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Presentation overview

High-temperature polymer electrolyte membranes (HT-PEMs) and
binders for fuel cells

Studying the electrochemical properties of electrode ionomer binders as
thin films
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LSU has 34,000 students and 1200 endowed oak trees

Louisiana ranks 2"9 in the US for chemical manufacturing



GI-SAXS (ANL APS) About my lab: polymeric materials engineered with
I TSGR i1 precision over 6 orders of magnitude in length scale

Block copolymers ‘ﬁ
A W

o Self- asgembly

| V.M. Palakkal, C.G. Arges
et al. npj Clean Water 2020

S.Kole, C.G. Arges et al.
J. Mater. Chem. A. 2021

i.) Catalyst deposition
ii.) Mechanical hot
press

lii.) Solvent anneal

Model systems with long-range order
and high fidelity nanostructures

Inform fundamental transport, kinetic,
and thermodynamic properties at the
molecular level

Bipolar membrane 4



Cell level studies in Arges Lab
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Presentation overview

High-temperature polymer electrolyte membranes (HT-PEMs) and binders for
fuel cells

Studying the electrochemical properties of electrode ionomer binders as thin
films

Future directions and concluding remarks



| see an electric vehicle Iin your future
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All of GM’s vehicles will be electric by 2035 Tesla - the most valuable car company

2021 Toyota Mirai Fuel Cell Electric Vehlcle
(~ 400 mile range)

Vehicle electrification is critical
to the 50% GHG reduction goal
by 2030




Fuel cell electric vehicles (FCEVs) v. battery electric vehicles (BEVs)
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F. Wagner, M. Mathias, J. Phys. Chem. Lett., 2010 8
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Both battery electric vehicles (BEVSs)
and fuel cell electric vehicles (FCEVs) Fuel cell
warrant continued strong development e

Investment, given the strong societal
need for full vehicle electrification ....

One plausible scenario is that both HZ/'\
technologies will have a place in the
automotive future, with batteries
finding theirs in smaller cars for short
trips, while fuel cells find application in Q

. H, — 2e +2H" 10, + 2¢+2H" — H,0
larger vehicles used regularly for Eo=0Vvs SHE " go=123V vs SHE
longer trips. ~ General Motors (2010)

F. Wagner, M. Mathias, J. Phys. Chem. Lett., 2010 9



Fuel cell stacks - modular systems
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The stack requires coolant delivered by a radiator because the redox reactions

in each cell generates heat
10



energy

100 ] New roads and challenges for fuel cells in

1 heavy-duty transportation
1 horsepower = 0.75 kW

Size (weight in tons)
o

REVIEW ARTICLE

https://doi.org/10.1038 /541560-021-00775-z

) Check for updates
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100 200
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D.A. Cullen, A. Kusoglu, et al., Nature Energy, 2021
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HDVs and fuel cell stack heat management

Heavy duty vehicles (HDVs) Heat Rejection Improvement
30%

25%
20%

15%

=
o
X

% Heat Rejection Increase

5%

HDV (class 8 tractor trailers) - US DOE

0%

up to 400 kW stacks 78 30 82 34 36 88 90
‘25,000 hours of Stablllty Nominal Operating Temp (°C)

-$80 kW-1

*68% efficiency Q=UA { I stack- Tenvironmem}

Operating the cell at higher temperatures yields better heat rejection

D. Papageorgopoulos, US DOE, HFTO, 2020 V. Murthi, US DOE HTPEM Workshop, Nikola Motor 2020 12



Limitations of Nafion® at elevated temperatures
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Condensed water within the PFSA dissociates ionic charge pairs & mediates conductivity



New HT-PEM based on phosphate ion-pairs

300 ' | ' | ' i ' |
' run 1 -
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A. Chaichi, G. Venugopalan C.G. Arges, M.R. Gartia, ACS Applied Energy Materials, 2020
G. Venugopalan, C.G. Arges et al., ACS Applied Energy Materials, 2020 C.G. Arges, U.S. Patent Application #62,656,5638 2018 14




