N

N

Functionalized carbon materials for high performances
of PEM fuel cells
Yuzhen Xia

» To cite this version:

Yuzhen Xia. Functionalized carbon materials for high performances of PEM fuel cells. Other. Uni-
versité de Lorraine, 2014. English. NNT: 2014LORR0116 . tel-01750947

HAL Id: tel-01750947
https://hal.univ-lorraine.fr/tel-01750947
Submitted on 29 Mar 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.univ-lorraine.fr/tel-01750947
https://hal.archives-ouvertes.fr

UNIVERSITE
DE LORRAINE

AVERTISSEMENT

Ce document est le fruit d'un long travail approuvé par le jury de
soutenance et mis a disposition de l'ensemble de Ila
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur. Ceci
implique une obligation de citation et de référencement lors de
I'utilisation de ce document.

D'autre part, toute contrefacon, plagiat, reproduction illicite
encourt une poursuite pénale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la Propriété Intellectuelle. articles L 122. 4

Code de la Propriété Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg_droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




Ecole doctorale RP2E

Laboratoire LRGP - UPR 3349

Carbone Fonctionnalisé pour Une Meilleure
Performance des Piles & Combustible

Theése
soutenue publiquement le 16/10/2014
pour l'obtention du diplome de
Doctorat de I’'Université de Lorraine
(spécialité génie des procédés et des produits)

par

Yuzhen XIA

Composition du jury

M. Dominique Bégin ICPEES, Strasbourg Rapporteur

M. Boniface Kokoh IC2MP, Poitiers Rapporteur

Mme. Deborah Jones  ICGM, Montpellier ~ Examinateur

M. Sébastien Fontana  IJL, Nancy Examinateur

M. Gaél Maranzana LEMTA, Nancy Examinateur

Mme. Caroline Bonnet LRGP, Nancy Co-directrice de thése, Invitée

M. Francois Lapicque =~ LRGP, Nancy Directeur de thése






Ecole doctorale RP2E

Laboratoire LRGP - UPR 3349

Functionalized carbon materials for higher
performances of PEM fuel cells

Thesis
presented publicly on 16/10/2014
to obtain the diplome of
PHD of Lorraine University
(Specialty engineering process and product)
by
Yuzhen XTA

Composition of the jury

Mr. Dominique Bégin  ICPEES, Strasbourg Reviewer

Mr. Boniface Kokoh IC2MP, Poitiers Reviewer
Mrs. Deborah Jones ICGM, Montpellier ~ Examiner
Mr. Sébastien Fontana IJL, Nancy Examiner
Mr. Gaél Maranzana LEMTA, Nancy Examiner
Mrs. Caroline Bonnet LRGP, Nancy Co-director of thesis, Invited

Mr. Francois Lapicque LRGP, Nancy Director of thesis






Résumé

Une pile & combustible est un dispositif électrochimique qui convertit en continu et di-
rectement 1’énergie chimique d’un combustible en énergie électrique et en chaleur. La
premiére pile a combustible a été inventée par William Grove en 1839, qui s’est inspiré
de ses travaux sur I’électrolyse de ’eau en hydrogéne et en oxygéne, sont produits en
consommant de I’électricité. En appliquent le principe inverse, la consommation en
hydrogéene et oxygeéne génére de I'électricité et de ’eau. Bien plus tard, des recherches
ont été lancées sur la pile & combustible dont différents types ont été fabriqués.

Au début des années 1960, la pile & combustible de type membrane échangeuse
de protons (PEMFC, proton exchange membrane fuel cell) a été inventée par des
chercheurs de General Electric, qui a développé une membrane de polymeére solide
en tant qu’électrolyte. Les membranes Nafion®, fabriquées par DuPont en 1966, ont
été utilisées pour remplacer celles en polystyréne sulfoné. La PEMFC, opérant a
des températures inférieures a 100 °C, représente une voie prometteuse en raison du
rendement élevé, de la conversion énergétique, du faible impact sur 'environnement.
Le systéme ne produit pas de déchets, mais uniquement de ’eau. Toutefois, en
raison du cott élevé, il a été limité a des missions spatiales et d’autres applications
spéciales. Cependant, cette technologie se heurte & de nombreux problémes relevant
de la durabilité et des cotlits d’investissement. Les recherches ont été effectuées afin
de développer et d’optimiser ce dispositif tout en minimisant les cofits.

Au cours d’une réaction de la PEMFC, le combustible (hydrogéne) et le comburant
(air ou oxygéne) alimentent chaque compartiment de la pile. Ils passent a travers la
couche de diffusion de gaz (gas diffusion layer, GDL) et réagissent sur la couche
de catalyseur (catalyst layer, CL). L’oxydation du combustible produit les électrons
passant par un circuit externe et des ions H' traversant la membrane électrolytique.
Du coté cathodique, les électrons se recombinent avec les protons et les molécules
d’oxygéne pour former de 1'eau.

La GDL sert comme matériau support des catalyseurs dans la préparation de

I'électrode a diffusion de gaz (gas diffusion electrode, GDE). Sa nature poreuse
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assure la bonne distribution des gaz depuis les canaux de distribution jusqu’aux
sites catalytiques. De plus, ses propriétés hydrophobes assurent a la membrane une
bonne hydratation tout en prévenant le noyage des électrodes. La GDL, a base de
matériaux carbonés, posséde une bonne conductivité électronique; une perméabilité
de gaz élevée, et haute stabilité chimique et électrochimique. La structure macro-
poreuse de la GDL est assurée par un tissu, un feutre ou un papier de carbone.
Les derniéres générations de GDL sont généralement bicouches: une couche micro-
poreuse est déposée sur la couche macroporeuse. Un agent hydrophobe, par exem-
ple, le poly-tétrafluoroéthyléne (polytetrafluoroethylene, PTFE), permet d’augmenter
I’hydrophobicité de ces matériaux.

La CL est le lieu ou les réactions d’oxydo-réduction se produisent. L’encre de
catalyseur, contenant du liant, un électrocatalyseur et des solvants, est déposée sur un
substrat, GDL ou membrane. Le liant joue un role important dans la détermination
de la performance de I’électrode. Tout d’abord, il est utilisé pour fixer le catalyseur
sur le support, pour maintenir 'intégrité de la structure d’¢lectrode, qui concerne
ainsi les propriétés mécaniques de la CL et la perméabilité aux gaz dans I'électrode.
L’activité électrochimique de la CL est également influencée par les propriétés du
liant. Le PTFE est utilisé comme un liant neutre classiquement utilisé. Cependant,
en raison du caractére hydrophobe du PTFE, le catalyseur couvert est imperméable
aux protons. L’utilisation du catalyseur dans la réaction électrochimique est réduite.
Le Nafion, avec une conductivité protonique élevée et une bonne stabilité mécanique
et chimique, est communément utilisé. La presence du Nafion permet d’augmenter
I'activité catalytique et contribue également & retenir I’humidité de la membrane,
en particulier & des hautes densités de courant. Cependant, le Nafion ne couvre
qu'une partie du platine, par suite 'autre partie de catalyseur n’est pas accessible
aux protons. Par ailleurs, un excés excessif de Nafion limite le transport de 'oxygéne.
De nombreux travaux ont été effectués afin d’optimiser la quantité de Nafion dans la
CL. Cependant, une quantité optimale n’a pas pu étre définie.

Le platine (Pt) et les alliages de Pt sont les catalyseurs les plus couramment
utilisés du fait de leur grande activité catalytique, stabilité chimique et densité de
courant d’échange (ip) élevé. Les particules de platine finement divisées, de I'ordre
de quelques nanométres de diameétre, sont déposées sur des matériaux carbonés ayant
une grande surface spécifique. Cependant, la pénurie mondiale de Pt contribue au
prix élevé de la pile & combustible. Un certain nombre d’études ont été menées afin
d’ameéliorer les activités catalytiques tout en diminuant les quantités: la diminution

de la taille de nanoparticules, le développement d’alliages métalliques (en tant que



RESUME

lonomeric layer lon-exchanging
/ groups
Pt clusters Pt clusters
Hydrophobicregion Hydraphilic region Hydrophobicregion  Hydrophilicregion

Figure 1: Schéma du catalyseur sulfoné dans la couche catalytique

binaire et ternaire), d’électrocatalyseurs sans Pt, et les particules de Pt dispersées sur
les matériaux carbonés conducteurs et poreux.

Des particules de platine dispersées sur du carbone sont généralement utilisées
dans les piles & combustible & basse température. Les propriétés des supports carbonés
ont une influence forte sur les performances des catalyseurs métalliques supportés.
La structure du carbone joue un role important dans I'accés des réactifs aux sites
catalytiques et le retrait des produits de réaction. Les noirs de carbone (carbon
black, CB) sont les supports les plus utilisés pour le Pt et les catalyseurs Pt-alliage,
en raison de leur stabilité, de leur bonne conductivité électronique, de leur grande
surface, de leur faible cott ainsi que leur disponibilité facile.

Le traitement chimique de la surface du support de carbone permet d’augmenter
son activité, en introduisant des groupes fonctionnels ou des polyméres sur la surface.
Le greffage du support a également un effet sur le caractére hydrophobe / hydrophile
des matériaux et sur l'activité électrochimique des catalyseurs. La sulfonation du
carbone, qui confére une conductivité ionique au carbone, en plus de la conductivité
électronique du carbone, a été pensée comme une voie prometteuse en remplacement
du Nafion ajouté pour de la préparation de I’¢électrode. La présence des groupements
sulfonates greffés facilite le transport des protons au cours des réactions de piles a
combustible, en améliorant ’accessibilité des protons au platine. Ainsi, le greffage
rend 'utilisation de Nafion moins nécessaire, comme illustré par la Figure 1.

Au cours de notre travail, deux types de Pt/Vulcan catalyseurs sulfonés ont été
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greffés soit avec du polystyréne sulfonates (polymer styrene sulfonate acid, PSSA)
soit avec de l'acide 4-phenysulfonique (phenysulfonic acid, PSA). La synthése de ces
matériaux carbonés a été menée a I'Institut Jean Lamour (CNRS-Université de lor-
raine) a Nancy. Les images de la microscopie électronique en transmission (transmis-
sion electron microscopy, TEM) et la diffractométrie de rayons X (X-ray diffraction,
XRD) ont montré que la dispersion du platine sur le support n’était pas modifiée
aprés la sulfonation.

L’influence du ratio de greffage, de la qualité de Nafion et du type de GDL a été
étudiée en demi-piles et en pile & combustible. Deux types de support carboné, un
papier carboné (carbon papaer, CP) ou un papier carboné en couche micro-poreuse
(microporous layer coated carbon paper, MCP) ont été utilisés dans la fabrication de
disques de demi-pile. La quantité du Nafion ajouté a varié¢ de 0.25 & 0.50 mg-cm™.

La demi-pile préparée par pressage a chaud sur un coté de la membrane, a été
édutiée dans un systéme a trois électrodes. La contre-électrode est une feuille de
Pt. Une électrode au sulfate mercureux saturé Hg/HgoSO, placée dans un capillaire
Luggins est utilisée comme ’électrode de référence. L’électrolyte liquide, 0.5M de
H,SO,, alimente en protons, en particulier la réduction d’oxygéne. Par la suite,
des assemblage membrane-electrodes (AMEs) avec des composants différents ont été
préparés et testés en pile compléte.

Les méthodes électrochimiques, telles que la voltammétrie cyclique (cyclic voltam-
metry, CV), la voltammeétrie linéaire (linear sweep voltmmetry, LSV), la chronopoten-
tiométrie et la spectroscopie d'impédance électrochimique (electrochemical impedance
spectra, EIS), ont été utilisées pour caractériser ces matériaux.

La CV nous permet d’étudier le processus d’adsorption/ désorption de ’hydrogéne
sur le platine. Ainsi, la surface électrochimique (electrochemical surface area, ECSA)
du catalyseur peut étre estimée. L’air est fourni au systéme du coté de la GDL, et les
protons traversant la membrane Nafion assurent la réduction de 'oxygéne a la CL, en

présence du catalyseur. Différentes performances ont été observées par les méthodes
de LSV et EIS.

e Type de GDL

L’ECSA des demi-piles a été améliorée en présence de MCP. Concernant la perfor-
mance de la réduction de l'oxygéne (oxygen reduction reaction, ORR), les courbes
LSV ont montré que les MCP-électrodes ont une densité de courant supérieure a
celles sans MCP. Par ailleurs, les spectres d'impédance ont montré que la résistance
au transfert de charge facilement observables de Nyquist des demi-piles préparées
avec MCP, confirment les résultats de LSV.
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e Catalyseurs greffé du PSSA

Pt/Vulcan catalyseurs ont été greffés des chaines PSSA par polymeérisation radicalaire
du 5, 10 et 20 wt.% (en masse de catalyseur) 4-styrénesulfonate de sodium. Les
performances en demi-pile ont été améliorées par le greffage de 5 ou 10 wt.% PSSA.
Cependant, la densité de courant ORR a diminué quand le ratio atteignait a 20
wt.%, inférieur & celle du catalyseur non-fonctionnalisé; les valeurs de la résistance
de transfert de charge et de la résistance de diffusion étaient supérieures. Dans les
tests en pile, des résultats élevés ont été obtenus apres la sulfonation du catalyseur
avec 5 et 10 wt.% PSSA, tandis que le greffage avec 20 wt.% PSSA n’a pas bénéficié
d’amélioration dans la pile & combustible. L’hydrophilie des catalyseurs greffés avec 20
wt.% PSSA était plus élevée, ce qui a entrainé ’accumulation de ’eau dans 1’électrode

et géné le transfert de réactif.
e (Catalyseurs greffé du PSA

Dans l’essai en demi-pile, la valeur de PTECSA a également réduite a cause du gr-
effage de 11.6 et 23.3 wt.% PSA dans le catalyseur. Le catalyseur Pt/Vulcan greffé
avec PSA présente un courant d’ORR inférieur & celui obtenu par le catalyseur non-
fonctionnalisé. En la présence de MCP, une quantité de 23.3 wt.% PSA greffé sur
Pt/Vulcan catalyseur s’avére étre meilleure qu’avec des teneurs en PSA plus faibles,
11.6 wt.%. Un courant d’échange plus élevé a étre obtenu en LSV, avec une plus
faible pente de Tafel. Le diamétre de la boule de Nyquist était inférieur a celui des
autres demi-piles. Des AMEs avec 5.8, 11.6, 18.0 et 23.3 wt.% PSA greffé sur le
catalyseur ont été étudiés dans une pile & température ambiante. Leurs performances
ont été améliorées par la sulfonation. ’AME, ayant des catalyseurs greffé avec 18.0
wt.% PSA et 0.50 mg-cm™ Nafion, a présenté une densité de puissance plus élevée,
de 223 mW-cm™. Sa performance de vieillissement a été étudiée dans 3000 cycles
de CV entre 0.1 et 0.9 V. Les courbes de polarisation ont présentées une densité de
puissance environ 311 mW-cm2aprés 3000 cycles, prés de la valeur maximum, 318

mW-cm™ aprés 1750 cycles.
e Quantité de Nafion

Dans les deux séries des catalyseurs, il y avait une concordance raisonnable dans 'effet
du Nafion: moins de Nafion a entrainé une plus faible performance des demi-piles.
Contrairement aux résultats obtenus en demi-pile, les AMEs ayant des catalyseurs
greffé de 10 et 20 wt.% de PSSA, ont obtenu une densité de puissance plus élevée lors
que la quantité de Nafion a diminué de 0.50 & 0.25 mg-cm™. Les AMEs sulfonés ayant
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0.25 mg-cm™? Nafion ont montré une densité de puissance élevé que celui présentant
du catalyseur non-fonctionnalisé.

