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Facility at the Scripps Institution of Oceanography in San 

Diego CA; Moss Landing Marine Laboratory in Monterey CA, 

Pier 54 at the Port of San Francisco, San Francisco CA and 

Wharf 5 at the Port of Redwood City, Redwood City CA.

With the technical performance goals thus formulated, and 

the ports of call determined, the Zero-V design activity com-

menced.  

The design of the Zero-V that satisfie

s

 al l of  the Scr i pps sci -

ence missions, and can visit all the anticipated ports of call is 

shown in Figures 1 and 2.  

Three hull-forms were evaluated for the Zero-V:  monohull, 

catamaran and trimaran.  The trimaran hullform was selected 

because it enabled a vessel that could meet all of the space 

and volume requirements as well as fit

m

e nt  of  the ma chi n -

ery, service, and control spaces necessary for operation of 

the vessel.  The arrangements consider the operations of the 

vessel such as access between science spaces, the working 

deck, and science handling systems as well as visibility and 

sight lines from control stations to the working areas and 

equipment.  

To reduce weight, the vessel has to be constructed of alumi-

num.  The beam and length requirements were driven by the 

requirement that the vessel be able to dock at all primary 

ports of call for the vessel. Of these ports of call, the most 

restrictive refueling location is the Monterey Bay Aquarium 

Research Institute (MBARI) Pier at the Moss Landing Marine 

Laboratory (MLML).  The beam (width) of the Zero-V is 56 feet, 

with a length of 170 feet. The vessel displacement is 1,175 

LT.  The draft is 12 feet, limited primarily by the water depths 

at the Moss Landing Harbor channel and MBARI Pier, as well 

as the water depth at Pier 54.   The cruising speed is 10 knots 

as determined by the science mission requirements.  With 

10,900 kg of consumable LH
2
 stored in two LH

2
 tanks, the 

range of the vessel is 2400 nm, or an endurance of 15 days. 

The Zero-V is designed to be home to 18 scientists, 11 crew 

and to be truly zero-emissions on the water. The vessel per-

forms “station keeping” by dynamic positioning.  

The Zero-V design follows traditional arrangements for a 

research vessel even given the trimaran hull type.  A cut-away 

view of the Zero-V is shown in Figure 3, giving the locations of 

the mechanical and propulsion system components. 

An integrated fuel-cell electric plant supplemented with small 

lithium-ion bridging batteries provides both propulsion and 

ship service electrical.  The fuel cells are Hydrogenics HyPM 

HD 30 fuel-cell power modules arranged into power racks 

with each rack holding six fuel-cell modules.  Each rack has a 

total power output of 180 kW.  With ten racks total, the vessel 

has 1,800 kW of installed power.  The 10 hydrogen fuel-cell 

racks are evenly distributed between Starboard and Port 

fuel cell rooms, allowing the vessel to continue operation at 

reduced power if one space must be taken out of service for 

maintenance. The fuel cells provide DC power, which must be 

conditioned, converted and inverted to provide bus DC and 

AC power, respectively.  

To provide the required position keeping for on-station sci-

ence work, the vessel is fit

t

ed wi th a ret ract abl e azi mu t hi ng 

bow thruster as well as stern thrusters in each outer hull.  

Additionally, high-lift fla

p

 rudder s ar e pr ovi ded to ma xi mi ze 

steering forces produced from the main propellers during 

station keeping.  The Zero-V uses one propulsion motor to 

power each of its two propellers. Based on the resistance and 

powering calculations, it was determined that 500 kW motors 

provide suffic

i

ent  powe r  for  the var i ous mi ssi on requi re -

ments and also have enough reserve power for safe opera-

tion in heavy seas and for dynamic positioning.  High-torque 

alternating current (AC) permanent magnet type motors were 

selected as the propulsion motors.  These motors can be 

directly coupled to the propeller shaft to provide effic

i

ent  and 

quiet operation.  