Preparation of polycation-PBIl blends for use as HT-PEMs

QIO OO4 «/“ - Jen
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G. Venugopalan, C.G. Arges et al., ACS Applied Energy Materials, 2020 C.G. Arges, U.S. Patent Application #62,656,538 2018 15




1.0

Fuel cell performance with new HT-PEMs

Nafion 21 1T'V' Catalyzed Coated Membrane
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G. Venugopalan, C.G. Arges et al., ACS Applied Energy Materials, 2020
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Electrode ionomer has a profound impact on performance
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V. Atanasov, J. Kerres, Y.S. Kim et al., Nature Materials, 2021 Y.S. Kim. et al. Nature Energy, 2016; et al. Energy Environ. Sci., 2018 17



Synthesis of phosphonic acid ionomers

i.) Dissolve H , Phosphonic
I(-I22 \ PVBCl in DMAc CZ\ L Reflux in aqueous HCI |('|:2 ’ acid H3p04
N y N |
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V. Atanasov, J. Kerres, et al., J. Power Sources, 2017 18



Properties of phosphonic acid ionomers
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PTFSPA shows the same thin film conductivity as QPPSf-H,PO,
and has excellent thermal stability

G. Venugopalan, C.G. Arges, Materials Advances (revision submitted)
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Cell voltage (V)

Our fuel cell data with phosphonic acid ionomer binders

Type of binder
1.0 I - I - I - I - I 1.0
Tonomer binder: s Ionomer binder : ' | ' !
' —e— QPPSf-H5PO, { = QPPSf-H;PO, T =220 °C |
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| £
O s -0 = o
0.6 - "o o6 B "5 0.015 - _
\ &
2 = C
b = =
0.4 - O/ L 04 % ’N. 0.010 - - i
7 161 to 175 kPa,, 5
» T=220°C/0% RH 3 0005 - _
029 H,/O, (0.2 SLPM) -0.2 P
1 £ Stoic: 1.2x/2x |
0o LS 0.5 mgp, cm2 (PY/C) anode/cathode 0o "-"""000 R o o o o
0.0 0!5 110 1:5 210 2!5 | Z' (Q-cm?) QPPSf' H3PO4
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ol HO--O+O4
CH I
HsP0, 20 3 0 "
By switching the electrode binder only, fuel cell performance ™ ° .o .,
improved because of improved electrode kinetics HPO~ Ul HsPO,
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Presentation overview

High-temperature polymer electrolyte membranes (HT-PEMs) and binders for
fuel cells

Studying the electrochemical properties of electrode ionomer binders as thin
films

Future directions and concluding remarks
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Property requirement differences: binders vs. membranes

Membrane

*Low gas (H2 & O2)
permeability

* Mechanically
robust

* Electron insulating

 High ionic

conductivity

- Chemically &

thermally stable

*NO excessive

swelling

- Good gas (H2 & O2)

- Solution processable

- Small to negligible

* Electrically conductive

Binder )

ionomer

permeability
(low boiling point & carbon

non-toxic solvents Improved interface
preferred) O,

interaction with
catalyst surface

Is a plus

carbon

A. Kongkanand & M. Mathias, J. Phys. Chem. Lett., 2016 929



Motivation for studying thin film polymer electrolyte properties

_—’Hzo

X-ray tomography
of LT-PEMFC electrode

PEM Cathode Gas diffusion layer

Porous electrodes have a complex structure. They are required to deliver electrons,
reactants, and protons to the electrocatalyst surface for the redox reactions

K.L. More et al., ECS Trans., 2006 |. Zenyuk et al., Solid-State lonics., 2019 23



Electrochemical properties of thin film Nafion®

1000 -
100 Conductivity of bulk Nafionat 100% RH
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2 10

£ 5
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3 ' n
s 0.1 10 @
z 7 B / 5
> ® 30 nm -
~ 0.01 =
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0.001 ' +160 nm Interdigitate
©300 nm electrode (IDE)

