to assure an 
operating single fuel cell voltage of ca. 0.60 V. Very similar 
voltage targets have been calculated for fuel cells operating 
on two other fuels, EtOH and DME.

FY 2014 Accomplishments 
Advanced anode catalysts that use much lower Pt •	
loading compared to current state-of-the-art HiSPEC® 

12100	PtRu/C	catalyst	(1.0	mgPt cm-2 vs. 2.7 mgPt cm-2) 
were developed. Catalyst-coated membranes prepared 
by JMFC using the AAC were provided to SFC Energy 
for	stack	testing.	In	spite	of	much	lower	Pt	loading,	
AAC	exhibits	better	stability	over	2,500	hours	of	stack	
operation	than	commercial	catalyst	without	sacrificing	
performance.

Tetramethyl	bisphenol	A	(TM)-based	multiblock	•	
copolymer	systems	with	less	than	30%	water	uptake	
and	comparable	proton	conductivity	to	Nafion 
were	developed.	MEAs	using	TM-based	multiblock	
copolymers reached	>200	mA/cm2 at 0.5 V (75°C) with 
stable long-term performance without interfacial failure 
under DMFC accelerated stress test conditions. 

Direct DME fuel cell (DDMEFC) performance reached •	
0.220 A cm-2	at	0.5	V	(an	anode	catalyst	mass-specific	
activity of 55 A g-1)	thanks	to	the	development	of	a	new 
ternary Pt55Ru35Pd10/C	catalyst	and	optimization	of	
DDMEFC operating conditions. This	not	only	exceeds 
the	FY	2014	performance	target,	but	also	is	the	first	
time that performance of the DDMEFC matches and 
outperforms that of state-of-the-art DMFCs.     

G          G          G          G          G

IntroduCtIon 
This	multitask,	multi-partner	project	targets	

advancements to portable fuel cell technology through 
the development and implementation of novel materials 
and concepts for enhancing performance, lowering cost, 
minimizing size and improving durability of fuel cell 
power systems for consumer electronics and other mobile 
and	off-grid	applications.	The	primary	focus	areas	of	the	
materials research in this project are: (i) electrocatalysts for 
the oxidation of MeOH, EtOH, and DME; (ii) innovative 
nanostructures for fuel cell electrodes; and (iii) hydrocarbon 
membranes for reduced MEA costs and enhanced fuel cell 
performance	(fuel	crossover,	proton	conductivity).	In	parallel	
with new materials, this project targets the development 
of various operational and materials-treatment concepts, 
concentrating among others on the improvements to the 
long-term performance of individual components and the 
complete MEA.

APProACh
The	two	primary	research	goals	of	this	project	are:	

(i) development of binary and ternary catalysts for the 
oxidation of MeOH, EtOH, and DME, and (ii) synthesis of 
hydrocarbon	polymers	(multiblock	copolymers,	copolymers	
with	cross-linkable	functional	groups)	for	lower	cost	and	
better fuel cell performance through reduced fuel crossover 
and increased protonic conductivity. Better understanding of 
the	key	factors	impacting	the	performance	of	both	catalysts	
and polymers is also pursued through characterization efforts 
including X-ray absorption spectroscopy, X-ray photoelectron 
spectroscopy, nuclear magnetic resonance and transmission 
electron microscopy.

Development of new catalysts and polymers is closely 
tied to electrode nanostructures tailored to minimize 
precious metal contents, maximize mass activity and 
enhance	durability.	The	electrode-structure	component	of	the	
efforts concentrates on two groups of materials: (i) solid-

Table 1. Project Technical Targets

Technical Targets: Portable Power Fuel Cell Systems (< 2 W; 10-50 W; 100-250 W) 

Characteristics Units 2011 Status 2013 Targets 2015 Targets 

Specific power W/kg 5; 15 ; 25  8 ; 30 ; 40  10 ; 45 ; 50  

Power Density W/L 7; 20 ; 30  10 ; 35 ; 50  13 ; 55 ; 70  

Specific energy Wh/kg 110; 150 ; 250  200; 430 ; 440  230; 650 ; 640  

Energy density Wh/L 150; 200 ; 300  250; 500 ; 550  300; 800 ; 900  

Cost $/W 150; 15 ; 15  130; 10 ; 10  70 ; 7 ; 5  

Durability Hours 1,500; 1 ,500 ; 2 ,000  3 ,000; 3 ,000 ; 3 ,000  5 ,000; 5 ,000 ; 5 ,000  

Mean time between failures Hours 500; 500 ; 500  1 ,500; 1 ,500 ; 1 ,500  5 ,000; 5 ,000 ; 5 ,000  
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metal nanostructures (e.g., nanowires and nanotubes) and 
(ii) carbon-based nanostructures acting as supports for metal 
catalysts.

