extremely low (-70 °C) and high (220 °C) temperatures. As a result, the fully solid-state and
flexible supercapacitor successfully operates in the temperature range of -70 to 220 °C as well as
outperforming most of the current state of art solid-state supercapacitors at room temperature.
Merging the properties mentioned above reveals new horizons for extreme temperature
supercapacitors for challenging energy storage applications such as aerospace, transportation,

and micro-electronics.
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Chapter 8
HT-PEMFC Performance Using New Phosphonic Acid Electrode Binder

8.1 Introduction

A detailed study on HT-PEMFC performance in Chapter 5 revealed that further
improvement HT-PEMFC cell performance warrants the kinetic and mass transport resistances
addressed. Figure 8.1 clearly shows the various sources of resistances that contribute to loss in
HT-PEMFC performance with H2/O», with 50:50 QPPSf-PBI membrane with QPPSf GDEs (0.5
mgr: cm2) at 220 °C/0% RH. The cell had very low ohmic overpotential. For example, 20 mV
ohmic overpotential would occur if the cell were operated near 2 A cm, near the peak power
density for this H2/O, demonstration. The large activation overpotential observed in the lower
current density regime is the significant contributor of the charge-transfer resistance. The
activation overpotential values are substantially higher than the ohmic resistances in the cell and
highlight that the HT-PEMFC’s performance is primarily reaction kinetics limited, at a low
current density regime, which is due to the presence of HsPO4 doped polymers. In HsPO4 doped
polymers used as electrode binders, phosphate type anion adsorption to electrocatalyst surfaces
block sites for reactant adsorption and hindering reaction kinetics.

Further, in the high current density regime, a large concentration overpotential is
observed. The large concentration overpotential is due to liquid HzPOs in the electrodes,
preventing the reactant gas delivery to the electrocatalyst surfaces. To further improve the cell
performance, the kinetic and mass transport resistances need to be addressed. The kinetic and
mass transport resistances are due to the ionomer binders in the electrodes. Therefore, further
improvement in HT-PEMFC performance necessitates the invention of new polymer electrolytes

as ionomer binders with better reaction kinetics and lower mass transport resistance.

130



1.0 T T T T T T T I
Cell voltage

—

Tlnhm

Cell voltage (V)

Current density (A cm™)

Figure 8.1. (a) Source of overpotential in fuel cell polarization curve with H2/O>, with 50:50
QPPSf-PBI membrane with QPPSf GDEs (0.5 mge: cm™2) at 220 °C/0% RH with 60 kPa of back
pressure on both the anode and cathode

From Chapter 5, both IDE and MEA studies for hydrogen pumps demonstrated that
PTFSPA was a more effective electrode binder as it promotes reaction kinetics and gas transport.
Hence, using PTFSPA as electrode binder with 0.5 mgp, cm™ and 50:50 QPPSf-PBI HT-PEM,
the polarization behavior of HT-PEMFC under H2/O> at high temperatures was evaluated.
8.2 Results and discussions

Using PTFSPA as electrode binder with 0.5 mgp; cm™ and 50:50 QPPSf-PBI HT-PEM,
the polarization behavior of HT-PEMFC under H2/O: at high temperatures was evaluated.

Figure 8.2a shows the performance comparison of HT-PEMFC employed with PTFSPA and

H3PO4-QPPSf as electrode binders at 220 °C. The PTFSPA electrode binder offers better cell
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performance, and a peak power density of 900 mW cm™ was achieved using 175 kPaaps
backpressure at 220 °C. Figure 8.2b shows the EIS of HT-PEMFC polarization using PTFSPA
and H3PO4-QPPSf as electrode binders in the MEAs. By switching the electrode binder, the HT-
PEMFC performance was improved. The new PTFSPA binder enabled a reduction in charge-
transfer resistance (Rc(), allowing better reaction kinetics at high temperatures. Ret < 0.03 Q-cm?
at 0.7 V for HOR and ORR with PTFSPA and 50:50 QPPSf-PBI HT-PEM was observed. This

showcases the effectiveness of the new electrode binder for HT-PEM architectures.