0.0001

10 30 S0 70 90

Relative Humidity (%)

Nafion®, when confined as a thin film, cannot self-assemble into percolated pathways
compromising conductivity

D.K. Paul et al., J. Electrochem. Soc., 2014 M.A. Modestino et al., Macromolecules, 2013
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Thin film conductivity of high-temperature polymer electrolytes
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Higher ionic conductivity over Nafion® because these polymer electrolytes do not

require self-assembled ionic domains for facile proton conductivity o5



Can we measure how the polymer electrolyte binder affects
reaction kinetics and gas permeability?

Can we do it without using liquid supporting liquid electrolyte
and fabricating membrane electrode assemblies?

lonic conductivity often has a relatively
small |mpact on fuel cell performance

ml

Luis Briceno-Mena Prof Jose
PhD candidate Romagnoli

w‘
— .
:..1’7 {
—
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Current distribution analysis for fuel cells

1.2 ' T ' T T T T T 1.2
n
wellvoltage - i = ——FN,; Faraday’s Law
41.0 S;
< 0 Cell polarization relationship between voltage & current
D | .
E o N E(i) = Eoc —Nact — Necon — Nohm
: *E
-~ .
O 40.4 o_ 0 Cell voltage is informed from
AG™ = —nFE thermodynamics
H40.2 o
E,,=123—-0.9x%x1073(T —298.15) + ;ln(PHz,/Poz)
R 0.0
0.0

- B W A HsPO, uptake in electrodes ™M;, = 0.0902/EC;, + 0.0352
Current density (A cm™) -

RT i RT i Reaction kinetics for
Nact = In ( ) + In ( )

i1 (1-0c0)> jcat the electrodes

Exchange current density (io) ~ rxn rate coeff. 1
(Butler-Volmer)

-an P”Z"’% - Egz 1 1 .an
o = aCLC cO EXp R \T,, T° P Lo-ref eXP(—ﬂ(l 3 mio))

AagnF AcatF

cL ; CO coverage on catalyst
5 = acle (%) exp (— (- )) i§% ey exp(-n(1-mi))  Bo = 19.9 exp(—7.69 X 1073T,,) + 0.085 In (2<2)

0
S, R XTor: 'T YH2

ref

L. Briceno-Mena, G. Venugopalan, J.A. Romagnoli, C.G. Arges, Patterns (Cell Press), 2021 27




1.2

1.0

0.8

0.6

Cell voltage (V)

CL
Dg,

L. Briceno-Mena, G. Venugopalan, J.A. Romagnoli, C.G. Arges, Patterns (Cell Press), 2021

Current distribution analysis for fuel cells

- 12
Cell voltage -
- T 7 T Msa 11.0 = EF m; _ EFN- Current is measure of
T T Mse s; A-Mw; -t S; ! chemical species flux
5 — = 7 MNohmic -4 0.8
---n, N B B | |
o < E(l) - Eoc Nact Ncon Nohm
- 406 Z_
—
. (Omem dio
- B 194 Nohm — 1 (x . Ohmic drop arises from ion
-----ZIZ2--1. e it transport mass transfer resistance

Lo T 102
kot i Concentration polarization
i e o B P S T (mass-transfer controlled behavior)

- s wm| == | | | 1 | OO
0 0.5 1.0 1.5 2.0 2.5 3.0 , ,

i i
Current density (A cm™) Ncon = — (ln (1 . _.an) -+ In (1 i at))
Lim Lim
CL CL
Diffusi £ it jcat — KanDy, PH, (1 = )2 ic-at = KcatDOZPOZ
iffusion coefficien lim T6c, coO lim T8¢
4500 m? —10000m;,+4010

= (1.0 x 1076) exp (— =2 0 CL — ypCL .
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Versatile materials for nanostructure templating - BCP self-assembly