In	addition	to	the	short-term	testing	and	initial	
performance assessment, the catalysts, membranes, supports, 
electrode structures and MEAs developed in this project 
are subject to long-term performance (durability) testing. 
Performance-limiting factors and degradation mechanisms 
are	being	identified	and,	if	possible,	addressed.	Fabrication	
and scale-up of viable catalysts, membranes, and supports are 
also	being	tackled	through	collaboration	between	partners	in	
this project.

results 
DMFC CatalystsFurther development of the AAC, 

thrifted	binary	PtRu/C	catalyst	first	synthesized	in	FY	
2012, continued in FY 2014 to meet the project milestone 
of 0.15 A cm-2 at 0.60 V through: (i) optimizing the Pt-to-
Ru	ratio	to	lower	the	onset	potential	of	MeOH	oxidation,	
(ii) using a lower carbon content to thin the electrode 

layer, and (iii) modifying the cell operation conditions 
(temperature,	MeOH	concentration).	Among	several	Pt-to-Ru	
ratios, a 1:4 atomic ratio represented the optimum catalyst 
composition	for	fast	dehydrogenation,	efficient	CO	removal	
and	low	Ru	crossover	to	the	cathode.	Additionally,	increasing	
the	Pt+Ru	loading	by	33%	in	AAC	to	thin	the	electrode	had	
no effect on catalytic activity. When the cell temperature was 
increased to 88°C from 80°C, a gain of 20 mV at 150 mA 
cm-2 was obtained. With an increase in MeOH concentration 
from 0.5 M to 0.6 M, improvements in the current density at 
potentials lower than ca. 0.55 V were observed without any 
additional MeOH crossover loss. With these optimizations, 
a high performance of 0.56 V at 0.150 A cm-2 was achieved 
at 88°C, only 0.04 V away from the project target (Figure 1). 
Ten	50-cm2 MEAs with optimized AAC were provided by 
JMFC	to	SFC	Energy	for	stack	testing.	Noticeably,	a	decay	
rate	of	only	19	μV/h	(per	cell)	was	obtained,	slightly	lower	
than in commercial MEAs with much higher Pt loadings 
(Figure	2).	This	attests	to	AAC	as	a	very	promising	catalyst	
with potential to enable DMFCs for higher power applications 
(such	as	kW-level	power	generators).	A	maximum	stack	
voltage was reached after 70 hours of operation, and the 

Figure 1. Polarization plots for AAC with catalyst loading 1.0 mgPt cm-2, 0.5-0.6 M MeOH. Cathode - Pt/C catalyst loading 1.5 mgPt cm-2, air (fuel cell), H2 (anode 
polarization); Nafion® 115 membrane; cell temperature 80-88°C.
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performance discontinuity observed around 2,800 hours of 
operation was due to pump failure.

Innovative	Electrode	StructuresIn	FY	2014,	a	
successful	scale	up	of	PtRu/CuNWs	from	5	mg	to	19	mg	per	
batch was achieved, accompanied by slightly higher MeOH 
oxidation	activity.	The	cause	of	higher	MeOH	oxidation	
activity	of	PtRu/CuNWs	compared	to	that	of	PtRu/C	
may	be	due	to	the	facile	removal	of	CO	from	the	PtRu/
CuNWs surface, as demonstrated by X-ray photoelectron 
spectroscopy	Pt	4f	and	Ru	3p	shifts.	

Multiblock	Copolymers	for	Better	Interfacial	
CompatibilityWe have focused this year on synthesizing 
multiblock	copolymers	with	better	interfacial	compatibility	
with	DMFC	electrodes.	It	was	achieved	by	reducing	the	
membrane	water	uptake.	Chemical	modifications	for	this	
purpose	included	control	of	the	fluorination	level	and	of	the	
bisphenol	structure.	We	have	successfully	synthesized	TM-
based	multiblock	copolymers.	This	TM	system	had	a	water	
adsorption nearly half that of the dimethyl and bis A proton 
exchange membranes. MEAs using the highly hydrophobic 
TM	system	not	only	showed	excellent	DMFC	performance,	
but met the FY 2014 performance milestone reaching 
>200	mA/cm2 at 0.5 V (75°C).	In	addition,	the	TM-based	
multiblock	copolymers	showed	good	interfacial	compatibility	