En raison de la présence de PSA ou PSSA, les performances des piles & combustible
ont été améliorées. Un meilleur résultat a été obtenu dans les AMEs ayant 0.25

mg-cm™ Nafion par la sulfonation de catalyseurs.

10
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Introduction

A fuel cell is an electrochemical device that continuously and directly converts the
chemical energy of externally supplied fuel and oxidant to electrical energy. The first
fuel cell was invented by Sir William Grove, by electrolyzing water into hydrogen and
oxygen and then observing the reaction in reverse with the right catalyst, producing
electricity. After that, researches have been started on practical fuel cell. During this
period, coal, the major fuel at that time, was used to replace hydrogen and resulted
in the invention of alkaline fuel cells and molten carbonate fuel cells [1].

PEM fuel cell, polymer electrolyte membrane fuel cell or proton exchange mem-
brane fuel cell, was invented at General Electric in the early 1960s. They success-
fully developed a solid polymer membrane as the electrolyte. Initially, sulfonated
polystyrene membranes were used as the solid electrolytes, but these were soon re-
placed by Nafion® membranes in 1966, which has been proved to be superior in
performance and durability, and it is still the most popular membrane in use today.
After, PEM fuel cell technology served as a part of NASA’s Gemini Program. It
was superior to other power converting devices because of its high power and energy
densities, simple design, minimum noise and vibration, and reliability. The system
produced no waste: only water. However, due to the high cost, it was limited to
space missions and other special applications |1, 2, 3].

Fuel cell research and development then remained dormant for about 20 years due
to technological obstacles and cost issues. Up to 1980s, many fuel cell companies have
been founded. Today, more and more universities and institutes all over the world
are becoming involved in PEM fuel cell research and development. So far several
key innovations, such as low platinum catalyst loading, novel membranes, and new
bipolar plates, make the application of PEM fuel cell systems more or less realistic.
Demonstration activities in every corner of the world are overwhelming.

The catalyst, prepared by dispersing small particles of platinum or platinum-based
alloy particles on the surface of a carbon support, such as Vulcan, is generally adopted

as the electrocatalysts for PEM fuel cells. Much works on preparation of electrodes
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with high platinum utilization and sufficient catalytic activity in the reaction have
been taken. Besides the discussion of the optimum size of the Pt size particles, it is
generally believed that a good carbon support can enhance the catalytic activities and
mass transfer. Sulfonation of carbon structures, providing an electronic conductivity
of the catalysts have been thought as a promising way. Based on this, the necessity
of Nafion ionomer to be added in the preparation of the catalyst layer was reduced.

This research in functionalized carbon materials for efficient PEM fuel cell is a
part of the collaboration project “FOCUS”, funded by ICEEL (Institut Carnot pour
I'Energie et 'Environnement en Lorraine). It has been accomplished in three CNRS-
funded laboratories in Nancy. The functionalization of the carbon materials and
the preparation of the electrodes are carried out in Institute Jean Lamour (IJL).
Functionalization has been considered by sulfonating the carbon support (Vulcan) by
two ways: (i) grafting polystyrene sulfonate acid (PSSA) by in situ polymerization
of the ionomer; (ii) grafting phenysulfonic acid (PSA) group by the diazonimum
synthesis route. This will allow observing the effect of the chain length of the grafted
sulfonate.

Moreover, water management at the local state is investigated in the terms of
adsorption isotherm and dynamics of the transfer in Laboratory of Theoretical and
Applied Energetics and Mechanics (LEMTA). Our work in LRGP (Laboratoire Réac-
tions et Génie des Procédés) concerns the electrochemical characterization of the half
cells and fuel cells, together with the observation of aging of the electrodes of a novel
technology.

The PhD work consists of four chapters, in addition to general introduction and
conclusion. The first chapter introduces the fundamental aspects of fuel cells, in-
cluding various components of PEM fuel cells, before giving literature data of carbon
materials as support of the catalyst and the investigation mode. The second chapter
describes the materials and the methods used and developed in this work: functional-
ized catalysts, half-cell, fuel cell and their installation in the bench, together with the
various electrochemical techniques that have been employed to characterize the per-
formance and to describe of the novel material. The third part is dedicated to PSSA
grafted carbon catalysts, with the experimental data of the numerous tests with the
half-cell, the performances of the materials in the fuel cells and durability tests of the
promising materials in fuel cells. Finally, chapter 4 follows the same outline for the
second type of the carbon material: the PSA grafted carbon materials, which have

also been investigated in half-cell mode and in a single cell.

24



Chapter 1
Fundamentals and developments

In this chapter, we first introduce the working principles of PEM fuel cell for a brief
understanding. The electrochemistry involving in the fuel cell reactions have also been
briefly presented in section 1.1. The main components of a PEM fuel cell, including
the membrane, the catalyst layer and the gas diffusion layer were introduced in the
section 1.2. Our works mainly focus on the platinum catalysts supported on carbon
materials. So we gives a short review of the development in the carbon support
materials and their functionalization in section 1.3. In the last section, we present a
little the systems for the evaluation of the fuel cell materials, half-cell, a single cell

and fuel cell stack.

1.1 PEM fuel cell fundamentals

1.1.1 Principles of PEM fuel cell

A schematic representation of a PEM fuel cell is shown in Figure 1.1. The fuel
(hydrogen) and oxidant (air/ oxygen) are delivered to each side of the device. At the
anode, hydrogen passes through the gas diffusion layer (GDL) and the molecule is
decomposed into two positively charged protons and two negatively charged electrons
at catalyst layer (CL). Protons pass through the polymer electrolyte membrane and
reach the cathode, whereas the negatively charged electrons travel along an external
circuit to the cathode, forming an electrical current. At the cathode, the electrons
recombine with the protons, and together with the oxygen molecules in the CL, form
the product water|l|.The chemical equations are given as follows:
Anode:
Hy — 2H' + 2e~ (1.1)
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Figure 1.1: A sketch of the principle of a PEMFC

Cathode:
02+4H++4€_ — 2H20 (12)

The total reaction is

H2 + 1/202 — HQO (13)

with a theoretical cell voltage to be 1.229 V at 25°C and 1 atm.|3]

Hydrogen Oxidation Reaction (HOR)

In PEM fuel cell technology, Hy is used as a fuel. The overall reaction of HOR is

expressed as Equation 1.1, in which three sequential steps can occur in the presence

of platinum|!1]:

1) Adsorption step: in the presence of platinum catalyst, a hydrogen molecule is

adsorbed on the particle:

Hy + 2Pt — Pt — H, (1.4)

2) Tonization step: there are two possibilities of splitting of adsorbed hydrogen to

adsorbed H atom

a) Tafel route
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Pt — Hy+ Pt — 2Pt — Hyy (15)

b) Heyrovsky route

Pt —Hy— Pt—Hyy+H" +e” (1.6)

and followed by Volmer route

Pt—Hu,— Pt+H' +e” (1.7)

3) Desorption step: the produced H' is desorbed and then transferred into the
electrolyte.

In the process, Pt-H,q4 is the reactive intermediate of hydrogen atom adsorbed on
platinum. The overall reaction rate is controlled by the step which is far slower than
the others, i.e. the rate determining step (rds).

HOR is also an important process in fuel cell reaction. Moreover, it presents a
model system for the fundamental understanding of electrochemical kinetics, electro-
catalysis, and electrochemical surface science. Almost all the basic laws of electrode
kinetics and the concepts of electrocatalysis were developed and verified by the ex-
amination of HOR [1, 2|.

Oxygen Reduction Reaction (ORR)

ORR in aqueous solution occurs mainly by

1) direct 4-electron reduction pathway

Oy +4H* 4+ 4¢~ — 2H,0 (1.8)

or 2) 2-electron reduction pathway

02 + 2H" + 27 — H202 (19)

HyOy +2H" +2¢~ — 2H,0 (1.10)

Most researches in MEA have been focused on cathode ORR development because
the ORR kinetics is much slower, being the rds of the total reaction. The exchange
current density of ORR, even in the presence of platinum based materials, ranges
from 1071? to 10® A-cm™, while the value of HOR is around 103A-cm™|1, 2.
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1.1.2 Electrochemistry in PEM Fuel cell

Enthalpy of Reaction

For the hydrogen/ oxygen cell, the heat or enthalpy of the reaction 1.3 is the difference

between the forming enthalpy of products and reactants.

AHy = Hp o0 — Hym, —Y/2Hy 0, (1.11)

At 25°C and 1 atm, the value of AHY is -286 kJ-mol ™.

Gibbs Free Energy

The change in Gibbs free energy (AG/) of a reaction is the Gibbs free energy difference
between the products and the reactants. So AG of hydrogen/oxygen fuel cell reaction
1.3 is:

AGy = Grmon — G, = 2G 1o, (1.12)

It is a parameter of temperature and pressure.
For a reversible electrochemical reaction, the Gibbs free energy would be converted
to electrical energy. The relation of the voltage of the fuel cell and AG(} is given in

Nernst equation

AGy = —nFE (1.13)

where F' is the Faraday constant (96485 C-mol') and E is the voltage of the
reaction (V); n is the number of electrons in the electrochemical reaction. In the case
of a hydrogen fuel cell, for each mole of hydrogen, two moles of electrons pass around
the external circuit, n=2.

At 25°C, 1 atm, we obtained a reversible hydrogen/ oxygen fuel cell potential,
also called theoretical open circuit voltage (OCV)

CAGY 2372

E° = = -
¥a 2 x 96485

V =1.229V (1.14)

Fuel cell efficiency

The efficiency of an energy conversion device is defined as the ratio between useful
energy output and energy input. In fuel cells, the useful energy output is the electrical

energy produced, and the energy input is the enthalpy of hydrogen. For a reversible
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cell reaction, all the Gibbs free energy can be converted in to electrical energy, the

theoretical deficiency at 25°C and 1 atm is

b = AGY  —237.2kJ/mol
T AHY T —286kJ/mol

= 82.9%

The actual efficiency of the cell is defined as

V V

O = AHOJnF 1AV

where V is the actual cell voltage.

Butler-Volmer Equation

For an elementary reaction,

O+ne <R (1.15)

The Butler-Volmer equation gives the current-potential relationship:

oan)_ , ((1—oz)nFn
rT TR

where 7 is the net current density; i,. is the current density in reduction reaction;

1= lpe — log = iOQ'rp<_

) (1.16)

1oz 15 the current density in oxidation reaction; 7y is the exchange current density,
which is equal to the current density of reduction or oxydation at equilibrium; « is the
electron transfer coefficient, n is the electron transfer number in the rate determining
step; and 7 is the overpotential, which is defined as the potential difference between
the electrode potential at a certain current density and the electrode potential at zero
current density (reversible potential).

The Butler-Volmer equation is applied to a fuel cell anode and cathode reaction,

and the anodic and cathodic kinetic current density, ¢, and i., are expressed as follows:

. . aanaF/r/a . (1 - aa)naFT/a
0 =104 ——= =) . 1.17
la = loacp(——pm) ~ loacap( =T ) (1.17)
, , an.n, , (1 — ae)neFn,
e =10c ————— ) — e —_— 1.18
te = docerp(——pm—) — locetp(——pr—) (1.18)
where, i, = —14; 0,4, O, Na, 1o Tepresent the exchange current density, transfer

coefficient, electron transfer number in the rds, and overpotential of the anode reaction

(HOR), respectively; i, ac, N, 7. are the parameter in cathode reaction (ORR).

29



CHAPTER 1 FUNDAMENTALS AND DEVELOPMENTS

-1.5 4

-2.0 <

-2.5 4

-3.0 4

log (i / Alcm 3)

=354

-4.0 4

-4 5

_5-0 L L] 1 L]
-0.1 a 01 0.2 0.3 a4

1 (V)
Figure 1.2: A Tafel plot from |[I]

Linear Polarization

At lower overpotential (n < 30mV), %Fj? |< 1, Equationl.16 is simplified to:

o —anFn (1 —a)nkFn
= 1 -1+ —F—- 1.19
i=io (14 Z ) - (14 St (1.19)
that is
. . nFn
= —lg——— 1.20
i to (1.20)
therefore,
n RT
Ry = —1 = 2 1.21
! 1 nFiyg ( )

R, is the charge transfer resistance, which refers to the barrier across which
the electrons passed from the electrode surface to the adsorbed species or from the

adsorbed species to the electrode.

Tafel Equation

At high overpotential, one term in the Butller-Volmer equation can be ignored, e.g.
the reduction reaction rate is much higher than that of the oxydation reaction, 7, >

oz, S0 Equation 1.16 is written as
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ank'n

i X Qe = jpexp(— 7T ) (1.22)
Ini = Inig — O‘Z];" (1.23)
n= %lnio — Oi—j];lm' (1.24)
n= %wyio - %logi (1.25)
as lre K log;
P2, = —ioexp((l_](;%) (1.26)
n= —%logio + %log(—i) (1.27)

Equation 1.24 and1.27 have been expressed as an empirical equation by Tafel:

n=a-+blog|i| (1.28)

This is the Tafel equation. In a certain current density range, the overpotential
is linearly dependent on the logarithm of current density, and the slope of the line is
Tafel slope b. The exchange current density, 7p, can be obtained from the intercept

at n = 0.

2.303RT
anF ?

mined by a and n. The higher the Tafel slope, the faster the overpotential increases

is deter-

In the reduction reaction, at a given temperature, Tafel slope,

with the current density. Thus, for an electrochemical reaction to obtain a high cur-
rent at low overpotential, the reaction should exhibit a low Tafel slope. The charge
transfer coefficient, «, is the proportion of the electrical energy applied that is har-
nessed in changing the rate of an electrochemical reaction. Its value depends on the
reaction involved and the materials, in the range of 0-1.0. In anode reaction, its value
is about 0.5 for a great variety of electrode materials; at the cathode, it is in the
range 0.1-0.5 [3]. For ORR at 25 °C (298K), a. about 0.50, two Tafel slopes are
usually obtained, 60 mV/dec (2-elelctron reduction pathway, n=2) and 120 mV /dec
( 1-electron reduction pathway, n=1), depending on the electrode materials used and
on the potential range [1].

Exchange current density, 7o, is an important kinetic parameter representing the
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electrochemical reaction rate at equilibrium. The net current density at equilibrium
is zero and the current density of the forward reaction equals that of the backward
reaction, which is called exchange current density. The magnitude of the exchange
current density determines how rapidly the electrochemical reaction can occur. The
exchange current density of an electrochemical reaction depends on the reaction and
on the electrode surface on which the electrochemical reaction occurs. For example,
on a Pt electrode, the exchange current density of hydrogen oxidation is several orders
larger than that of ORR [1].

Besides the electrode materials and the catalyst, the exchange current density is

also temperature dependent.