Self-consistent field theory phase diagram

120

100

diblock, A-b-B 80
00000009%%0g 400

block A=(a), block B=(b)_ YN 60

monomer, a-p @
monomer. b - @

Cylinders Cylinders

Gyroid Gyroid

O
Lamellae LO ~ X1/6N2/3 0 0.2 0.4 0.6 0.8 1

C. Osuiji et al., Soft Matter, 2014 L. Leibler, Macromolecules, 1980



Probing reaction kinetics and gas transport at electrocatalyst-thin
film ionomer interfaces

Interdigitated Electrode
(Au current collectors
on Si/ SiO,) |

Expose to Platinum nanowires on Au
Mel Vapours I current collectors

da | %‘@\ S
Alkylate - i -
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|® I I
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b o] [orKaMCle/ H*
i . O i .
1 oOX l “m ~
Graft RCP brush Coat BCP and lon-exchange '
solvent anneal PGM precursor ) - - -
lM = Pt
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- = or KMClg / H* _
= 2, @ -
| Metal oxide AN Deepra
1, Y : - Bhattacharya
Plasma etch (O,) Plasma etch (O, + Ar) PhD Candidate

D. Bhattacharya, C.G. Arges, Small, 2021 (accepted, doi: 10.1002/smlil.202100437) 30



Pt nanostructures

PGM nanostructures from self-assembled BCP templates

Lo =22.21 nm Lo =44.34 nm
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(22 nm diameter)
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PGM nanostructures — surface area

Height (A) from AFM topography images
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Droplet of 0.1 M HCIO,

Bare Pt IDE
@2V

Y@ov
D. Bhattacharya, C.G. Arges, Small, 2021 (accepted, doi: 10.1002/smlil.202100437)

® = nano-PGM
= polymer electrolyte (10 nm)

H0 O2 H:

| M

Si wafer

H20 —> 2H* + 2e"+'2 O, (E° =1.23 vs SHE)

Water electrolysis on IDEs

O2 & H2
|

2H* + 26— H2 (E° = 0 vs SHE)

Differences In reactivity
were observed depending

on the PGM type
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Hydrogen pump on IDEs with Nafion® thin films

® = nano-PGM Nonalkylated templates

S
<~ 0.087 ! = 40
= polymer electrolyte (10 nm |
95% RH poly yte ( ) § 3
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;o 0025/ - o G 0.4 - ——— €40
s | /BareAulDEw/H, Reactivity 5 3 o A
j - . < 0.3 3L47-A-Pt
S differences 13 O30 cropt @
£'0.0015} - 2z of
z PtNWson | between Pt meso- % o2} 2 ©
© | AulDEw/N - o <
g0 : structures can be < 3201 JeR1oOAPL ST
£ . - >
5 00005 discerned g $ L 2L84-A-Pt
0 . . . © & . . . S0l o o2199-Pt
0 01 02 03 04 0 01 02 03 04 o \2L84-Pt
Applied potential (V) Vo (V) ©
= 0.2 04 0.6

D. Bhattacharya, C.G. Arges, Small, 2021 (accepted, doi: 10.1002/smll.202100437) 35 Specific surface area (cm?ugp; ')




Using the IDE platform to assess how thin film polymer
electrolytes affect reactant transport and HOR/HER kinetics
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H, pump w/ high-temperature thin film polymer electrolytes on IDEs

3.0 = . Platinum loading: i
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é 2.0 — é 6 —
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3 : g 4 7
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= Z —— Model (200 °C) o 3 _@_‘é 5 2 7 Model (200 °C)
© 05 = ® Experimental (160 °C) I = : ® Experimental (160 °C)
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[ r rr rrrfrrrj[rr1 H2PO4O H.PO LN B B N N B I B B B N N B N B B
3F U4
0.0 0.2 0.4 0.6 0.8 HaPO4 00 02 04 06 08 10
Potential (V) Potential (V)