with	Nafion-bonded electrodes. Figure 3 shows the high-
frequency	resistance	(HFR)	of	DMFC	cells	using	three	
different	membranes.	The	HFR	of	the	cell	using	6FPAEB-
BPSH	(water	uptake	=	57	vol%)	constantly	increases	from	
0.073	to	0.13	Ω	cm2 after 110 hours of the extended-term test. 
In	contrast,	the	TM	multi-block	copolymer	(water	uptake	=	
23	vol%)	shows	stable	HFR	behavior	during	the	entire	110	
hour	extended-term	test.	Nafion®,	which	has	a	water	uptake	
of	39	vol%,	also	shows	a	stable	HFR	behavior,	likely	due	
to	the	synergistic	effect	of	low	water	uptake	and	a	highly	
fluorinated	structure.	These	results	confirm	our	hypothesis	
regarding	interfacial	delamination	and	TM-based	multi-block	
copolymers, and have the potential to be applied in practical 
liquid-fueled fuel cell applications.

Ethanol Oxidation CatalystsIn	FY	2014,	combustion	
catalyst synthesis was developed as a way of forming multi-
component catalysts in a single-step that were successfully 
deposited	on	gas	diffusion	layers.	The	ternary	catalyst	
(PtRhSnO2/C)	synthesized	by	this	method	exhibited	excellent	
activity and stability at 25°C and 60°C. 

To	solve	the	SnO2 instability issues, which were 
recognized in FY 2013, several oxides and intermetallic 
compounds were studied as supports that can replace SnO2. 
Among several oxides investigated (CeO2,	Ti4O7,	ITO,	
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Figure 2. Durability Test of Ten-Cell DMFC Stack with JMFC AAC-Anode CCM
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and	IrOx),	IrOx	in	particular	was	identified	as	a	promising	
replacement for the SnO2 in the ternary catalysts, and CeO2 
was also found to considerably enhance the activity of 
PtML/Pd/C	catalysts	for	EtOH	oxidation.	The	intermetallic	
compound, PdAuCo, also exhibits better performance as a 
PtML support than core-shell PdAuCo. 

Dimethyl	Ether	Fuel	Cell	ResearchSignificant	
progress was made in MEA and fuel delivery system 
optimization.	Thanks	to	these	advancements,	from	FY	2013	
to FY 2014, DDMEFC performance increased from 0.095 A 
cm-2 to 0.215 A cm-2 at 0.5 V, in spite of lowering the Pt-group 
metal anode loading by 25%. Based on density functional 
theory calculations, in FY 2013 we proposed the individual 
role	of	each	metal	in	the	ternary	PtRuPd/C	catalysts	as	
follows: Pt—primary DME adsorption and dehydrogenation; 
Ru—source	of	oxidant	for	CO	removal;	Pd—C-O	and	C-H	
bond	scission	catalyst.	In	FY	2014,	using	two	binary	PtPd/C	
and	PtRu/C	catalysts,	we	experimentally	demonstrated	that	
Pd addition indeed results in higher current densities with 
the	same	onset	potential	observed	with	Pt,	and	Ru	leads	to	a	
lower	onset	potential	of	DME	oxidation.	This	finding	allowed	

Figure 3. (a) Volumetric water uptake of mutiblock copolymers (best performing membranes for each year denoted as ª), (b) its 
impact on DMFC durability. No. 9: FY 2012, membrane 6FPAEB-BPSH (11K-11K); No. 17: FY 2014 membrane 6F50TM50PAEB-BPS 
(10K-10k).
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Figure 4. Polarization plots of DDMEFC. Anode: 4.0 mgPGM cm-2 PtRuPd/C, 
HiSPEC® 12100, 40 sccm DME gas, 26 psig; cathode: 2.0 mgPt cm-2 Pt/C 
HiSPEC® 9100, 100 sccm air, 20 psig; Nafion® 212 membrane; cell temperature 
80°C. 
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intrinsically unstable components (possible formulations 
include two-dimensional platelets containing low-
coordination atoms of precious metals and Au-core 
nanoparticles	as	supports);	develop	inks,	gas	diffusion	
layer treatments, optimize and assure manufacturability 
by a scalable production process for AAC targeting 50% 
Pt	reduction	in	two	years	without	performance/durability	
penalty (30% Pt reduction in FY 2015) and 500-W 
system.