. - Eqe ,C
ig = zoexp(—R—%) (1.29)

where i is the exchange current density at T— infinite; E,. is the activation
energy of a reaction.

For electrocatalysts used in PEM fuel cells, such as platinum particles dispersed
on carbon materials, the exchange current density is also related to the real electrode
area and to the reactant concentration (or partial pressure, for a gas). The nano-Pt
particles in the CL have a higher electro-active surface area, which is significantly dif-
ferent from its geometric area, and the partial pressure of Og is not 1 atm. Therefore,

an apparent exchange current density, i%7P" " is introduced [1]:

-apparen . P02 Q¢

i = (ECSA)ein. o5 )* (1.30)
02

where (ECSA), is the electrochemical surface area of Pt in the cathode; PJ, is

the standard O, pressure and Pp, is the actual O, partial pressure.

Voltage loss

In fuel cell operation at 25°C, it is found that the real potential is much lower than
E°. The characteristic polarization curve of PEM fuel cell is shown in Figure 1.3.

There are four causes of irreversibility, as explained in [3].

Open circuit voltage As it is shown in Figure 1.3, even the open circuit voltage is
lower than the theoretical fuel cell potential. It is often reported that the phenomenon
is due to the mixed potential and to fuel crossover. In fuel cell cathode, besides ORR

on pure platinum catalyst, unavoidable parasitic reactions, which tend to lower the
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Figure 1.3: Voltage loss in a low temperature PEM fuel cell [3]

electrode potential, occur. The local electrochemical reaction on the Pt surface could

create a PtO surface coverage of 30%, with 70% of the surface remaining as pure Pt.

Pt + H,O — PtO +2H" + 2¢ (1.31)

with E?Dt/Pto: 0.88 V/NHE.
H, diffuses through the membrane from the anode to the cathode, and reacts
directly with oxygen, i.e. fuel crossover. Otherwise, the reduction of oxygen to HyO,

as well as the dissolution of platinum, reduce the OCV [4].

Activation loss At low current densities, the cell potential drops sharply. That
is activation loss, activation overpotential, caused by the kinetics of the electrode
reactions, especially the sluggish ORR kinetics or low catalyst activity in cathode.
In low- and medium-temperature fuel cells, activation loss is the most important
irreversibility and cause of voltage drop. The relationship between the activation loss
and current density is explained by Tafel’s law, Equation 1.24,

2'303RTlog(L) (1.32)

Ao :’ e |: a.n.F 10
clte ,C
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The exchange current density of cathodic reaction, ORR, 7y, is the crucial factor
in reducing the activation overpotential and in improving fuel cell performance [3]:

i) raising the operation temperature, whose relationship with iy has been given
in Equation 1.29. In high-temperature fuel cells, for example, ig. in a 800°C cell is
about 10 mA-cm™, a 100-fold higher than that in a low-temperature cell, about 0.1
mA-cm?;

ii) using more effective catalysts;

iii) improving the roughness of the catalyst layer. In Equation 1.30, it is shown
that higher surface area could result in higher apparent exchange current density;

iv) increasing reactant concentration and the oxygen pressure, for example, using

pure O, instead of air.

Ohmic Loss At intermediate current densities, voltage is nearly in linear to the
current. Ohmic loss, also called ohmic overpotential, is due to the ohmic resistance,
containing the ionic resistance of the polymer membrane and the electronic resistance
of the electrodes and the collector plate. This voltage drop is essentially proportional

to current density, linear, given by Ohm’s law,

AEq =i Rq (1.33)

where ¢ is the current density flowing through the cell, and Rg is the ohmic
resistance of the fuel cell, including the ionic, electronic and contact resistances.
In most case, electronic resistance can be negligible, while ionic resistance of the
membrane is the largest source of ohmic losses. Minimizing the ohmic losses requires
effective water management in the membrane, excellent electron conductive materials,

and minimal contact resistance [1].

Mass transfer Loss In high current density region, voltage decreases rapidly as the
current increases, indicating a voltage loss caused by the concentration gradients of
the reactants near the electrode surface, corresponding to local depletion of reactants.
As oxygen is supplied to the cathode in the form of air, it is then reduced at CL during
the fuel cell operation and there will be a slight reduction in its concentration. The
extent of this concentration change will depend on the current and on physical factors
relating to how fast oxygen can be replenished. In the result of the failure to transfer
sufficient reactant to the electrode surface, this type of loss is called mass transfer

loss, as shown in Figure 1.3. To minimize the concentration overpotential requires
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good electrode structure as well as effective water management in the catalyst layer

and the gas diffusion layer [3].

1.2 Fuel cells materials

1.2.1 Membrane

Many researches on membrane development or technology have been carried out to
proceed the commercialization of fuel cell. A membrane used in PEM fuel cells
works as the solid polymeric electrolyte between two electrodes. It is a separator
of electron or gas on each side, and also an electrolyte for transport of hydrogen
ions (protons) during the reaction. An ideal polymer for PEM fuel cell must have
excellent proton conductivity, chemical and thermal stability, strength, flexibility, low
gas permeability, low water drag, low cost, and good availability [5].

Ionic groups are introduced into the polymer membranes to allow the conduc-
tivity in two ways: i) ionic groups are chemically bonded to the side chains of the
polymer backbone; ii) ionic materials are physically blended with the membrane
matrix. Chemically grafted membranes, homogeneous ion exchange membranes, ex-
hibit good electrochemical properties but low mechanical strength. Comparatively,
heterogeneous ion exchange membranes have a good mechanical strength but low
electrochemical performance.[6, 7, 8].

Depending on the type of ionic groups transferring, polymer electrolyte mem-
branes are classified into anion exchange membranes and cation-exchange membranes.
The cation exchange membranes, containing negatively charged groups on the poly-
mer chain, such as SO3~, COO", PO3", POsH", C¢H,O", allow the transport of cations.
The anion exchange membranes contain positively charged groups, such as NH3™,
NRH,", NRoH", NR3", PR3", SRy", only allow the passage of anions but reject
cations. In moist state, water is absorbed on the polymer, and the gel-like polymeric
structures are swollen and carrying fixed positive and negative charges [9, 10].

Nafion is one of the most widely used membranes for PEM fuel cells, created by
DuPont company. It was a chemically stable cation-exchange membrane based on
sulfonated polytetrafluoroethylene developed in the 1970’s. The molecule structure
is shown in Figure 1.4, an aliphatic perfluorinated backbone with ether-linked side
chains ending in sulfonate cation exchange sites. It is a co-polymer of tetrafluoroethy-
lene and sulfonyl fluoride vinyl ether, with a semi-crystalline structure. The backbone

structure, which resembles PTFE, Teflon™ gives Nafion long-term stability in ox-

35



CHAPTER 1 FUNDAMENTALS AND DEVELOPMENTS

HGFTCF()TFF”CF{\

0

CFz. o. _CF
FC CF,

CF3 HO

Figure 1.4: Molecular structure of Nafion® membrane

idative or reductive conditions, while the sulfonated side chains could transfer proton
in moist state. The ionic groups could absorb large amounts of water, and then the
polymer swells and forms proton-conducting channels |1, 11]. The two factors affect-
ing the conductivity of the proton exchange membrane are the hydration level and
thickness of the membrane |9, 12].

Due to the high price, insufficient conductivity at low humidification and the
difficulty involved in the disposal of Nafion® membrane, investigations for low-cost
non-perfluorinated ionomer membranes, which are environmentally disposable have
been carried out. Proton conducting membranes investigated to date include polysul-
fonated triflurostyrene, polyether ether ketone (PEEK), poly(arylene ether sulfone)
, PVDF-graft styrene, acid doped polybenzimidazole (PBI), which are cheap and
chemically stable but insufficient proton conductivity [13, 11].

To develop the polymer membranes for fuel cells working at temperatures above
100°C, inorganic nanoparticles have been dispersed in the polymeric matrix to im-
prove the proton conductivity. Layered zirconium phosphate (Zr (O3POH)s, hereafter
ZrP) and phosphonates were used as fillers of proton conducting polymeric mem-
branes due to their good chemical and thermal stability [15]. A Nafion/sulfonated
poly(phenylmethyl silsesquioxane) (PPSQ) composite membrane is fabricated for di-
rect dimethyl ether fuel cell applications operated above 100°C by Nam et al. [16]
Nafion/ TiOq [17, 18, 19], Nafion/ SiOy [20, 21| membrane were investigated in high
temperature PEM fuel cells. Composite membranes, containing, sulfonated poly (ary-
lene ether sulfone) (PAES) copolymers and the incorporation of functionalized MWC-
NTs, were prepared for high temperature (120 °C) PEM fuel cells by Yu et al. [22].
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1.2.2 Catalyst layer (CL)

Catalyst layer, is a thin layer (about 10 um) applied on a support (GDL), where fuel
cell reactions take place. Components contained in a CL are key to the electrochemical
reaction: catalyst, carbon support, ionomer and void space [23, 24, 25]. The catalysts
will be discussed in Section 1.3.

Generally, for fabricating thin-film CLs fabrication, there are three main proce-
dures |26, 27]: decal transfer method (DT), catalyst coated gas diffusion layer (CCQG)
and catalyst-coated membrane (CCM). In DT, CLs that are primarily formed over
the decal substrates, and subsequently transferred to the membrane by hot-pressing
[28]. In CCG, the catalyst ink is coated on the GDL and then hot-pressed onto
the membrane to prepare the MEA, which is suitable for large-scale and mass pro-
ductions. However, a large amount of catalyst may diffuse into the GDL structure,
resulting in loss activity. In the CCM method, the CLs are directly applied to both
sides of the pre-treated Nafion membrane.

Hot-pressing is an important process in the preparation of MEA. There are three
main parameters: temperature, pressure, and duration. Typically, the hot-pressing
temperature is selected between the glass transition temperature (T, 115°C) of the
Nafion and the decomposition temperature (Tq > 280°C). However, dehydration of
Nafion membranes is an additional serious problem in the operation of fuel cells
at elevated temperatures (>100°C). Additionally, there may be loss of porosity and
activity in the CLs. Jung et al. [29] studied T, of Nafion 117 membranes by step-
by-step-DSC during hot-pressing. It is found that, during the pretreatment of the
membrane, the value of T, decreased drastically because of the plasticizer effect of
water. In the hot-pressing process, the value gradually increased due to loss of water.
When the Nafion 117 membrane was completely dried, it finally reached 132°C. A
crystalline morphology was developed in the membrane, which could lead to low
water uptake and proton conductivity. Therefore, the thermal heat treatment of the
MEA should be carefully controlled in a region slightly above the glass transition
temperature, i.e. in the range from 120 to 140°C. On the other side, pressure is
also an critical factor in hot-pressing process. A small pressure will not provide
enough binding force between the electrodes and the membrane. However, too high
pressure could damage the components of MEAs, which in turn, leads to a porosity
loss and larger oxygen transfer resistance in CL. It is reported that carbon cloth can
be mechanically damaged by pressures exceeding 100 kg cm™.

Many works have been carried out on the MEA preparation and it is found that

the optimum conditions would vary according to the method of the MEA preparation.
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Maryam et al. [20] fabricated MEAs with Pt/MWCNTs nanocatalysts by catalyst-
coated membrane (CCM) method. The effects of hot-pressing conditions, including
temperature (100 and 130°C), pressure (800 and 1000 psi) and time (3 and 5 min) on
the performance of MEAs were investigated. It has been found that the CCM-based
MEAs hot-pressed at 800 psi and 100 °C for 3 min showed the highest power density,
and that pressure was the most effective factor, followed by temperature and time,
respectively. Bayrakceken et al. [30] studied the hot-pressing conditions influence on
two types of MEA: homemade five-layer (CCG-MEAs) and commercial three-layer
(CCM-MEAs). It was observed that hot-pressing of GDL onto the three-layer MEA
decreases the fuel cell performance and the best performance was obtained by the
CCM-MEAs without hot-pressing. But in the case of five-layer MEA, there was an
optimum value for the hot-pressing conditions, 172 N-cm™ (249.4 psi). Mainly, hot-
pressing is known as an essential step for the preparation of the MEAs fabricated
via CCG-based method. However, in CCM method, it can be eliminated. It has
been reported that hot pressing does not significantly influence the cell resistance
or methanol crossover, but it can decrease the cell performance by hindering mass
transfer in the anode CL. On the other hand, the membranes that had not been
subjected to hot pressing could easily be reused, making recycling of membranes and
catalysts more feasible [31].

In the fabrication of CL, catalyst ink, containing electrocatalyst, polymeric binder
and solvents, is deposited on top of the substrate, being GDL or membrane. Binder,
in CL, also plays an important role in determining the electrode performance. First,
binder was used to attach the catalyst on support, to maintain the integrity of the
electrode structure. It concerns the mechanical properties of CL and the gas perme-
ability in the electrode. Otherwise, as to the the properties of the polymer binder,
the electrochemical activity of CL has also been influenced [32].

According to the types of fuel cell, different binders have been selected. For ex-
ample, in anion exchange membrane fuel cells, anion-conducting ionomers are used
to conduct anions [33]. The synthesis and application of an electrode binder in fuel-
electrolyte-fed fuel cells, agar chemical hydrogel, has been reported by An et al. [34].
Su et al. [35] investigated the effect of various polymer binders in phosphoric acid
doped polybenzimidazole (PBI)-based high temperature proton exchange membrane
fuel cells. The results showed that polytetrafluoroethylene (PTFE) and polyvinyli-
dene difluoride (PVDF) are more attractive as CL binders than conventional PBI or
Nafion binder. In Wang et al. ’s work [30], adjustable Nafion/ PTFE mixed binders

have been investigated in air-cathode microbial fuel cells. Jung et al. [29] synthesized
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a sulfonated poly(arylene ether sulfone) binder for direct methanol fuel cell, which
is found to be more efficient in achieving long-term stability of the cell performance
than the conventional Nafion binder.

Poly tetrafluoroethylene (PTFE), a typical neutral binder, was added into CL to
serve as an electrode binder [37]. However, since PTFE is impermeable to reactants,
the reactants cannot penetrate the PTFE binder on catalyst particles, thereby re-
ducing the catalyst utilization in the electrochemical reaction [31]. Oh et al. [38]
studied a hydrophobic blend binder for anti-water flooding of cathode catalyst lay-
ers in polymer electrolyte membrane fuel cells. They added a copolymer binder,
poly(vinylidene fluoride-co-hexafluoropropylene) copolymer to the existing sulfonated
poly(ether ether ketone) (sPEEK) binder. The introduction of the copolymer binder
lowered the glass transition temperature of the binder, which contributes to enhancing
the adhesion properties between the CLs and membranes.

Nafion, due to its high proton conductivity and good chemical and mechanical
stability, has been the commonly used binder. It could increase the catalytic activity
and also helps to retain moisture and to prevent membrane dehydration, especially
at high current densities [39, 10, 11]. On the other side, excessive loading of Nafion
would cause the retardation of oxygen transport. Many works have been undertaken
for optimisation of Nafion binder in the catalyst layer. However, each reported result
showed slightly different optimum loading in various Nafion incorporating way. Nafion
content in a catalyst layer, in spite of its requried presence, affects the electrocatalytic
activity and the ionic resistance.