a.) e . - 1.0 0.025
) lonomer binder: . b) o lonomer binder : '
—e— QPPST-H,PO, PO | Ca QPPSEH,PO, . T=220°C |
0.8 - —e— PTFSPA - 2 08 — 0.020 o PTFSPA - - u V=07V
D 20 4 | q
| |
S 5 . .
Y Lo 2 & - "
) . £ 0.015 4
5 C o ] L}
= o i o
e = G "
z Lo 2 "
= T 5 0004 oo n 4
o @ b:] .f ..
s 4 @ "
an
= (] L] ]
. -0.2 B« o f b
d 0.005 - / I . 2 §
g e "
1 ]
0,0’ 1 -' ‘ ] 1
0.0 . : . . : 0.0 . -
0.0 0.5 1.0 15 2.0 25 0.000 — T T T
0.00 0.02 0.04 0.06 0.08 0.10
Current density (A cm™?) , 5
Z' (Q-cm*)

Figure 8.2. a.) Fuel cell polarization curve with H2/O2, with 50:50 QPPSf-PBI membrane with
QPPSf and PTFSPA GDEs (0.5 mge: cm?) at 220 °C/0% RH with 175 kPa of absolute
backpressure on both the anode and cathode. b.) Nyquist plots of 50:50 QPPSf-PBI membrane
with QPPSf and PTFSPA electrodes at 220 °C/0% RH for H2/O2
8.3 Conclusions and future work

In summary, PTFSPA is a more effective electrode binder for HT-PEM architectures
involving hydrogen, over QPPSf-H3POj4 binders because it does not contain liquid acid known to

obfuscate hydrogen gas permeability and hinder reaction kinetics due to phosphate anion

adsorption on the electrocatalyst surface. The 50:50 QPPSf-PBI membrane and PTFSPA
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ionomer binder in GDEs gave a competitive power density of 900 mW cm2 with H,/O; at 220

°C. This study highlights the importance of phosphonic acid functionalized polymer electrolytes

as ionomer binder materials for HT-PEM architectures. The interesting observation in

improvement in polarization behavior of HT-PEMFC motivates future studies to improve the

fuel cell performance. By utilizing thinner and reinforced membranes and better optimizing the

HT-PEMFC architecture, the polarization behavior of HT-PEMFC could be explored.

The new PTFSPA binder has shown promising results in reducing the Kinetic resistance

in both HT-PEM ECHP (see Figure 4.10a) and HT-PEMFC (see Figure 8.2a). It is vital to

address the mass transport resistance, increasing hydrogen and oxygen permeability at higher

current densities and enhancing device performance. Further reduction in mass transport

resistance could be achieved by employing a thin reinforced membrane to handle more

backpressure. From Figure 4.27, it could be visualized that the HT-PEMFC operation is

hindered at 220 °C after 36 hours due to mechanical failure of the membrane. Instead, the

membrane chemistry being very stable. Figure 8.3 shows the advantage of using reinforced

membranes in HT-PEM architectures.
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Figure 8.3. Schematic representation of employment of reinforced membranes in HT-PEM
architecture for improving device performance
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Chapter 5 showcases the significant improvement in HOR/HER kinetics and permeability
using the new PTFSPA electrode binder in HT-PEM architectures. In the case of HT-PEMFCs,
the ORR in the cathode has sluggish reaction kinetics compared to HOR. Therefore, for further
improving the HT-PEMFC performance from 900 mW cm™ of power density, understanding the
interaction of the new PTFSPA electrode binder with ORR in the cathode becomes vital. Also, to
reduce the PGM loading in the electrodes, studying oxygen with an electrode binder in the
cathode is essential. Figure 8.4 shows the microelectrode setup to compute O2 permeability at
high temperatures. The anode compartment consists of GDE fabricated using PTFSPA.

In contrast, the cathode compartment consists of an uncatalyzed GDL coated with an ionomer
binder of interest, in our case PTFSPA, followed by a thin Pt wire which would act as a
microelectrode. By stepping the working electrode (Pt wire) potential down from the OCV to 0.4
V vs. SHE, where the ORR is diffusion-limited, the oxygen reduction current profile could be
monitored. The O transport through the polymer could be analyzed using unsteady state Fick’s

law in a cylindrical geometry, given by the Cortell equation.