The vessel is outfit

t

ed wi th two  fixe

d

 pit ch propel l ers.  Each 

propeller is approximately 2.1 m in diameter. Fixed pitch 

propellers are chosen for their simplicity, low capital and 

operating cost, and quiet operation.  The propellers are of 

wake-adapted design to minimize underwater noise as well 

Figure 1:  Renderings of the Zero-V zero-emission hydrogen fuel cell 
research vessel.

Electrode Ionomers for High 
Temperature Fuel Cells

Michael  H ibbs ,  P I ,  Sandia  Nat iona l  Laborator ies

1

Project ID: fc320

2020 DOE Hydrogen and Fuel Cells Program Annual Merit Review and 
Peer Evaluation Meeting, 2020

This presentation does not contain any proprietary, 

confidential, or otherwise restricted information.



Overview2

Timeline

 Project start date: 10/1/2018

 Project end date: 9/30/2020

 Percent complete: 65%

Budget

 Total project budget:  $1000K

 DOE share: 100%

 Funding received in FY18: $275K

 Funding received in FY19:  $344K

 Funding planned for FY20: $281K

 Total DOE Funds Spent*:  $548K

*As of 3/24/20

Project lead

 Sandia National Laboratories

Michael Hibbs (PI) 

Cy Fujimoto 

Ehren Baca

Collaborators

 Los Alamos National Laboratory

Yu Seung Kim

Albert S. Lee

EunJoo Park

Sandipkumar Maurya

Barriers

 Cost

 Electrode performance

 Durability



Relevance/Impact3

Project Objective

Synthesis of durable ionomers and demonstration of their use in fuel 

cells that can operate at temperatures between 150-250 oC.

FY20 Objective

Fabrication and performance testing of ionomers in single cells  

employing phosphonic acid doped anion exchange membranes.

Advantages of this technology

• Higher catalytic activity at higher temperatures (less catalyst needed).

• No water needed (elimination of humidifiers).

• Easier thermal management (smaller radiators).

• All of these lead to lower fuel cell costs.

Targets

• > 500 mW/cm2 peak power density under hydrogen/air conditions. 

(electrode performance)

• Total precious group metal (PGM) loading of < 0.125 mgPGM/cm2. 

(cost)

• <5% performance decrease after 1000 h operation at 200°C. 

(durability) 



Approach4

Date Milestone/Deliverable Complete

12/18 Prepare 10-20g batches of BrDAPP and BrC6PP 100%

3/19 Prepare batches of PC6PP with 2 IECs between 1.5 and 3.0 100%

6/19 Prepare batches of PDAPP with 2 IECs between 1.5 and 3.0 100%

9/19 Measure membrane ASR using the high temperature MEA construction. ASR 

will be <0.05 Ω cm2 at 200 oC. (Go/No Go)

100%

12/19 Investigate HOR and ORR activity of catalyst in contact with the ionomers 80%

3/20 Optimize electrode structure of HT-PEMFCs using down-selected catalysts 50%

6/20 Measure fuel cell durability of low PGM HT-PEMFCs at 200oC 30%

9/20 Measure fuel cell performance and durability 10%

Overall technical approach

• Synthesis and testing of ionomers with pendant phosphonic acid groups. 

FY20 developments

• Focus on fluorophenyl phosphonic acid groups for better durability.

• Testing of poly(terphenylene) from LANL.

• Testing of poly(phenylene) from SNL.



Accomplishments and Progress: Phosphonated
polymers without anhydride formation5

Number of C–P bonds

H+ conductive groups

@HT

Phosphonic acid (PA)  

functionalization 

SN
Ar Michaelis-Arbuzov reaction

• High acidity PA due to the 

electron-withdrawing effect of 

fluorine does not allow anhydride 

formation.

• Efficient functionalization of PA

• Facile hydrolysis

• Testing of ionomers in FY19 showed low/poor conductivity due to phosphonic
anhydride formation.