Antolini et al. |12| investigated the effect of Nafion loading in polymer electrolyte
fuel cells (PEFCs) and recommended the optimal Nafion loading at 56 - IL)—}i’:, where
Lp; is the platinum loading (mg-cm™?), and Pp; is the weight percentage of metal
supported in carbon. A minimum in the polarization resistance and in the oxygen
reduction overpotential and a maximum in the electrochemical active area have been
found with this Nafion loading. In the work of Passalacqua et al. [13], the influence
of Nafion loading on the cell performance, and the effects on pore size distribution
and Pt surface area were investigated. It is also indicated that the existence of
an optimum Nafion content of 33wt.% for a PEFC catalyst layer. Lai et al. [11]
studied the effect of Nafion loading sprayed on the surface of CL in PEMFC. The
maximal catalyst activity, and the minimum interfacial resistance were obtained with
the electrode prepared with a Nafion loading of 1.0 mg-cm™. Moreover, they found

2

that Nafion loading exceeding 1.0 mg-cm™ is not advantageous in increasing the

two-phase interface. Certain channels for the transportation of the reactants were
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Figure 1.5: Schematic diagram of a dual-layer GDL for PEM fuel cells [19]

actually blocked by the excess Nafion on the surface. Lee et al. [15] prepared the
electrodes with various Nafion ionomers inside and/or on the surface in the catalyst
layer. They found that, compared to the cells with catalyst layer incorporated inside
of the catalyst layer, the cells with catalyst layer coated on the surface showed better
performance irrespective of Nafion content. The best cell performance was obtained

for electrode with 0.5 mg-cm™? Nafion inside and 1.0 mg-cm™ on the surface.

1.2.3 Gas diffusion layer (GDL)

Gas diffusion layer, also called diffusion media, is another important component in
fuel cells, which serves as the backing material for MEA and also the passage for gas
supply and water removal. It works as the electrical connections between the carbon-
supported catalyst and the bipolar plate or other current collectors. The porous
nature facilitates the effective diffusion of each reactant gas to the catalyst layer.
In addition, GDL, typically wet-proofed, helps in managing water in the fuel cell.
Water is carried to the membrane and carried away from the electrolyte surface by
gas, but not accumulated in GDL. An ideal GDL is required to effectively transport
the gas reactants to the catalyst layers, with proper hydrophobicity and low electronic
resistance |16, 47, 18].

The GDL is usually made of a single layer of porous substrate or a dual layer
with a thin micro-porous layer and a macro-porous layer. Single layer carbon-based
GDL is a macro-porous production, including woven carbon cloth, non-woven carbon

paper, carbon felt and carbon foam, with a thickness from 0.2 to 0.5 mm. It pro-
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cesses high chemical and electrochemical stability, high gas permeability and good
electronic conductivity. Metal-based GDLs, such as metal mesh, metal foam, and
micro-machined metal substrate, have been developed and applied in PEM fuel cells
due to their good mechanical strength and high stability over a wide potential range.
In a dual-layer GDL, as shown in Figure 1.5, the layer in contact with the flow field is
a macro-porous carbon substrate, serving as a current collector, a physical support for
the catalyst layer. It also serves as an elastic component of MEA, which is necessary
for handling the compression needed to establish an intimate contact. The thinner
micro-porous layer in the dual-layer GDL, in contact with the catalyst layer, consists
of carbon black powder and some hydrophobic agent, which provides proper surface
pore size and hydrophobicity to avoid flooding and to enhance intimate electronic

contact at its interface with the catalyst layer [19, 50].

1.3 Fonctionalized Pt/carbon catalyst

The catalyst plays a critical role of reducing the reaction activation barrier. Platinum
(Pt) and Pt based alloys are the most commonly used catalysts in fuel cells for high
catalytic activity, high chemical stability, high exchange current density (ip), and
superior work function. However, the global scarcity of Pt contributed to the high
price of fuel cells [51].

Pt/ Carbon catalyst, platinum particles highly dispersed onto carbon materials
with high surface area, are generally used in low temperature fuel cells. Based on
that, a number of studies have been taken on the reduction in the electrocatalyst

loading and meanwhile improvement of the catalytic activities, by decreasing the

electrocatalyst nanoparticles size |52, 53|, developing metallic alloys (either as binary
and ternary), such as Pt/ Ru [54, 55, Pt/ Cu [50], Pt/ Pd [57], Pt/ Co [58, 59, 60, 61]
and Pt-free electrocatalysts [62, 63|, and supporting Pt on conductive and porous

materials |04].

The properties of the carbon supports have been found to possess strong influence
on the performance of the metal supported catalysts, related to their morphology,
size distribution and stability [65, 66]. Lo et al. [67] studied the effect of pore size of
carbon support on the electrocatalytic performance of DMFC. It was found that the
methanol oxidation reaction activity tended to increase with increasing pore size of the
carbon supports, while Pt catalyst supported on micro-porous carbon materials had
superior stability in terms of tolerance for CO poisoning than those with greater pore

size or having meso- and macro-porosity. The carbon structure plays an important
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role in the access of the reactants to the catalytic sites and the removal of reaction
products. The stability of the carbon support in the fuel cell environment could also
affect the durability of catalysts |68, 69, 70].

For fuel cell applications, ideal carbon supports should have several characteris-
tics: i) high electrical conductivity to facilitate the transport of electron during the
electrochemical reactions; ii) high specific surface area for dispersing metal particles;
iii) available meso-porous structure for efficient diffusion of reactant and by-products;

iv) high electrochemical stability [65, 66, 71].

1.3.1 Carbon materials
Carbon blacks (CBs)

Carbon blacks (CBs) are the most commonly used supports for Pt and Pt-alloy cata-
lysts in many studies and commercial applications, due to its stability in both acid and
basic media, good electronic conductivity, high surface area, low cost and easy avail-
ability. Commercial CBs of turbostratic structures with high surface areas are used to
ensure large electrochemical reaction surfaces, such as Vulcan XC-72R (Cabot Corp,
250 m?.g~ 1), Shawinigan (Chevron, 80 m?.g'), Black Pearl 2000 (BP2000, Cabot
Corp., 1500 m?-g!), Ketjen Black (KB EC600JD & KB EC600J, Ketjen Interna-
tional, 1270 m?.g 'and 800 m?.g~ ', respectively) and Denka Black (DB, Denka, 65
m?.g 1) [71]

In spite of the wide application as catalyst support, CB materials suffer the prob-
lems, as follows: i) high content of micro-pores and recesses, where catalyst nanoparti-
cles are trapped and become inaccessible to reactants, resulting in the loss of catalytic
activity; ii) significant mass transfer limitations due to its dense structure, leading to
a low Pt utilization; iii) the presence of organo sulphur impurities; iv) carbon black
undergoes electrochemical oxidation during the fuel cell operation. Vulcan XC-72
(R) is the most commonly used carbon support for PEM fuel cells, because of its
high electrical conductivity and high specific surface area. However, it contains a
large amount of micropores below 1 nm. With Nafion ionomer binder, because of the
micelles (>40 nm) larger than the recesses in the CB material structure, the metal
nanoparticles in the pores are not accessible to Nafion ionomer and therefore have no
contribution to the electrochemical activity. In other words, the interaction between
Nafion ionomer and the catalyst nanoparticles depends on the pore size and pore
distribution of CBs |71, 72, 73, 741].

As an effort to overcome these problems, various carbon materials have been tested
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to improve both catalytic activity and stability, such as carbon manotubes (CNTs),
carbon nanofibers (CNFs), mesoporous carbon and graphene. Nanostructured mate-
rials, of unusual catalytic, mechanical, electrical, and optical properties, have been

proposed as a promising solution[72, 75, 76, 77].

Nanotubes (CNTs)

Nanotubes, of hollow structure with the walls, are formed by rolling one-atom-thick
carbon sheets, called graphene, at specific and discrete ("chiral") angles, and the
properties are depended on the rolling angle and radius. Nanotubes are categorized
as single-walled nanotubes (SWCNTs) and multi-walled nanotubes (MWCNTs), as
shown in Figure 1.6 [78|. A perfect graphene sheet, i.e., a polyaromatic mono-atomic
layer consisting of a hexagonal arrangement of sp? hybridized carbon atoms, is rolled
into a cylinder along a lattice vector (m,n). SWCNTSs have a relatively small diameter,
close to 1 nanometer, whereas the length can range from a few microns to several mil-
limeters. The conductivity of SWCNT, metallic or semi-conducting, is characterized
by the chiral vector (m, n). MWCNT contains multiple rolled sheets in a concentric
set of cylinders with a constant interlayer spacing of 0.34 nm. The diameters range
from several nanometers to tens of nanometers. It have been reported that MWCNTs
are more conductive while SWCNTs have larger surface areas [71, 72].

CNTs have received wide attention in the application as catalyst support in fuel
cells, because of their high aspect ratio, good electronic conductivity, high surface
area. And it has been shown that CNTs supported Pt catalyst exhibit a better per-

’ Y ’ ]

However, due to the inertness of CN'Ts, effective attachment of metal catalysts remains

formance and a better durability than that on a carbon black support |

a problem in the application as electrocatalyst supports [32]. Therefore, the surface
functionalization of CNTs has been developed to increase the interaction between the
catalyst and CN'Ts and to enable a homogeneous metal deposition. Functional groups,
introduced by oxidation treatments, could anchor the catalyst precursor or even the
active phase to the support. It has shown that functionalized carbon nanofibers
present better performances in a PEM fuel cell |72]. Dameron et al. |79] modified
the surfaces of vertically aligned carbon nanotube arrays by plasma and molecular
precursor treatments, leading to improved catalyst deposition. It was also found that

surface functionalization affects their performance towards oxygen reduction reaction.
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Figure 1.6: Nanocarbon materials |78, 83, 89, 97]

Carbon nanofibers (CNFs)

Carbon nanofibers (CNFs) are sp? based linear filaments (diameter ca. 100 nm) with
graphene layers arranged as stacked cones, cups or plates, as shown in Figure 1.6
[83]. The graphite-like structure provides a high electrical conductivity and a high
oxidation resistance. CNFs, in textural properties, contain low content of micro-pores
and impurities. In comparison with Vulcan XC-72R, of a specific surface area about
250 m2-gt, the value for CNFs ranges from 90 m2.g! up to 210 m?.g"t. However, the
content of micro-pores in CNFs is less than 1%, while the value of Vulcan XC-72R
is around 10%. A high meso-porosity in CNF enhances, in principle, mass transfer
through the electrocatalyst layers which in turns enhances the electrochemical per-
formance. Moreover, the ratio of edge atoms to basal atoms of CNFs is controllable,
which provides a mean to adjust the deposition and the interaction with the metal.
In addition, carbon nanofibers are inexpensive in comparison to carbon nanotubes
and can be produced with various controlled structures at relatively high speeds
[84, 85, 86].

CNFs are obtained by the decomposition of carbon-containing gases, like methane
or carbon monoxide, over small metallic particles as catalysts, typically metals of the
iron subgroup. The surface is modified by an oxidation treatment subsequently, in

order to introduce oxygen surface groups, for the same reason in the CNTs func-
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tionalization. These functional groups, affecting surface properties of the CNFs, can
significantly decide the manufacture and performance of electrocatalysts. Therefore,
the studies in the application of CNFs as electrocatalyst support are aimed at op-
timizing their surface chemistry in order to improve the metal-support interaction
[47].

Guha et al. [38] studied the effect of various functionalized carbon supports: CNF
and amorphous activated carbons with a wide range of surface areas, compared with
Vulcan XC-72 carbon. It was found that high surface area supports were not necessary
to a higher electrochemical utilization of platinum. Lower ohmic losses were observed
for low surface area carbon MEAs, which was explained by the microstructures and
intrinsic resistivity of supports. In fuel cell test, the characteristics of the lower
surface area supports such as CNF and Vulcan XC-72 carbon do not influence the
performance. The influence of the support is more critical when high surface area

carbons are used because of the vastly different electrode morphology and resistivity.

Carbon nanocoils (CNCs)

Carbon nanocoils (CNCs) are coiled carbon nanotubes of ca. 10 nm in tube diameter,
and 10-20 nm in internal coil diameter [39]. The helical graphitic structure shows a
moderate surface area (40-240 m*.g~!) and a relatively high electrical conductivity
(0.1-0.2 S-em ™ '). Based on that, CNCs have also received great attention as catalytic
support in fuel cell electrodes [90, 91, 92, 93, 94, 95].

Sevilla et al. [91] synthesized highly graphitic carbon nanocoils as the support
for Pt nanoparticles. A highly dispersed Pt/CNCs catalyst, with Pt diameters in
the range of 3.0-3.3 nm, was prepared. A high electro-active Pt surface areas (up to
85 m%.g~! Pt) and large catalytic activities towards methanol electro-oxidation (up
to 201 A-g 'Pt) were achieved. Moreover, a considerably higher resistance against
oxidation than that of the Pt/Vulcan system was observed. Park et al. [92] studied the
PtRu alloy catalysts supported on newly synthesized carbon nanocoil supports, with
variable surface areas and crystallinity. It was found that the PtRu/ CNC catalyst
exhibited better electrocatalytic performance compared to the catalyst supported on
Vulcan XC-72 carbon in the methanol electro-oxidation. Lazaro et al. [96] studied
the Pt electrocatalysts supported on carbon nanocoils (CNCs) for ethanol electro-
oxidation. It was found that CO oxidation occurred at more negative potentials on
Pt/CNC catalysts than on Pt/Vulcan and Pt/C E-TEK ones. On the other hand,
higher current densities for the ethanol electro-oxidation were obtained when CNCs

were used as supports .
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Carbon aerogels (CAs)

Carbon aerogels (CAs) are nanostructured carbon materials possessing a tunable
3-D hierarchical morphology with ultra-fine cell size and an electrically conductive
framework [97]. They are obtained from the carbonization of organic aerogels by
sol—gel polycondensation of certain organic monomers which show a great versatility
both at the nanoscopic level in terms of the pore texture and at the macroscopic level
in terms of form. Thus, the surface area, pore volume, and pore size distribution
could be customized in the synthesis and processing conditions. In addition, carbon
aerogels can be obtained in the form of monoliths, beads, powders or thin films.
All these properties make them promising materials for application in adsorption and
catalysis. Similar to CB, CAs are made of small primary carbon particles. The major
difference between them is the arrangement of these carbon particles, i.e. their porous
structure. While carbon particles in CB aggregates through Van der Waals bonds,
carbon aerogel powders are covalently bonded and display monolithic structures at
the micrometer scale. Metal-doped monolithic organic aerogels can be prepared by
addition of the metal precursor to the initial mixture, by ion-exchange or by deposition
of the metal precursor on the organic or the carbon aerogel by one of various methods
[98, 99, 100, 101, 102].

Marie et al. [102] studied a highly porous CAs supported Pt catalyst in PEM fuel
cells. Higher mass transfer voltage loss was found in cathode with carbon aerogel of
higher pore-size. As the consequence of Nafion penetration into the larger pore-size,
the prepared catalyst layer showed lower porosity. Job et al. [101]| prepared carbon
xerogels with various pore textures as supports for Pt catalysts to replace the carbon
aerogels. And their results showed that the metal surface actually available for ORR,
and the voltage losses due to diffusion phenomena strongly depend on the carbon
pore texture. Finally, some carbon xerogels yield similar performance than carbon

aerogels.