0.422

—) (6.1)

Where t: time (s), C: oxygen concentration (mol cm™2), D: diffusion coefficient (cm? s™1), r:

[ = nFACD (= +

radius of Pt wire (cm)
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Figure 8.4. Microelectrode study to compute O2 permeability in the cathode
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Chapter 9
Conclusions

This dissertation demonstrated the improvements in HT-PEMFC and ECHP
performance by fabricating a new high temperature (HT-) polymer electrolyte that was deployed
as a membrane separator (50:50 QPPSf-PBI) and as an ionomer binder (PTFSPA) in the
electrodes that addressed the overpotential sources. In addition to the device level
demonstrations, the material and structural properties of high-temperature polymer electrolytes,
as membranes and electrode ionomer binders, were investigated. The dissertation unequivocally
shows that the high-temperature operation of hydrogen fuel cells and ECHP facilitated by the
high-temperature polymer electrolytes curtails CO adsorption's effect on the electrodes and
necessitates better device performance.

The newly synthesized HT-PEM based on PC-PBI blend (50:50 QPPSf-PBI) displayed
excellent ionic conductivity and water resiliency under a wide-temperature range of -70 °C to 240
°C. The superlative ionic conductivity of HT-PEM was attributed to the polycation (PC) promoting
more significant hydrogen bonding frustration, and the PBI was facilitating higher HsPO4 uptake.
The new class of HT-PEM enables the operation of hydrogen fuel cells and ECHPs under a wide
temperature range, and concurrently promotes a better performance by reducing the ASR.

The high temperature (HT-) polymer electrolytes exploited as ionomer electrode binders
served as a thin adhesive coating on the electrocatalyst/electrocatalyst support particles and
profoundly impacted the HT-PEMFC and ECHP cell performance. The newly synthesized
phosphonic acid-functionalized high-temperature polymer electrolyte, PTFSPA, is a more
effective electrode binder for hydrogen fuel cells and ECHPs over PC-H3PO4 binders because it

does not contain liquid acid known to obfuscate hydrogen gas permeability and hinder reaction
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kinetics due to phosphate anion adsorption on the electrocatalyst surface. Though phosphonic
acid-functionalized polymer electrolytes conduct protons under hydrated and anhydrous
conditions, they have poor mechanical integrity, restricting their employment as HT-PEM in
hydrogen fuel cells and ECHPs. Owing to the thin coating of ionomer used in the electrocatalyst
layer, high ionic conductivity and mechanical integrity are not essential for an ionomer binder.
Rather the electrochemical properties such as the charge-transfer reaction kinetics and gas
permeability have a more profound impact on the electrochemical device performance. Using the
IDE platform decorated with nanowire platinum catalysts for HOR/HER studies, it was
unequivocally demonstrated that the measured thin-film polymer electrolyte electrochemical
properties of PTFSPA enable better HOR/HER kinetics and gas permeability at high
temperatures.

Using 50:50 QPPS{-PBI HT-PEM and PTFSPA as ionomer binders, an excellent ECHP
performance of 1 A cm™ at 55 mV at 220 °C was achieved. By employing the new PTFSPA
electrode binder, >0.9 W cm™ of power density was performed in HT-PEMFCs with H2/O; at 220
°C. The augmented performance HT-PEMFC and HT-PEM ECHP were achieved due to the high-
temperature operation enabled by the new HT-PEM and enhanced reaction Kinetics and gas
permeability PTFSPA electrode binder. The high-temperature operation of HT-PEM ECHP
enabled better tolerance to CO and other contaminants in the anode feed. Moreover, the high-
temperature operation enabled accelerated desorption of Pt conceding better device performance.

The maneuver of high-temperature polymer electrolytes synthesized and employed in this
dissertation reveals new horizons for the wide-temperature operation of hydrogen fuel cells and
ECHPs for challenging energy conversion and separation applications aerospace, transportation,

electricity generation, and separations. Also, the high-temperature operation of hydrogen fuel cells
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and ECHP improves clean energy production and separation technology's cost competitiveness.
Improving the cost competitiveness will economically incentivize the market for an easier and

faster transition to fuel cell and hydrogen pump technology.
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