E(i) = E, - RT ln(_i) , i(&)_ B(ln(l i )) Adjustable parameters

(Agnt+a.q)F KZ_O Liim V, B, and i0-ref
Thermo Rxn kinetics Ohmic Mass transfer 05 .
| Cy,Hy, \" Eq2/1 1)),
Ch lp = aCLC CO exp R \T TO lO—ref exp(_)’(l — mio))
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lllm nFPHZ 5 PHZ _ DHZHHZ 2 37



H, pump with HT-ionomer thin films on IDEs

T v T v T v T

B QPPSfH, PO,
304 [ | PTFSPA

160 180 200
Temperature (°C)

| |l QPPSf H,PO,

" PTFSPA

160 180 200

Temperature (°C)

Removal of H;PO, enhances reaction kinetics and gas permeability

G. Venugopalan, C.G. Arges, Materials Advances (revision submitted)
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IDE data for informing fuel cell polarization
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Membrane electrode assembly (MEA) H, pump data
with different binders

H,,— 2¢ +2H"
E’=0V vs SHE

0.5 mgp, cm for each electrode

G. Venugopalan, C.G. Arges, Materials Advances (revision submitted)
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H;PO, :’ Ay
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. H2 . ‘ C\H‘/ («P]
et /CL © + 160 °C
/t FCZ  CF -t & 1805C
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OeHG’) 0.0 &% I : I ' I : I ' | : | : |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Current density (A cm™?)
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Best HT-PEM H, pump data

G. Venugopalan, C.G. Arges, Materials Advances (revision submitted)
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1 Acm?2ats50 mV
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Correlating IDE data to

MEA H, pump data

' I ' I I 0.40 - | - I ' |
s1 2X to 4x A .| 9xto 10x A
W .| difference : — 1 difference
~ . 0.30 -
z o0
&
L a- ] £ 025- .
c ) z
o 3- § 020-
S - :
E g 0.15- .
g2- = 160°C : B 160 °C
2 . ® 1807C sl ® 180°C
ol L © A 200°C oA
0.05 - O A 200°C
0 1 ~ 1 - 1 - 1 - 1 ° ; — 1 T 1 ; | ; | ' | ; | ; | ; I ' | '
04 06 08 10 12 14 1.8 20 22 24 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Pyp.pE (X107 em? s71)

IDEs are a high-throughput, cost-effective platform for downselecting electrode ionomer

binders for MEASs.

They use 100x less PGM, a small amount of binder, and do not require a bulk membrane

and cell testing hardware.

1o, m-1pE (A mgp, ")

G. Venugopalan, C.G. Arges, Materials Advances (revision submitted)
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Broader use of hydrogen in the U.S. economy: H,@Scale

C:Z@Sccle

U.S. Department of Energy
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Presentation overview

High-temperature polymer electrolyte membranes (HT-PEMs) and
binders for fuel cells

Studying the electrochemical properties of electrode ionomer
binders as thin films

Future directions and concluding remarks

44



Machine Learning (ML) & data framework analysis approach

3 AR
.  jp it
Electrode % ! oW Ay
| Y oty ' &

Material Under Test

Support
Vector
Regression Experiments
Planning
High throughput t
materials data Luis Briceno-Mena
osf% Synthetic data | o " PhD candidate
i e  F=fGP NS '
%.0:5 o < . . o ‘ R, "1 T2 "in - %Z: 3 98§§ é ..oO:-.
$ 04 . . Semiempirical |l o | 5" ;IE' :
model | = e

o
o

el
: o
x - - : “+1
02 . : o
60 05 10 15 20 o | s o - 0. 0.2 0.4 0.6 0.8 1.0
Current intensity (A/cm?) : m ml e oo mn - Component 2

Polarization data | |
Dimensionality 1AN) . ,
reduction and ‘ |
clustering |

Prof. José

e L. Briceno-Mena, G. Venugopalan, R I
~ J.A. Romagnoli, C.G. Arges, omagnoi
Data generation/Data preprocessing . Patterns (Cell Press), 2021

Goal: Use ML to identify material properties and cell operating parameters for
optimizing power constrained to 68% fuel efficiency and 0.3 mgpgy cmM™= in the MEA
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Concluding remarks

Model thin films of electrocatalysts and polymer electrolytes are useful for
establishing structure-property relationships and generating a large library of
materials data.