Mesoporous carbon materials

Carbon porous materials, divided into several groups by the pore size, can be micro-
porous carbon (< 2 nm), mesoporous carbon (2- 50 nm) or macro-porous carbon
(> 50 nm). Iinvestigations on the catalyst support were mostly focused on carbon
mesoporous materials with large surface area and 3-D mono-dispersed mesospheres,
which facilitates the diffusion of the reactants and by-products [71, 67]. By the final

structure and method for preparation, carbon mesoporous materials are divided into
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ordered mesoporous carbons (OMC) and disordered mesoporous carbon (DOMC).
OMC, consisting of periodic arrays of carbon nanorods with uniform mesopores, are
prepared with ordered mesoporous silica templates or templating triblock copolymer
structures [103].

Due to the advantages, such as high specific surface areas, uniform pore diame-
ters, high thermal, chemical and mechanical stability, a wide range of applications
have been explored for OMC including Li-ion batteries and fuel cells. The studies
of Joo et al. presented that the OMC supported Pt catalysts exhibited much higher
performance than commercial catalysts in DMFC single cell test, which can be at-
tributed to the high surface area and uniform mesopores networks of OMC [10]. For
more effective deposition of metal particles, the surfaces of OMC are modified by
oxidation treatments in gas or liquid phase in order to create functional groups. In
the investigation of Calvillo et al. [65], higher performance was obtained by using
OMC modified in diluted HNOj acid for 0.5h as catalyst support.

1.3.2 Functionalization method

In the preparation of carbon supported platinum catalysts, two methods are generally
applied: impregnation of carbon support with Pt precursor solution, and adsorption
of platinum oxide or platinum metal colloids onto the carbon surface |52, , ,

|. The dispersion of platinum particles is not only affected by the preparation
condition, but also related to the surface chemistry of the support. It has been
reported that the surface properties of carbon support have an important effect on
the aggregation grade of the platinum particles. The less stable surface oxygen groups
on the support decompose during the reduction stage of the metal precursor, which
facilitates the mobility and the agglomeration of platinum particles on the support
surface. As above discussed, due to the graphitic character of nanocarbon materials,
an activation of their surfaces may be necessary in order to achieve the satisfactory
catalyst dispersion. Chemical modification is a common and essential method for
the deposition of catalysts. On the other side, the most stable oxygenated groups of
the support can act as anchorage for the metal particles avoiding their agglomeration
[65].

Surface chemical modification, by the use of aggressive acid oxidants (HNO;
and/ or HySOy), brings in the functional groups such as hydroxyl (-OH), carboxyl
(-COOH), and carbonyl (-C=0) groups on the surface [108]. The surface graft of
the support had also an effect on the hydrophobic/hydrophilic character of the ma-
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terials and the electrochemical activity of catalysts. The electronic interaction be-
tween the surface groups of the support and the Pt atoms could favor the electron
transportation from catalytic sites to the conductive carbon electrode. However, the
functionalization of the support also decreases its electrical conductivity, and hence,
the conductivity of the electrode [109]. Meanwhile, functionalization could accelerate
the electrochemical corrosion of the support reducing the durability of the catalyst.
Therefore, more moderate method have been applied, such as sonochemical treat-
ment, electrochemical modification etc., which would be selected according to the
carbon materials [65, 72].

Besides covalent coupling of acid groups on the surface of support materials, poly-
mers were introduced onto the external surface by non-covalent interaction, which is
based on Van der Waals forces or stacking interactions. The grafting of polymers
has been carried out by two methods: “Graft-onto” and “Graft-from”. “Graft-onto”
involves the attachment of prepared polymer onto carbon black and “Graft-from” is
to attach initiators onto the carbon materials, so that polymer grows directly from
the carbon surface, via several polymerization intermediates [08].

Sulfonation of carbon structures, providing an ionic conductivity of the elec-
trode in addition to electronic conductivity have been thought as a promising way
[110, , |. Recently, sulfonated carbon supported catalysts have been prepared
in serious modification method and the electrochemical performances in fuel cell have
been investigated [113]. Wang et al. [1 1] prepared sulfonated carbon nanotubes with
a high density of sulfonyl acid groups by reacting sulfuric acid with MWCNT for 18h
at 250°C under a flow of Ny. It has been observed that the Pt/ sulfonated-MWCNTs
catalyst showed have high electrocatalytic activity and excellent electrocatalytic per-
formance for the direct methanol fuel cell. Du et al. [I15] prepared a sulfonated
carbon-nanotube supported platinum catalyst (Pt/ CNT), by thermal decomposi-
tion of ammonium sulfate and in situ radical polymerization of 4-styrenesulfonate,
for polymer electrolyte fuel cells. Easier access with protons and better catalyst
distribution of the sulfonated Pt/ CNT catalysts were achieved in the electrodes.
A sulfonated MWCNTs (grafted with benzenesulfonic groups) supported Pt cata-
lyst, synthetized by in situ radical polymerization of 4-styrenesulfonate and isoamyl
nitrite, was studied by Sun et al [116]. The results showed that S-MWCNTs/ Pt ex-
hibited higher electrocatalytic activity, enhanced CO tolerance and better stable life.
Compared with traditional sulfonation of MWCNTs, small and uniform dispersion
of Pt particles loaded onto the surfaces of sulfonated were achieved in situ radical

modification processes. OMCs grafted with benzenesulfonic acid by in situ radical
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Figure 1.7: Three-electrode system in liquid electrolyte

polymerization of 4-styrenesulfonated and isoamyl nitrite was prepared under ambi-
ent conditions by Sun et al. [117]. Kim et al. [1 18] functionalized the carbon support
with sulfonated polymer for direct methanol fuel cells. The MEA with Pt catalyst on
functionalized support showed a higher DMFC performance of 30 mW /cm? at 50°C
without using additional sulfonated polymer, which could be attributed to a better

mass transfer which maximize the catalytic activities.

1.4 Electrochemical devices in fuel cell

1.4.1 Half-cell method

For fuel cell applications, half-cell mode is typically used to screen new catalysts or to
study reaction mechanisms and kinetics rapidly. This mode is commonly applied in
three-electrode system, containing working electrode (WE), counter electrode (CE)
and reference electrode (RE) [119, 120, 121]. The working electrode is the electrode of
interest, carrying the investigated materials. For the preparation of the rotation disk
electrode, catalyst ink is applied directly onto the surface of the working electrode
and dried. An additional thin ionomer layer can also be added on top of the catalyst
layer to enhance the adhesion [122]. Another way is to prepare a half-cell electrode
by hot-pressing gas diffusion electrode on one side of membrane, and then a device

was used to hold it with the other side of membrane exposed to the solution. WE
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forms a current circuit with a counter electrode, as shown in Figure 1.7. As a current
flows, reaction occurs on both electrodes. The most commonly used CE is a piece of
Pt coil or sheet with a surface area much larger than that of WE, to ensure that the
electrochemical reaction occurring on it is fast enough so that it would not impede
the electrochemical reaction occurring on WE. Meanwhile, in order to minimize the
impact of the electrolyte solution on the potential of WE, a reference electrode is
used to form another circuit with WE. Ideally, RE is non-polarizable and maintains
a stable potential, such as normal hydrogen electrode (NHE, Pt/ Hy/ H™, 0.000 V),
saturated calomel electrode (SCE, Hg/ HgoCly/ Cl7, 0.241 V) and silver chloride
electrode (Ag/ AgCl/ CI', 0.191V). It is typically hosted in a Luggin capillary whose
fine tip can be placed very close to the surface of the working electrode to minimize
the impact of the uncompensated electrolyte resistance [1].

The liquid electrolyte used in fuel cell electrode investigation is a dilute aqueous
acid solution (e.g. 0.1-1 M), which involves protons, to imitate the fuel cell reactions.
Sulfuric acid (H2SO4) has been used in many studies, but sulfate anions (SO4?") can
adsorb onto the surface of the Pt catalyst and affect the reaction kinetics. Perchloric
acid (HCIO,) offers a better choise, because perchlorate anions (C1O4") do not adsorb
onto the surface of Pt catalysts. Since perfluorosulfonic acid ionomer such as Nafion
is normally used in CL, trifluoromethane sulfonic acid (CF3SO3H) is expected to
behave more closely to the ionomer than the inorganic acids. In addition, CF3503H
and its anion (CF3S037) do not adsorb onto the catalyst and have therefore no effect
on the reaction kinetics [1].

In the three-electrode system, the liquid electrolyte temperature, gas flow rate,
the inlet and the outlet pressures should be controlled: the flow rate of the gaseous
reactant can be measured by a flow meter or a mass flow controller; the inlet and
back pressures of the reactant can be managed by pressure regulators. The RH of
the half cell system could be regulated by passing the reactant through a humidifier
at a pre-determined temperature, such as a sparging bottle containing water.

Half cell is a useful device to mimic the complete polymer electrolyte fuel cell. Elec-
trochemical mehods, such as Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and linear sweep voltammetry (LSV), have been used to obtain
rapid evaluation of the fuel cell material. CV has been frequently used to estimate

the surface area of Pt/C catalysts by adsorption of atomic hydrogen in acidic media.
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Figure 1.8: A single Fuel cell[124]

1.4.2 Fuel cell operation
A single cell

A single cell can be conveniently used to test a membrane electrode assembly. A
sketch of a single PEM fuel cell is shown in Figure 1.8. There is a end plate, a piston,
a plastic plate, an anode current collector, a flow field and a gasket on each side. A
bladder, with the inlet and outlet of gas, is the outside shell of a fuel cell, to compress
and seal the cell assembly. A plastic plate is used to isolate the bladder from the flow
field and current collector. Gaskets are used to seal the MEA and prevent the leakage
of the reactants.

The flow field, typically made of graphite materials with high corrosion resistance,
always plays a critical role in fuel cell. Those made of metallic materials, coated by a
corrosion-resistant material, such as gold or metal nitride, could also be used as the
current collector. It is recognized that the surface characteristics of the plates have
a significant impact on the fuel cell performance, stability and durability [123]. Both
highly hydrophilic and hydrophobic surfaces help water removal from the flow-field.
On hydrophilic plates, water tends to form a thin layer on it, which would favor the
evaporation and removal of water. On the other hand, liquid water has a low affinity
on the surface of highly hydrophobic plates, so it is readily blown out by the gaseous
exhaust. Moreover, the flow field design, including the the length, width, depth,
as well as the flow pattern of the channel, has significant impact on the fuel cell

performance. The essential requirement for flow field design is uniform distribution
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Figure 1.9: A fuel cell stack[12]

of the reactant gases over the respective active electrode surface. A non-uniform
distribution will result in a non-uniform current density distribution, leading to low
catalyst utilization, low energy efficiency, and a reduced cell life. For a typical planar
PEMFC design, feeding channels are designed in structures: serpentine, parallel,
or interdigitated. Serpentine flow fields with twists and turns for the flow of the
reactants, corresponding to longer paths than straight channels, have large pressure
losses between the inlet and the outlet, which could facilitate the remove of liquid

water and reduce the risk of flood [1].

Fuel cell stack

Single cells produce electricity with a voltage lower than 1 V, which is far from
enough to power a vehicle. In order to produce higher voltages, multiple cells are
assembled into a fuel cell stack with the supply of gas in a parallel and/or a series
mode. In a parallel gas supply fuel cell stack, all cells are fed in parallel from a
common hydrogen/ air inlet. In the serial configuration the gas from the outlet of
the first cell is fed to the inlet of the second cell and so on until the last cell, which
helps to prevent non-uniform gas distribution. A fuel cell stack in series is shown in
Figure 1.9. Bipolar plates, made of graphite or stainless steel with suitable surface
treatment, are designed to connect the single cells. It makes electrical connections
between one cathode and the anode of the next cell, meanwhile, it serves as the flow

field of oxygen to the cathode and fuel gas to the anode [1].
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For fuel cell stacks, a test station is required to assist the fuel cell operation by
i) controlling the work situation : temperature, pressure, humidity, and flow rates
of reactants and the coolant, and ii) measuring the current and voltage of the fuel
cell. Usually, a test station system consists of gas control station, load bank, data
acquisition /control unit, as well as control software[! 20, |. Sometimes, a coolant
subsystem is needed, especially for large surface fuel cell stack testing. The gas control
stations (including gas meter unit and humidifier) are used to regulate the gas flow
to the cell inlet.[126, 127]
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Chapter 2
Materials and methods

In this part, we have introduced the materials and investigation methods applied to
this work. First, the preparation of Pt/ Vulcan catalyst and the following functional-
ization, carried out in IJL, has been explained. XRD and TEM have been used in the
characterization of the catalysts before and after the sulfonation step. The half-cell
disks, with various catalysts, Nafion amount and GDL types have been fabricated in
IJL. For MEA preparation, the electrodes with different components have been used
as the cathodes in PEM fuel cells. They were hot-pressed with commercial electrodes,
as anodes, in LEMTA.

Both half cell system and a single cell station have been applied in the investi-
gation of electrochemical performances. The electrochemical methods, such as cyclic
voltammetry (CV), linear sweep voltammetry (LSV) , chronopotentiometry and elec-
trochemical impedance spectra (ELS), have been used. The principle of each method

and the condition applied was introduced in this chapter.

2.1 Sulfonated Pt/ Vulcan catalyst

The development of sulfonated Pt/ Vulcan catalysts aims at reducing the ionomer ad-
dition in the electrode, while improving the electrochemical activity. Two sulfonation
methods of Pt/Vulcan catalyst are considered, involving the grafting of sulfonated
functions with a longer or a shorter spacer, as shown in Figure 2.1.

The preparation of the Pt/ Vulcan catalysts and their functionalization were car-
ried out in IJL.. The deposition of platinum particles onto Vulcan® XC-72R was
carried out by polyol method: 1g Vulcan was dispersed in 100 mL ethylene glycol
in a 3-neck round-bottomed flask equipped with a condenser. A solution of 0.6 g
H,PtClg-6H50 in 20 mL deionized water was added drop by drop under inert at-
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Figure 2.1: Sulfonated Pt/Vulcan catalysts

mosphere. The pH was adjusted to 11 and the mixture was then heated at 140°C
for 3 hours. The resulting dispersion was finally filtered and dried overnight. As all
the HoPtClg-6HO was converted to Pt, the Pt content deposited on 1 g Vulcan was
around 0.23 g, 19 wt.% of the catalysts.