• The fluorophenyl group stabilizes the phosphonic acid and increases acidity.
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Accomplishments and Progress: Synthesis of Phosphonated
poly(terphenylene) (LANL)

1H NMR

19F NMR

CDCl3

DMSO-d6

CDCl3

DMSO-d6

• Synthesized 

phosphonated ionomers 

(TPPAs) via acid catalyzed 

polycondensation

followed by SnAR

Michaelis-Arbuzov

reaction.

• Confirmed chemical 

structure of TPPAs by 1H 

NMR and 19F NMR 

• IEC = 1.9 meq/g 

TPPA
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Accomplishments and Progress: Phosphonic acid stability at 
high temperature

• Poly(vinylphosphonic acid) and TPPA were dissolved in DMSO-d6 (2.5 wt%)

• 31P NMR spectra were taken after thermal treatment at 160 °C

• Conductivity of PVPA is low compared to TPPA which is attributed to 

anhydride formation which 31P NMR supports. 

TPPA

a

a

no significant change observed 

PVPA

a

b

a b

limited solubility in DMSO
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Accomplishments and Progress: HT-PEMFC performance of 
MEA using TPPA ionomer
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• Membrane: PA-doped QAPOH (ion-pair PEM)

• Ionomer: phosphonated polymer (TPPA)

• Flow anhydrous gases, H2/O2 flow = 500 sccm. 

• A/C backpressure = 10 psi. 

• A/C Pt loadings were 0.75/0.6 mgpt/cm2 using 

commercial 75 wt% PtRu / 60 wt% Pt/C 

catalysts. 

• MEA fabrication  GDE air brushing on carbon 

cloth GDL.

• Peak power density of 300-700 mW cm-2

at 120-200C.

• Cell HFR was < 0.1 Ohm cm2.

• Demonstrated use of phosphonated

polymer as an ionomer for the first time.

TPPA
H2/O2
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Accomplishments and Progress: Synthesis of phosphonated
poly(phenylene)s (SNL)

• Synthesized poly(phenylene)s with pendant phosphonic acid groups on 1- and 6-carbon tethers.

• Confirmed chemical structure by 1H NMR and 31P NMR (not shown).

• Low conductivity and poor solubility which we attributed to anhydride formation (phosphonic

acid) in environment similar to PVPA.
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Accomplishments and Progress: Synthesis of Phosphonated
poly(phenylene) (SNL)

a

a b

b

c

c

19F NMR

Phosphonated

DAPP

• Synthesized phosphonated DAPP by 

fluorophenyl acylation reaction 

followed by SnAR Michaelis-Arbuzov 

reaction.

• Confirmed chemical structure by 19F 

NMR and 31P NMR (not shown).

• IEC ≈ 3 meq/g (calculated from 19F 

NMR.

• Water uptake = 30%.
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Accomplishments and Progress: HT-PEMFC performance of 
MEA using phosphonated DAPP ionomer
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• Membrane: PA-doped QAPOH (ion-pair PEM)

• Ionomer: phosphonated DAPP

• Flow anhydrous gases, H2/O2 or air flow = 500 sccm. 

• A/C backpressure = 10 psi. 

• A/C Pt loadings were 0.75/0.6 mgpt/cm2 using 

commercial 75 wt% PtRu / 60 wt% Pt/C catalysts. 

• MEA fabrication  GDE air brushing on carbon cloth 

GDL.

• Electrode composition: LANL proprietary

• Project target for FY20:  power density >500 

mW/cm2 (H2/Air) with <0.125 mgPGM/cm2.

• We have achieved the fuel cell performance 

portion of the target: 700 mW/cm2.

• Remaining time will be used to achieve PGM 

loading and durability targets (slide 3).
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Accomplishments and Progress: HT-PEMFC performance 
improvement

FY18                             FY19                               FY20

Maximum power 

density at 200 
oC, H2/O2, ion-

pair membrane 
0.5 W/cm2 0.7 W/cm2 1.35W/cm2  

Ionomer 

structure

Significant improvement in cell performance by changing the design of the ionomer.



Responses to Previous Year Reviewers’ Comments13

“The performance level is low. The gap with conventional HT-PEM fuel cells should be 

considered and discussed, major causes should be identified, and solutions should be 

proposed.” 