This Is important for the rationale design of electrodes that enable high
performing fuel cell and electrolysis units as wel/l as the development of
Machine Learning (ML) tools that bridge materials properties to cell level
performance.
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H3sPO4 dopedPBI is commercial and mature

0.9

Linear m-PBI
Thermally cured m-PBI

Acid-Doped Polybenzimidazoles:
A New Polymer Electrolyte

—

&
~

> f i
J. S. Wainright,** J-T. Wang,* D. Weng,? R. F. Savinell,** and M. Litt’ ; R
“ Department of Chemical Engineering and ° Department of Macromolecular Science and Engineering, o) 05 I . § -
E. B. Yeager Center for Electrochemical Sciences, Case Western Reserve University, Cleveland, Ohio 44106-7217, USA E —T 160 °C . _
J. Electrochem. Soc. 1995 g :i = 0.2 A cm-2
LR " Much ble than LT-PEMFC
1 ™ -Much more stable than L1-
\‘ \\ A _ _"L ' ' i |

The Chemical Company

0.1~|....1....1....i....i....l.
0=BASF 0 2500 5000 7500 10000 12500

Time /h

- Other limitations of PBI
- Cells use +1 mgrt cm™ (large Pt loadings)
- Low power (400 mW cm w/ Hz & air)

These properties limit it to niche
applications (e.g., stationary power)

B.C. Benicewicz. et al. Chem. Mater., 2005 J.O. Jensen et al. J. Power Sources, 2017 49



Conductivity (S cm™)

K.-S. Lee, Y.S. Kim. et al. Nature Energy, 2016

lon-pair HT-PEMs as superior alternatives to PBI
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provides a strong ion pair
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Conductivity (S cm™)

K.-S. Lee, Y.S. Kim. et al. Nature Energy, 2016

lon-pair HT-PEMs as superior alternatives to PBI
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lon-coordinated HT-PEMs have better
stability when compared to Celtec® and
comparable proton conductivity
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Sources of resistances in the fuel cell and cell stability
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Kinetic/charge-transfer resistances dominate

We also suspect mass transfer limitations

G. Venugopalan, C.G. Arges et al., ACS Applied Energy Materials, 2020
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QPPSf with different IEC values
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PGM nanostructures - loading & surface area

Sample ID
PS40k-p-pP2VP44k
(Pt)

PS40k-p-pP2VPp44k
(Pt, alkylated)

PS102k_p-P2VPoTk
(Pt)

PS102k_p-pP2VPo7k
(Pt, alkylated)

P2VP12k-b-PS23k-b-P2VP12
(Pt)

P2VP1%k-p-PS23k-ph-P2VP12k
(Pt, alkylated)

P2VP12k-p-PS23k-h-P2VP12k
(IrOx, alkylated)

PS#8k-h-P4VP2ik
(Pt)

PS48k-pH-P4VP21k
(Pt, alkylated)

Mass loading
(ugPGM cm-zgeo)

4.95

9.68

9.85

11.25

1.58

3.83

2.67 (Ir only)

3.60

11.72

Thickness

(nm)
11.9

28.0

34.1

56.6

8.5

17.4

17.7

13.3

22.3

Specific Surface Area
(cmzPGM cm-zgeo)

0.94

1.91

1.53

2.55

0.85

2.27

2.31

1.09

2.34

D. Bhattacharya, C.G. Arges, Small, 2021 (accepted, doi: 10.1002/smlil.202100437)

The alkylated block
copolymer templates give
larger PGM loadings and
surface area values.
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Processing SEM images for structural data
yiginal image | Filtered & threshoid (@ Colored & analyzed
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Images

C.G. Arges, P.F. Nealey et al. J. Mater. Chem. A., 2017



Poor connectivity of the nanowire electrocatalysts prevents shorting the IDE
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