2.1.1 Preparation of PSSA-Pt/ Vulcan catalyst

Sulfonation of Pt/ Vulcan catalysts with PSSA were achieved by in-situ radical poly-
merization method as described by Du et al. [115]. A mixture of 500 mg Pt/ Vulcan
catalyst, 100 mL distilled water and sodium styrene sulfonate (25, 50 and 100 mg, re-
spectively ) was stirred for 10h. The initiator, potassium peroxodisulfate, was added
and then the flask was heated to 65°C. After 48h, the dispersion was filtered and
washed with distilled water. The solid obtained was poured into a flask and stirred
with concentrated sulfuric acid for 24h to exchange sodium for proton. The mixture
was filtered, washed with distilled water and dried in an oven at 100 °C for 48h.
The weight amounts of sodium styrene sulfonate in comparison to the mass of
catalyst introduced in the vessel were 5, 10 and 20wt.%, respectively. Elemental
analysis of the modified catalyst yielded the amount of sulfur: after subtraction of
the sulfur quantity contained in the pristine Vulcan material, the amount of sulfur
grafted during the sulfonation step was shown to be very close to that introduced in
the reactor. The contents of sulfonate groups were around 0.24, 0.48 and 0.96 mmol

per 1g catalysts.
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Figure 2.2: XRD data for an aged 20wt.% platinum/carbon electrocatalyst from [129]

2.1.2 Preparation of PSA-Pt/ Vulcan catalyst

PSA functionalized Pt/ Vulcan catalysts were prepared via diazonium ion reduction,
developed by Weissmann et al. [128]. The experimental conditions must be carefully
controlled because the reactions may be highly exothermic and cause the deterioration
of the carbon support and platinum particles.

A suspension containing 4-aminobenzene sulfonic acid (17.5, 35.0, 54.0, or 70.0
mg), 50mL of 0.5M HCI and 300 mg of Pt/Vulcan catalyst was stirred for half an
hour. Then, NaNQO,, up to a concentration twice that of 4-phenysulfonic acid, was
dissolved in 15 mL water and added drop-wise to the suspension. This mixture was
stirred for 24h and then filtered and rinsed thoroughly with deionized water. The
washed residue was then placed in an oven at 100°C for 48 h. The weight amounts of
4-aminobenzene sulfonic acid were 5.8, 11.6 18.0 and 23.3wt.% of the mass of catalyst,
corresponding to the amounts of grafted sulfonate groups around 0.32, 0.62, 0.98 and

1.3 mmol per gram of catalyst, respectively.
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2.2 Methods for characterizing the prepared cata-
lysts

2.2.1 X-Ray Diffraction (XRD)

X-ray crystallography (XRD) is a non-destructive characterization technique to de-
termine the atomic and molecular structure of a crystal. A beam of monochromatic
X-rays of known wavelength, generated by the filament X-ray tubes, passes through
difference limiting slit, bombards the sample at a certain angle and reaches the de-
tector through a receiving slits. Spots appearing in specific directions are observed
on the diffraction pattern.

XRD, carried out in Institute Jean Lamour, has been used to determine the mor-
phology and crystallinity of the Pt/ Vulcan catalyst. The dispersion and the mean
size of the platinum particles is identified along with the results in TEM images. The
super-Lorentzian peak shapes of a pure platinum and aged Pt/C are presented in
Figure 2.2 [129].

2.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam
of electrons is transmitted through an ultra-thin specimen, interacting with the spec-
imen as it passes through. The electrons are generated by a process called thermionic
emission from a tungsten filament and are aligned and accelerated as they pass
through numerous intermediate and projector lenses. As they cross through the spec-
imen, an image is formed from the interaction; the image is magnified and focused
onto the imaging device, such as a fluorescent screen, on a layer of photographic film,
or to be detected by a sensor such as a charge-coupled device camera |130)].

In this study, TEM was utilized to view the surface morphology of the Pt/ Vulcan
catalyst before and after the functionalization, to verify the presence and dispersion
of platinum particles on the carbon support. This was performed on a TEM CM20
(200 kV). A small amount of sample powder is dispersed in ethanol by ultrasound.
A drop of the suspension thus obtained is deposited on a copper grid and dried in
air. The grid is then placed on a single tilt sample holder introduced into the column
microscope. The microscope used is coupled to a spectrometer dispersion wavelength

(EDS) to analyze the local composition of the samples.
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Figure 2.3: Working electrode device for half-cell test
2.3 Half cell investigation

2.3.1 Half-cell electrodes

The half-cell electrodes, with sulfonated Pt/ Vulcan catalysts and various Nafion dis-
tribution, were loaded onto two GDLs: carbon paper (CP) and micro-porous layered
carbon paper (MCP).

For the preparation of CP-electrodes, catalyst ink, containing 16 mg catalyst, 50
uL deionized water, Nafion® dispersion (0, 40 or 80 L, in water, 10wt.%, Aldrich
Chemical) and solvent (280 pL isopropanol and 280 uL glycerol), was ultra-sonicated
for 30 min, and then coated on a Teflon impregnated carbon paper (Toray Carbon
Paper TGP-H-60). The catalyst ink was pipetted, 70 uL, and deposed on the two
GDLs, respectively, in the form of 14 mm disks. From the amount of ink deposited,
the Pt loading was estimated to be 0.20£0.02 mg-cm2and the Nafion amount is 0,
0.25 and 0.50 mg-cm™, as 0, 40 and 80 L Nafion® dispersion was added in the ink,
respectively. For the fabrication of the Nafion coated electrodes, Nafion dispersion
was deposited onto the dried CL.

In the fabrication of MCP-electrodes, Teflon incorporated carbon papers with a
micro-porous layer, SIGRACET® 10BB, was used as GDL. Because of the micro-
porous layer on carbon paper, a solvent, 560 uL isopropanol, was used to prepare
a catalyst ink with lower viscosity. The catalyst ink was also ultra-sonicated and
then deposed on MCPs. The prepared disk, dried at ambient temperature, was then
hot-pressed onto Nafion® membrane NRE-212. Electrodes hot-pressed at various
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condition have also been fabricated, in the region of 135-140°C, 35-50 bar, 4-10 min.
The influence of electrode composition, graft ratio, Nafion amount and GDL type
was investigated in half-cells. More than 3 electrodes pieces with the same components

were prepared and tested to obtain repeatable data in the electrochemical studies.

2.3.2 Half-cell device

As described in Chapter 1, half-cell is a simple and rapid method to characterize
the MEA materials in electrochemical mode. Prepared electrodes were studied as
working electrode in a device, first designed by CEA (Le Commissariat a 1’énergie
atomique et aux énergies alternatives) then developed by Institute Jean Lamour, as
shown in Figure 2.3. A half-cell disk, with the backside of carbon paper connected to
the gold gauze (the current collector) and the membrane in contact with the liquid
solution, was placed in the cap. The surface area exposed to the solution is 0.503 c¢m?
(diameter 8mm).

The gas flow was controlled by a flow meter, at around 60 mL-min

. The gas
pressure in the working electrode was controlled by a bubbler. The height of the
water in the bubbler was around 7cm.

Figure 2.4 presents the three-electrode system in 0.5 M HySOy4 solution. A stop-
cock was used to regulate the gas feeding into the solution. The reference electrode
was a saturated mercurous sulfate Hg/ HgySO,, with a potential at 0.69 V/NHE,
placed in a Luggin capillary, and the counter electrode was a platinum electrode.

The three electrodes are connected to the potentiostat VoltaMaster 402.

2.4 Fuel cell investigation

2.4.1 MEA preparation

The catalyst ink containing catalyst, deionized water, Nafion dispersion and solvent
isopropanol, was ultra-sonicated and then sprayed onto a Teflon incorporated car-
bon paper with a micro-porous layer (SIGRACET® 10BC) with a airbrush (Colani,
Harder & Steenbeck). The amount of catalyst ink required for 15cm? GDL is 1000uL,
corresponding to a Pt loading around 0.3 mg-cm™. Due to the loss of ink in the
spray, the obtained MEAs have actually a Pt loading around 0.24:0.02 mg-cm™. A
prepared GDE (cathode) and a commercial electrode (anode, Paxitech, Pt loading of
0.5 mg-cm?) of 2.5x3cm?, was hot-pressed on the two sides of Nafion® membrane
NRE-212 at 135°C, 35 bar, 3min to obtain the cell MEA.
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Figure 2.4: The half-cell test system
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The electrochemical performances were carried out in more than 2 pieces MEAs

with the same component to ensure the repeatability of the measurements.

2.4.2 Fuel cell device

2 cell of from Paxi Tech was used in our test. The cell consists of

A single Hcm
aluminum end-plates, graphite monopolar plates and single channel serpentine gas
flow field (Imm x 1mm), gold plated copper current collector plates. The fuel cell
was heated with two heating cartridges, diameter 6.5 mm, which were inserted into
the holes provided in the aluminum end plates.

The proton conductivity of the Nafion membrane is directly proportional to the

water content. Air supplied to the cathode passed through a bubble chamber full of
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deionized water. The humidified air was driven to the interface between the cathode
and the membrane. Water diffused from the cathode side to the anode, and a suitable
state of hydration of the membrane could be achieved [3].

The humidification of air was expressed by the saturated vapour pressure, which
is the partial pressure of water in saturated air at the considered temperature. There-

fore, the relative humidification of a fuel cell operation was given by:

P
b = # x 100% (2.1)

where Py is the saturated vapour pressure in the humidifier, and Py is satu-
rated vapour pressure in the fuel cell, depending on the working cell temperature,
respectively.

In our fuel cell tests, both the humidifier and fuel cell were working at ambient
temperature (25°C), and ¢g was equal to 100%.

The usage of the cathode and anode reactants can be calculated based on Fara-
day’s law. According to Equation 1.3, for each mole of oxygen, four electrons are

transported, the flow of Oy or air (mol/s) is:

I
Fo, =17 (2.2)
I 1
Fp = —  —— 2.3
4F 0.21 (23)
Since for each mole of oxygen, four electrons are transported, the flow of Hy (mol/s)
is equal to:
I

The reactant flow rate at the inlet must be equal to or higher than the theoretical
consuming rate of the reactant in the fuel cell reaction. Stoichiometric rate is the
stoichiometric gas factors, Ay, and A, , were defined. The flow rates (mol/s) are :

I 1

FaiT:/\air'_'_ 2.
4F 0.21 ( 5)

I
2F

The molar volume of an ideal gas at 25°C, 1 atm, is 24.5 L/mol. The volume flow

Fy, = A\m, (2.6)

rates (ml/min) are
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Fair - 18-1)\@7'[ (27)

Fp, = 7.6Ap,1 (2.8)

In the tests presented here, the stoichiometric factor of Hy and air were at 1.5 and

2, respectively. At 2A, the flow rates of Hy and air are 23 and 72ml/min, respectively.

2.5 Electrochemical measurements

The electrochemical properties of half cell electrodes were tested in a three-electrode
system using a potentiostat (Voltalab PGZ 402). The MEA investigation was carried
out on a potentiostat (Autolab PGSTAT20) with a booster (Autolab BSTR 10A).

2.5.1 Polarization Curves

In half-cell mode, the polarization curve (current-voltage) in ORR of each electrodes
has been studied by linear sweep voltammetry (LSV). It was employed with air feed
to determine the performance of ORR between -50 mV and 850 mV/ NHE with a scan
rate of 5 mV-st. The potential given in the LSV plots, called measured potential,
E,, (mV/ NHE) is not the real potential at the working electrode, E, (mV/ NHE).
The potential drop, AF, between the half-cell device and RE, had to be subtracted
from E,, , to obtain the real potential £, (mV/ NHE).

E, =E, — AE (2.9)

In the present case, the potential drop mainly results from the ohmic resistance,
Rq, obtained in EIS.

In fuel cell test, polarization curve is the most common indicator for fuel cell
performance. The chronopotentiometry procedure has been applied by adjusting the
current density (i) in a logarithm variations. Every current density step is lasted for
1 min and the cell voltage is recorded. After a series of current and voltage values are
collected, the cell voltage will be plotted as a function of current density. MEA power

density, equal to the i - E/ can be plotted as a function of current density, accordingly.
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2.5.2 Hs crossover

In PEM fuel cell, membranes are used as the electrolyte to transport protons from
the anode to the cathode and a barrier of electrons and reactants on each sides of the
cell. However, gases inevitably diffuse through the membrane, due to concentration
and pressure gradients, especially in thin membranes pursued for their significant
electrical efficiency benefits [135]. Hy permeates from the anode to the cathode,
as well as nitrogen and oxygen transfer from the cathode to the anode side . As
hydrogen transfer through the membrane and reacts directly with oxygen at the
cathode, the open circuit of the fuel cell decreased. In the fuel cell investigation,
hydrogen crossover, in result of the degradation of membrane, causes the inefficiency
of a fuel cell [131, 132, 133].

Linear sweep voltammetry (LSV) is the most frequently used electrochemical
method to estimate the gas crossover though the membrane. A LSV curve on MEA
containing 18.0 wt.% PSA grafted catalyst and 0.5 mg-cm™ Nafion after 2000 cycles
is shown in Figure 2.6. Hy and Ns is supplied to the anode and the cathode, respec-
tively. A linear potential scan, in a potential range (e.g. 0-0.5 V), with a low scan
rate (e.g. 4 mV-s), is applied to the fuel cell electrodes[134]. The current recorded
is due to the electrochemical oxidation of Hy, permeating though the membrane from
the anode. As shown in Figure 2.6, the hydrogen crossover current attains a limiting
value, around 0.3-0.35V, due to the mass transfer limitation |[135].

The hydrogen crossover rate Jy, (mol-st-cm™?) can be determined by Faraday’s

law,

TH,
Ju, = Y
where iz,the hydrogen crossover current density, equal to the limiting value shown
in LSV; the number of electron, n, for HOR, is equal to 2; F is Faraday’s constant
(96485 C-mol™).
The LSV investigation was used to evaluate the membrane degradation during
the ageing test at room temperature. The gas flux rate of Hy and Ny is 60 ml-min.

A linear potential was scanned from 0.05 to 0.5V, with a scan rate of 2 mV /s,

2.5.3 Electrochemical surface area (ECSA)

The electrochemical surface area (EC'SA, m?.g! catalyst), also called electrochemical

active surface (EAS, m?.g! catalyst), is an important factor to evaluate the activity
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Figure 2.6: Linear sweep voltammogram on MEA containing 10 mmol-g! PSA grafted
catalyst and 0.5 mg-cm™ Nafion after 2000 cycles, with a scan rate of 2mV-st, at room
temperature

of Pt catalysts. The value can be measured by cyclic voltammetry (CV), which is one
of the most widely used electrochemical techniques to study the equilibrium potentials
of redox reactions and the kinetics of heterogeneous electron-transport reactions, as
well as coupled chemical adsorption and reactions [1].

Figure 2.7 shows a typical CV curve on Pt/Carbon catalysts. The peaks above the
current axis at 0.05-0.45 V/NHE for increasing voltages correspond to the hydrogen
adsorption on Pt (100) and Pt (111) crystal surfaces with adsorption charge:

Pt+ H"+e — Pt — Hyy (2.10)

In the same potential region, peaks appearing below the current axis presents
the hydrogen desorption on Pt (100) and Pt (111) crystal surfaces, with a hydrogen
charge, a Volmer route in Equation 1.7.