• Performance data in last year’s slides were based on materials available before this 

project started. The first technical back-up slide shows a comparison with a 

commercial PA-PBI membrane HT-PEM fuel cell. At 160 oF, peak power density for the 

PA-PBI system is only about 15% higher. At higher temperatures, the PA-PBI 

performance decreases due to loss of phosphoric acid whereas the phosphonated

ionomer performance increases at higher temperatures.

“The team should discuss and explain the justification for the performance difference 

with previously developed PA-ADAPP and PPFS when the temperature is increased from 

160°C to 200°C” 

• That data was acquired before the start of this project. In the system with PA-ADAPP 

ionomer, the performance declined at temperatures above 160 oC due to evaporation 

of the phosphoric acid. This wasn’t a problem for the system with PPFS, thus 

demonstrating the value of phosphonated polymers as ionomers.

“Selecting one route and improving the initial performance with conventional PGM-

loading on electrodes should be prioritized.”

• Agreed. In FY20, the focus has been entirely on the two ionomers with fluorophenyl 

phosphonic acid groups and testing to date has been with conventional PGM loadings.



Collaboration and Coordination14

Partner Project Roles

Sandia National Laboratories

Michael Hibbs

Cy Fujimoto

Ehren Baca

Project lead

Management and coordination

Synthesis of phosphonated DAPP-based ionomers

Synthesis of base membranes for PA-ADAPP ion pair        

membranes

Characterization of ionomers

Los Alamos National Laboratory

Yu Seung Kim

Albert Lee

Eun Joo Park

Sandipkumar Maurya

Subrecipient

Synthesis of phosphonated polybiphenylene ionomer

Evaluation of catalytic activity with new ionomers

Fabrication of MEAs with new ionomers and fuel              

cell performance assessment

Fuel cell durability assessment

Advent Technologies Inc.

Emory de Castro

No-cost collaboration

Material supply

Tech validation



Remaining Challenges and Barriers15

• Optimizing handling and processing conditions for batches of 

phosphonated DAPP

• Better understanding of conductivity measurements on phosphonated DAPP

• Reducing Pt loading in MEAs

• Increasing OCV by better design of MEA gaskets



Proposed Future Work16

Any proposed future work is subject to change based on funding levels.

Remainder of FY 2020

• Continue making batches of phosphonated DAPP for further fuel cell

testing at LANL (SNL)

• In-plane and through-plane conductivity measurements on 

phosphonated DAPP (SNL/LANL)

• Fuel cell performance optimization (LANL)

FY 2021

• Fuel cell durability testing (LANL)



Summary17

Objective: Synthesis of durable ionomers and demonstration of their use 

in fuel cells that can operate at temperatures between 200-

300 oC.

Relevance: Aiming to reduce fuel cell costs by enabling operation at high 

temperatures without humidification and low PGM loading.

Approach: Synthesis of ionomers based on poly(phenylene) backbones 

with covalently attached phosphonic acid groups. FY20 

research focused on fluorophenyl phosphonic acid groups

Accomplishments: Synthesis of poly(terphenylene) and poly(phenylene), 

both with fluorophenyl phosphonic acid groups. Fuel 

cell testing of both ionomers and a power density of 

1.35W/cm2 at 200 oC in H2/O2.

Collaborations: Phosphonated DAPP ionomers have been sent to LANL 

for fuel cell testing. Performance data from LANL drives 

plans for structural variations at SNL.



Technical Back-up Slides
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Fuel cell performance with commercial PBI19
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Fuel cell performance with ion-pair vs. phosphonated ionomer
20



Proton conductivity of phosphonated DAPP
21

• Sample S1 (blue) was dried at 80oC for one hour prior to measurements. 

• S1 was rerun (green) up to 160oC where a drop in conductivity was seen.

• Sample S2 was preheated at 150oC for 2hrs and showed very consistent conductivity (about 20 mS/cm)

as S2 was heated from 80 and 150oC (yellow) and as it was cooled from 150oC to 80oC (red).   