DDMEFCs: Complete development and optimization •	
of	the	ternary	PtRuPd	catalyst	for	DME	oxidation;	
implement	multiblock	copolymer	membranes	in	
DDMEFC-type MEAs; complete detailed study of DME 
crossover and its impact on DDMEFC performance.

EtOH oxidation catalysis: Develop new-generation •	
catalysts for EtOH oxidation, for example, catalysts 
on composites of stable oxides and lattice-expanded 
nanoparticles of precious metals; use in-fuel-cell stability 
and 12-electron selectivity as primary performance and 
selection criteria; perform assessment of direct EtOH 
fuel cell viability at the present state of ethanol oxidation 
catalysis.

sPeCIAl reCognItIons & AwArds/
PAtents Issued 
1.	Piotr	Zelenay	has	been	named	a	Fellow	of	The	Electrochemical	
Society, 2014.

us to develop an advanced ternary Pt55Ru35Pd10/C	catalyst,	
more advanced than the Pt45Ru45Pd10/C	catalyst	developed	in	
FY 2013. DDMEFC performance measured with this catalyst 
reached a high current density of 0.220 A cm-2 (an anode 
catalyst	mass-specific	activity	of	55 A g-1) at 0.5 V, exceeding 
the FY 2014 performance target (Figure 4). Due to the new 
ternary Pt55Ru35Pd10/C	DME	oxidation	catalyst	developments	
and optimization of the MEA and DDMEFC operation 
conditions over the project duration, DDMEFC performance 
has been improved by a factor of 2.5× in terms of current 
density	at	0.5	V.	This	makes	the	performance	of	the	latest-
generation DDMEFC exceed that of the state-of-the-art 
DMFC (Figure 5).

ConClusIons 
JMFC’s AAC reached 0.150 A cm•	 -2 at 0.56 V with low 
anode loading of 1.0 mgPt

 cm-2 (total 2.5 mgPt
 cm-2).

AAC-based catalyst-coated membranes prepared by •	
JMFC	were	used	for	a	10-cell	SFC	Energy	stack	test.	
In	spite	of	much	lower	Pt	loading	(1.0	mgPt cm-2 vs. 
2.7 mgPt cm-2 of HiSPEC® 12100), AAC showed better 
stability	over	2,500	hours	of	stack	operation	than	
commercial catalysts.

Progress in MeOH catalyst development is viewed by •	
SFC Energy as an enabling factor for higher power 
DMFC applications (i.e., power generators) that are 
currently not feasible due to the prohibitive catalyst cost.

A high current density of 0.200 A cm•	 -2 at 0.50 V (75°C) 
was	achieved	with	TM-based	multi-block	copolymer.	A	
60-μm	TM-based	MEA	showed	lower	resistance,	MeOH	
crossover	and	water	uptake	than	a	Nafion® 115-based 
MEA—a DMFC industry standard.

Significant	progress	in	DME	electrocatalysis	with	the	•	
development	of	ternary	PtRuPd/C	catalyst	in	conjunction	
with MEA and fuel delivery system optimization was 
demonstrated to result in a DDMEFC current density 
of 220 A cm-2	at	0.5	V	(an	anode	catalyst	mass-specific	
activity of 55 A g-1)—a 2.5-fold improvement in activity 
since project inception.

The	LANL	DDMEFC	was	demonstrated	to	exceed	•	
state-of-the-art DMFCs across the entire range of current 
densities.

Recent	advancements	in	ethanol	oxidation	•	
electrocatalysis	at	Brookhaven	National	Laboratory	
(PtML/Au/C	catalyst)	led	to	a	ca.	200	mV	reduction	in	
overpotential	for	EtOH	oxidation	relative	to	Pt/C.

Future dIreCtIons
DMFCs: Complete current catalyst development efforts •	
to meet the last remaining project milestone  (0.15 A cm-2 
at 0.60 V); develop MeOH oxidation catalysts free of 

Figure 5. DDMEFC and DMFC performance comparison. Anode: 4.0 mgmetal 
cm-2 PtRuPd/C, HiSPEC® 12100, 40 sccm DME gas, 26 psig, 1.8 mL/min 0.5 M 
or 1.0 M MeOH, 0 psig; cathode: 2.0 mgPt cm-2 Pt/C HiSPEC® 9100, 100 sccm 
air, 20 psig; Nafion® 212 membrane (DME), Nafion® 115 membrane (MeOH); cell 
temperature 80°C.
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