The oxidation peak starting from 0.8 V/NHE corresponds to the oxidation of

platinum:

Pt — HyO — PtO +2H" + 2¢~ (2.11)

Therefore, the peak between 0.8-0.5 V/NHE is related to the reduction of platinum

oxide
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Figure 2.7: Hydrogen adsorption/desorption curve of the half-cell (prepared with
5wt.% PSSA grafted Pt/Vulcan catalyst and 0.50 mg-cm™ Nafion in the catalyst
layer) after 100 cycles from 0-1.2V with a scan rate of 50 mV-s*

PtO +2H* + 2¢~ — Pt — HyO (2.12)

Therefore, FCSA (m?.g!) can be estimated by integration of the hydrogen ad-
sorption or desorption peak after subtraction from the double layer charging current in
the potential range 0.05-0.45V /NHE, and assuming a charge value of 0.210 mC-cm™
for the oxidation of a monolayer of adsorbed hydrogen on polycrystalline Pt (atom

surface density of 1.3x10'® atoms per cm?).

Qu

ECSA =
©s 0.21- Lp,

(2.13)

where, Qp is the average of adsorption and desorption charge estimated, mC-cm™2,
and Lp; is the Pt loading in the electrode, around 2.0 g-m™ in prepared GDEs.

In the three-electrode system, hydrogen adsorption/desorption curves have been
obtained by cyclic voltammetry (scan rate 50 mV /s, in the range 0.05-1.2 V/NHE).

The Pt utilization is defined as:

ECSA
Stot

where S, the total surface area, is obtained from the mean particle size, assuming

wpy = (2.14)

the Pt particles are spheres with surface area 4mnr?.
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1 3
Sipp = ———— Admr? = = 2.15
tot 4/37?7’3 o r rp ( )
where the radium of the platinum particles, was estimated at 2 nm, as detected in
XRD and TEM, p is the density of platinum, 21.45 g-cm™. So we obtain S;,=70.0

mZ.g!.

2.5.4 Electrochemistry Impedance Spectra (EIS)

Electrochemical impedance spectroscopy, EIS, is a technique used for investigating
the double-layer capacitance of an electrode/ electrolyte interface, in addition to
giving access to both diffusion and charge transfer resistance. A small AC amplitude
perturbation is added to a constant direct current or potential signal with a changing
frequency. By scanning the frequency, the impedance change can be recorded and
each component value can be obtained for all frequencies investigated [2].

2 is applied

As a sinusoidal current density i(¢) with an amplitude ¢/, in mA-cm
between WE and CE, the corresponding sinusoidal E(t), with an amplitude £’ in mV,
between the WE and the RE is recorded. The impedance Z(t), in Q-cm? is defined

as the impedance

i(t) = ' sin(wt) (2.16)
E(t) = E'sin(wt + ) (2.17)
Z(t) = % (2.18)

where w is the pulsation (rad-s') and 1 is the phase (rad).

EIS applied in the fuel cell tests is to obtain the detailed information in a broad
range of characterized time (equal to the reciprocal of the frequency). Here the
reference electrode is the anode, so the signal recorded covers the two electrodes of
the cell. The processes occurring in the fuel cell electrode/ membrane surface mainly
involve adsorption of electroactive species, charge transfer at the electrode surface,
proton transfer in electrolyte, and mass transfer to the electrode surface. Each process
can be represented as an electric component and the whole reaction is often modeled
by an electric circuit composed of resistances, capacitors, or constant phase elements

combined in parallel or in series. The various electric components are briefly presented
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Figure 2.8: Impedance spectrum of a half cell at 10 mA-cm™?(Exp) and the fitted
spectrum (Model)

below:

Ohmic resistance

In general, the intercept at high frequency (> 1 kHz) is associated with its ohmic
resistance Rg (Q-cm?). In half cell mode, the liquid solution between WE and RE,
as well as the interface of membrane-CL, contributes to the ohmic resistance. In fuel
cell tests, it consists of the membrane resistance, contact resistance of the different

layers and those of cables and electrical connectors[137, 138].

Charge transfer resistance

Charge transfer resistance is defined as the derivative of the potential with respect to

the current density at constant concentration of reactants at the interface:
oE  On
di i

In high overpotential range, r is limited to current density 7, given by Tafel’s law,

Ry = (2.19)

Equation 1.24. Therefore, R can be shown to be a decreasing function of the current

density as:
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RT 1
~— .z 2.20
nol' 1 ( )

ct —

where n is the number of electrons involved in the rds. R varies linearly to 1/i for
sufficient overpotential (in absolute value), with a slope equal to 0/2.303.

Re (Q:-cm?) is a resistance term linked to the reaction kinetics. In half-cell inves-

tigations, R, of ORR was depicted in the impedance plots. In the studies in fuel cell

reaction, the anode resistance R, is often 5-10 times lower than the resistance in

the cathode R ., so we fixed R, at one tenth of R . in the fitting.

Diffusion impedance

Diffusion impedance, Z; (©-cm?) is due to the diffusion and convection of reactant oc-
curring in the vicinity of the electrode. Compared to the charge transfer, the diffusion
of reactant is relatively slow, so usually observed at low frequency. Depending on the
variety of reactant concentration in diffusion layer, different models have been applied
in the description of the diffusion impedance |2|. In our case, we use the model of a
linear but finite diffusion, where the concentration is constant in the electrolyte and
varies linearly in the diffusion layer. The diffusion impedance element is symbolized

by W with an impedance [137]:

(2.21)

where R, (-cm?) is the diffusion resistance, 74 is the characteristic diffusion time,

depending on the thickness of the layer and gas diffusion coefficient.

Constant phase element

The constant phase element (CPE) is used to replace double layer capacitance, taking
into account the electrode surface roughness or distribution/ accumulation of charge
carriers. The parameters Q) ( F-rad'™-s'™) and n ( rad-s') are the pseudo-capacity

and pulsation, respectively. The impedance of a CPE is expressed as:

1
Zepp = ————
CPE Q(

) (2.22)

Depending on the frequency of the fluctuating signal, more or less current accu-
mulates into the pores on the double layer. The parameter n reflects the deviation
from real capacitance: the closer to 1, the electrode is more flat. The equivalent

double layer capacity can be estimated with the formula given below [137]:
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Cuy = (27 frop)™ " - sin(%) Q (2.23)
where f,, is frequency at the summit of the high frequency loop.

In experimental work, both potentiostatic EIS and galvanostatic EIS procedure
have been applied within the frequency range of 10 kHz -50 mHz. For the first
one, the working electrode potential is modulated sinusoidally with respect to the
RE. The corresponding sinusoidal current flowing between the WE and the CE was
recorded. Half cell electrodes were studied by potentiostatic EIS in the range of 250-
600 mV/NHE, with am amplitude of 10 mV. In galvanostatic EIS procedure, the
impedance spectra at various reduction currents were measured, with 10% amplitude
of the steady current.

A typical impedance spectrum of a GDE mounted in the half-cell system is pre-
sented in Figure 2.8, consisting a 45° inclined linear part at high frequency followed
by a large loop at medium and low frequency. The intercept on Z’' part at high
frequency, corresponds to Rq. The high-frequency 45° angle line has been attributed
to the porous structure of the electrode by Hitz [136]. In the two equivalent circuits
for half cells, shown in Figure 2.9(a) and (b), Z,, is the porosity impedance. R,
presents the porosity resistance, equal to the real part of the 45° angle line.

The impedance of model (a) is:

1
Q(jw)" + R,

Equivalent circuit (a) is based on the conventional Randles model, in which a

Z(w) = Rq + Rpor +

(2.24)

double layer capacity is in parallel with a charge-transfer resistance R,. CPE (Q,
n) was used to replace the double layer capacitance.The Nyquist plot of circuit (a)
is a compressed half-circle, whose intercept at high frequency is equal to the sum
of Rg and R,,,. When the intercept of the real Nyquist plot is subtracted, R, is
estimated.

The impedance of model (b) is:

1
Z(w) = Rg + Ryor + ‘ (2.25)
QU + (R + Ry - bz

The two equivalent circuits (a) or (b) are selected for fitting the loop in Nyquist
plots depending on whether the diffusion impedance was considered or not .
The equivalent circuit used in a single cell investigation is shown in Figure 2.9(c).

At the anode, there are R., the charge transfer resistance and a constant phase
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Anode Membrane Cathode

Figure 2.9: The equivalent circuit for ORR in half-cell (a, b) and a single cell (c);

element CPE, (Q,, n4). R, is the membrane resistance, which contributes the most
part of the ohmic resistance in the system. In the cathode, there are three compo-
nents, Ret., CPE: (Qc, n.) and Zy. (Ra., Ta.) with the same meaning as in Figure
2.9(b). The impedance of model (c) is:

1
+
Qa(jw>na + Rt;t,la ; Ne . tanh( V de’cw) -1
Qc(]w) + (Rct + Rd,c \/m )

In the EIS measurement, the real and imaginary part of impedance, Z'(w) and

Z(w) = Ry, +

(2.26)

Z"(w) at every w are given. In the equivalent circuit established for modeling the
real data, Z, ... (w) and Z

' !/ der(W) present the real and imaginary part of impedance.

The variance, e(w), was used to estimate the difference between the experimental

data and those in model:
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e(w) =\ (Z/(0) = Zhpge ()2 + (Z"(0) = Zlppq(w))?

The fitting was carried out in Excel file with the program “solver” by optimizing
each factor in the equivalent circuit to minimize the sum of e(w) in the frequency

range.

2.5.5 Durability tests

The durability test is the method carried out to estimate the lifetime of a MEA or
a fuel cell stack. The simplest method is to run the fuel cell under regular, actual
operation conditions, hour by hour, to record the performance along time. But this
method is time-consuming. As the durability of a hydrogen single cells can exceed
10000h, most investigations have been carried out in the order of 2000h. Aging tests
at constant current density are only considered for fuel cells under more extreme con-
ditions. Accelerated durability test (ADT) methods, operated under more “stressful”
conditions compared to actual using conditions, have been developed to accelerate
fuel cell failure [139]. Time variation of one electrical variable (E or ¢), have been
applied by driving cycles. Operations with Hy /air (or oxygen) , with cathode poten-
tials below OCV, 0.95-1.0V, have been used to imitate the real fuel cell operation.
While inert gas, nitrogen or helium, was supplied to the cathode to reduce chemical
corrosion in the presence of air, the carbon corrosion could be studied up to 1.5V
[150].

In the research of the DOE Fuel cell program and the USFC in USA, different pro-
tocols for cell degradation have been designed in order to isolate the effects and failure
mode in a fuel cell, as each component experiences different degradation mechanisms
under different conditions [110|. For example, the electrocatalyst cycle is different
from the catalyst support cycle. The ageing of catalysts contains by platinum (Pt)
sintering, particle growth, and dissolution, especially at high electrode potentials.
The protocol for electrocatalyst accelerated stress test was performed by step change
for 30000 cycles: 30 s at 0.7 V and 30 s at 0.9 V, in Hy/Ns. The evaluation of
carbon support durability is performed with a steady-state potential at 1.2 V for
200 hours. The membrane/MEA chemical degradation is distinguished from the me-
chanical degradation by RH cycling. The membrane swells at high RH as it absorbs
water and shrinks as it loses water at low RH. This swell/shrink cycling results in the

mechanical failure, detected by the gas crossover across the membrane.
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In nitrogen circumstance, CV in the range of 0-1.2V, with a scan rate of 50 mV /s,
was used to investigate the durability of half-cells in 500 cycles. The value of EC'S A at
every 100 cycles was presented in [1411]. In fuel cell operation, while air and hydrogen
was supplied to the cathode and anode, CV was applied in the potential range of
0.1-0.9V for 4000 cycles, with a scan rate of 5mV/s. The polarization curves and

impedance spectra were recorded every 1000 cycles.
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PSSA grafted Pt/Vulcan catalysts

The Pt/Vulcan catalysts were grafted with PSSA groups by in-situ radical polymeriza-
tion with 5, 10 and 20 wt.% sodium styrene sulfonate. The dispersion of the platinum
particles were investigated by XRD and TEM, before and after the functionalization.
The electrochemical properties of the prepared catalysts were then studied in half-cell
mode and in a single cell. The effects of graft ratio, as well as the Nafion amount in
CL (0.25 or 0.50 mg-cm™? ) and GDL types on the performances in three-electrode
system were presented in section 3.2. The values of ECSA were estimated by CV in
nitrogen. And the ORR properties were studied by LSV and EIS as air feeding.
MEAs with various catalysts and Nafion addition were prepared and investigated
in a single cell tested at ambient temperature (25 °C), under 100% relative humidifi-
cation. Their polarization curves and Nyquist plots at various current density (0.05,
0.1, 0.15 and 0.2 A-cm™) were presented in section 3.3. At the end, some conclusions

were given in the optimum amount of graft ratio and Nafion addition in the CL.

3.1 Physical Characterization

The prepared Pt/Vulcan catalyst was investigated by XRD. The dispersion and the
mean size of the platinum particles is identified along with the results in TEM images,
with a diameter around 4nm.

The TEM image of Pt/ Vulcan catalyst non-functionalized is presented in Figure
3.1(a), and those of Pt/ Vulcan catalysts with various PSSA graft ratio are shown in
Figure 3.1(b-d).

After the sulfonation, no obvious aggregation of Pt particles was revealed in the
TEM images. The diameter of platinum particles in sulfonated catalyst presented by

XRD remained at around 4nm. It indicated that the polymerization process did not
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Figure 3.1: TEM images of Pt/ Vulcan catalysts with various PSSA graft ratio: a,
0wt.%; b, 5wt.%; ¢, 10wt.%; d, 20wt.%

obviously change the particles distribution on Vulcan materials.

3.2 PSSA-catalysts in CP-half-cells

Catalyst inks with different PSSA grafted catalysts and various amounts of Nafion
were deposited onto PTFE incorporated carbon paper. The sulfonated Pt/ Vulcan
catalysts, grafted with 5, 10 and 20wt.% PSSA, were added to the inks, respectively.
The effect of Nafion amount was studied in the GDEs with 100% (0.50 mg-cm™),
50% (0.25 mg-cm™) and 0% Nafion added into the catalyst layer, whereas the usual
amount is 1.0 mg-cm™?[41]. The prepared electrodes were named of the amount of
PSSA and the Nafion percentage, for example, “P5-100" was the GDE prepared with
Swt.% PSSA grafted Pt/Vulcan catalyst and 100% Nafion addition. An electrode
with non-functionalized catalyst and 100% Nafion, named 0-100, was used as the
reference sample.

Every component effect was studied in more than three half-cell disks in order to
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obtain repeatable data. Besides, the repeatability of the measurement significantly
depends on the stability of the membrane-CL interface. Hot-pressing condition have
been optimized to improve the interface performances, at 135°C, 40bar for 6min
[111]. However, membrane hot-pressed onto the GDEs with less Nafion addition
in CL tended to bulge out in liquid solution, so the performances of the less-Nafion
GDEs , P10-0, P20-50, P20-0, have not been presented in three-electrode system, with
an exception of P5-0 and P10-50. In hydrophilic CL, with PSSA grafted catalyst, a
minimum Nafion amount is required for mechanical cohesion on the hydrophobic GDL
structure. This effect, visible with 10 and 20wt.% grafting, could be less pronounced
with only 5wt.% grafting, which could accommodate the GDL with Nafion.

The electrochemical activity of the prepared GDEs were studied by CV. LSV and

EIS have been used to investigate the ORR performances in air.

3.2.1 FECSA in CP-half-cells

The catalytic activity in each electrode with different Pt/Vulcan catalysts and Nafion
amount (0.25 or 0.50 mg-cm™) was investigated by CV. ECSA , based on the des-
orption charge in hydrogen adsorption/ desorption curves was deduced from CV. The
set of data has been given in Figure 3.2. The values of the GDEs without Nafion
addition have not been presented because of the unstable membrane-CL interface:
the membrane actually absorbed water and bulged out from the surface of CL during
the CV cycles.

First, among the four electrodes with 0.50 mg-cm™ Nafion (dark column in Figure
3.2), higher catalyst activities were obtained after sulfonation. The value increased
as the graft ratio increased from 0 to 5 wt.%. However, FCSA slightly decreased
as the PSSA grafting increased to 10wt.%. And the highest EC'SA was achieved in
Pt/ Vulcan catalyst, grafted with 20 wt.% PSSA, around 24 m?.g’'. This variation
of P10-100 was in the error range, affected by the dispersion of the catalyst particles

2 similar influence

in the pores of GDL. In less-Nafion electrodes with 0.25 mg-cm”
of PSSA graft ratio on FCSA was observed. The sulfonated electrodes performed
higher catalyst activities than that of non-functionalized catalyst with 0.25 mg-cm™

Nafion, and the largest FC'SA was given by P20-50.

3.2.2 ORR performances in CP-half-cells

In three-electrode system supplied with air, the potential was scanned between WE
and the RE from -50 to 850 mV/ NHE with a scan rate of 5 mV /s, and the current
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Figure 3.2: ECSA of PSSA-Pt/ Vulcan in CP-half cells

between the WE and the CE was recorded. As we previously discussed, the real
potential on the working electrode differs from the measured potential. The potential
in polarization curves has been corrected by subtracting the ohmic drop, with ohmic
resistance Rq obtained in EIS measurement.

At 25°C and latm, the equilibrium potential of ORR is equal to 1.229V. In 0.5 M
H,SOy solution at 25°C, the value is calculated by Nernst equation, approximately

varying with the H" concentration:

RT 1
E° =1.229V — ——|
9V fa na(Hﬂ

(3.1)

The pH of 0.5 M sulfric solution is equal to 0.3 [143], therefore, the value of a(H™)
is around 0.50 M. The value of E® is 1.211 V.
Overpotential, 7, is the difference between the real, corrected potential and the

equilibrium potential, E°.

n=EFE,—E° (3.2)

The obtained £, — ¢ and n — logi plots were shown in Figure 3.3.

Figure 3.3(a) shows four voltammetry curves, corresponding to the four electrodes
with various PSSA functionalized catalysts and 100% Nafion, 0-100, P5-100, P10-100
and P20-100. At 500 mV/ NHE, the reduction current densities were measured at 83,
120, 62 and 53 mA-cm™, respectively. As the PSSA percentage in catalyst increased
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Figure 3.3: LSV curves and n-logi plots of PSSA-Pt/ Vulcan in CP-half cells
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from 0 to 5 wt.%, larger ORR current densities were measured. However, as the graft
ratio further increased to 10 or 20 wt.%, i decreased.

In there-electrode systems, the working electrode is tested with one side of the
membrane facing to water solution. During ORR investigation, H" transfers from
the acid solution to CL, and water is produced in the electrode. The sulfonation of
the catalyst would bring higher ionic property and hydrophilicity to the electrode.
Highly hydrophilic catalyst, with 20 wt.% PSSA would hinder the water removing
from CL, which is to result in flooding in the electrodes.

The Nafion effect on the ORR properties was studied in half-cell electrodes with
S5wt.% PSSA-Pt/ Vulcan catalyst addition. As shown in Figure 3.3(b), reduction
current density at 500 mV,/ NHE decreased as the Nafion loading reduced, indicating
the necessity of Nafion addition in half-cell electrodes. On the other hand, it is shown
that P5-50 performed a curve similar to that of “0-100”, which may be due to the
ionic conductivity of PSSA grafted catalyst. While less Nafion loading was applied
in the CL, the PSSA graft on the carbon support transported the proton during the
reaction as the function of Nafion ionomer. In P5-0, relatively lower ORR current
density was observed.

The Nafion effect was also discussed between P10-100 and P10-50. Different
from that found in Pb5-electrodes, ORR performance was slightly improved when
the amount of Nafion added decreased from 0.50 to 0.25 mg-cm™, indicating that the
sulfonation of catalyst with 10 wt.% could reduce the Nafion application in CL. Only
half of the Nafion amount in P10-100, was added into P10-50, one quarter of the
usual amount 1.0 mg-cm™and the current density at 500 mV/NHE was 72 mA-cm™2.

According to Tafel equation, at high overpotential region, the overpotential varies
linearly with the logarithm of current density. Their n-logi plots have been presented
in Figure 3.3(a’), (b") and (¢’). The kinetic parameters, b and iy, characterize the real
1. Their values in two current ranges, logi =0-1 and logi=1-2, are given in Table 3.1.

For ORR at 25 °C (298K), cv. about 0.50, two Tafel slopes (2.303 - £L) are usually
obtained, 60 mV/dec ( 2-elelctron reduction pathway, n=2) and 120 mV/dec ( 1-
elelctron reduction pathway, n=1) [1|. The value of Tafel slope, relating to n, may
indicate different reduction path of oxygen. In the region of logi between 0 and 1,
the value of Tafel slope in Table 3.1 varies in the range from 160 to 110mV /dec.
It may be concluded that ORR occurred with one electron exchanged in the rate
controlled process. In Figure 3.3(a’), the four curves are nearly parallel, and their
Tafel slopes decrease from 160 to 130 mV /dec as the PSSA ratio in Pt/ Vulcan catalyst

increase from 0 to 20 wt.%. Meanwhile, the exchange current density decreased as
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Table 3.1: ORR kinetic parameters of PSSA-Pt/ Vulcan in CP-half cells
i0(£15%) b(+£5) i0(£15%) b(+£5)
GDEs (logi=0-1) (logi =0-1) (logi=1-2) (logi =1-2)
(10*mA-cm?)  (mV/dec) (mA-cm?) (mV/dec)

0-100 12 160 0.08 220
P5-0 3 155 0.2 281
P5-50 4 150 0.03 200
P5-100 3 142 0.02 180
P10-50 0.2 110 0.03 202
P10-100 2 143 0.05 220
P20-100 0.6 130 0.02 200

the PSSA ratio increased, whose contribution to i-E, was compensated by the value
of b. According to Equation 1.30, the exchange current density of one reaction varies
linearly to the true active area at a given air pressure. Although the largest FCSA
has been observed in P20-100, the value of iy is lower than that of P5-100 or P10-100.
In Figure 3.3(b’), it is shown that the three curves overlap each other in the range of
logi— 0-1. While their values of iy are very close, b slightly decreased with the Nafion
amount increased. Figure 3.3(c’) presents the n — logi plots of P10-100 and P10-50.
The values of b and iy increase as Nafion amount increased.

In the region of logi between 1 and 2, the Tafel slope of each half-cell is around
1.5 of the value at log i =0-1, from 180-281mV /dec, corresponding to higher iy value.
The value of b, more or less two times larger than 120mV /dec, may indicate that
ORR is partly controlled by diffusion at current density over 10mA-cm™. In Figure
3.3(a’), while the overpotential of 0-100, P10-100 and P20-100 increase rapidly with
logi, P5-100 has a Tafel slope at 180 mV /dec, relatively lower than the value of other
three GDEs. In Figure 3.3(b’), the Nafion effect presented in n-logi plots tends to
be larger at high currents or high absolute overpotential region. It is shown that the
overpotential of P5-0 increase dramatically as the current density increased, with a
Tafel slope at 281mV /dec. Finally, comparing the two electrodes with 10 wt.% PSSA
grafted catalyst, the one with less Nafion, 0.25 mg-cm™, has lower iy and b constant
with that shown in logi =0-1.

EIS method was applied to investigate the ORR performances of the sulfonated
catalyst. Impedance tests were carried out by decreasing the steady potential: 550,
450, 350, 250 mV/NHE, and then increasing: 300, 400, 500 , 600 mV/ NHE. The
spectra obtained at various potentials are shown in Figure 3.4. So it seems that the

profiles of the spectra varies regularly with the potential, irrespective of the variation

80



CHAPTER 3 PSSA GRAFTED PT/VULCAN CATALYST

a 4
- P550
B E
a e ® 5
a g_ [+
s] i o
o i o
og %
14 46 1§ & 10
P5-100
o]
i ]
2]
=]
a ]
2
; &
10 12 14
m, | P20100 —
5 o
e @
R 2 %o
B
g | 8
12 12 14

#2500 mY @200 my S350 my 400 m #450 mY @500 m\ S50 m\ 500 m

Figure 3.4: EIS plots of PSSA-Pt/ Vulcan in CP-half cells measured at various po-
tential

process (decreasing or increasing), which indicating the stable state of the half-cell.
First, the ohmic drop, Rq -7 (due to ohmic resistance), was estimated by EIS. The
ohmic resistance, Rq, equal to the intercept of the Nyquist plot at high frequency,
represents the electric resistance of liquid electrolyte between RE and WE, depending
on their distance, and the membrane-CL resistance. A Luggin capillary has been
used, whose tip was close to the surface of the working electrode, membrane side, to
minimize the influence of the solution. Besides, due to the variety of catalyst and the
Nafion ratio in each CL, the attachment between CL and membrane could vary, so the
prepared electrodes could establish different membrane resistance. For some tests, it
was found that there was a slight change in the value of ohmic resistance during the
test, which may be due to the difference in the humidity of membrane. The value of
intercept increased as the measured potential decreased from 550 to 250 mV/NHE
(overpotential increasing). When the potential increased from 250 to 300 mV/NHE,

Rq continued to decrease. Rq started decreasing while the potential increased from
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400 to 600 mV/NHE. The variations of ohmic resistance along the procedure were
shown in Figure 3.5(a). The ohmic resistance averaged over the potential was applied
in the estimation of ohmic drop.

In the measured potential range of 600- 250 mV, current densities allowed by the
electrodes varied in the range of 10-100 mA-cm™? (1< logi< 2). At a given E,,, the
reduction current density on each electrode was different due to the various properties
of catalysts and interface performance. As a result of the i and Rq of each electrode,
the real potential varied from 650 to 460 mV/NHE. The E, — i relationship for
each electrode has been shown in Figure 3.5(b). The results presented was mostly
consistent with that in LSV.

In the impedance spectra presented in Figure 3.4, the 45° line at high frequency
was negligible compared to the diameter of half-circle, so we disregarded the porosity
effect in the EIS investigation of PSSA-CP-half cells.

As the measured potential decreased from 550 to 250 mV /NHE, the diameter of
the half circles decreased; and then the value increased as the potential back increased
from 300 to 600 mV /NHE. For a pure electron-transfer reaction, the diameter of the
half-circles, corresponding to charge transfer resistance R, decreases as the overpo-
tential increases. However, in the Nyquist plots of MP5-0, the diameter at 350, 450,
550 mV /NHE was lower than that at 300, 400, 500 mV /NHE, respectively. This phe-
nomenon could demonstrate the presence of diffusion resistance, together with R,
contributing to the half-circle in AC impedance. In three-electrode systems, water
accumulated in the membrane not only as the product of ORR but also from the
electrolyte. On one side, the membrane was humidified, which could facilitate the
proton transfer to CL. On the other side, water in the electrode would hinder the
reactant transfer and contribute to the flooding, both resulting diffusion resistance
R;. After the EIS test at 250 mV /NHE, large amounts of water was produced, which
reached the carbon paper and hindered the transfer of reactant. Therefore, larger Ry
would be present in the following impedance spectra at 300, 400, 500, 600 mV /NHE
. However, only one loop was observed in the Nyquist plot, with the charge transfer
loop and the diffusion loop overlapping each other, and it was difficult to distinguish
the two.

As the diameter of the loop, Rjsp, was close to the sum of R, and R, the
equivalent circuit in Figure 2.9(a) was used in the fitting to estimate the value of Rj,pp.
The double layer capacity, C' (mF-cm™?), was estimated from CPE. The variation of
capacity was shown in Figure 3.5(c). The value is related to the ratio between the

effective electrode area and double layer thickness|!12|. For GDEs with various Nafion
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83

013

n.z



CHAPTER 3 PSSA GRAFTED PT/VULCAN CATALYST

amounts and catalysts, the value reflected the catalyst layer morphology. For most
electrodes, the value of C' was consistent at different reduction current. Moreover,
significantly higher value was exhibited by P5-0.

In Figure 3.6(d), the variation of Ry, to 1/i was shown, with a line of Ry — 1/i
as Tafel slope is equal to 120 mV /dec. According to Equation 2.20, the value of
R varies linearly to 1/i, with a slope equal to 5/2.303. In the measured potential
range from 250 to 600 mV/NHE, the current density in each GDE varied from 10
to 100 mA-cm™ . Therefore, the value of b at logi —1-2 was used in the estimation

of the theoretical value of R

% » whose variation to 1/i was shown in Figure 3.6(a)

and (b). For further discussion of the contribution of RY, in Ry, the variation of
RY,/ Riop — i was presented in Figure 3.6(c) and (d). The percentage of RY, decreased
as the current density increased, due to the increasing contribution of mass transfer
resistance at high current. The effect of procedure discussed above appeared to be
more significant in the variation of P5-0, with the measured potential ( in mV/NHE)
labeled in the figure. The value of R,/ Ry, first increased as potential decreased from
550 to 450, 350 and 250 mV /NHE, subsequently and then increased as the potential
increased from 300 to 400, 500 and 600 mV/NHE. It maybe indicate that serious
flooding occurred due to no Nafion addition into the GDE.

3.3 PSSA-catalysts in MCP-half-cells

MCP-electrodes were prepared by depositing the catalyst inks, containing sulfonated
catalysts and various amounts of Nafion, on G10BC, a carbon paper with a micro-
porous layer on its surface , also called micro-GDL (MGDL). They were named of the
amount of PSSA and Nafion percentage, starting with “M”, for example, “MP5-100" is
the one composed of CL with 5% PSSA grafted Pt/Vulcan catalyst and 100% Nafion
layered on MGDIL. An electrode with non-functionalized catalyst and 100% Nafion
coated onto a MGDL disk, named M0-100, was used as the blank sample.

3.3.1 FECSA in MCP-half-cells

ECSA of MCP-electrodes, was also estimated based on the hydrogen desorption on
platinum particles, by integrating the surface area of hydrogen desorption peak. That
value of each MCP-PSSA-half cell, corresponding to PSSA graft ratio (0, 5, 10 and
20 wt.%) and Nafion loading (0.25 and 0.50 mg-cm™), was depicted in Figure 3.7.
Compared to the value of non-functionalized catalyst, ECSA of PSSA grafted
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Figure 3.7: ECSA s of PSSA-Pt/ Vulcan in MCP-half cells

catalysts was lower. In the series of GDEs with 0.50 mg-cm™, EC'SA decreased after
the sulfonation, though the value increased slightly as PSSA ratio increased from 5
wt.% to 20 wt.%. Comparatively, EC'SA was improved due to the sulfonation in
CP-electrodes. This phenomenon would be attributed to the presence of the micro-
porous layer PTFE impregnated. The PSSA group, behaving hydrophilic, might tend
to curl on the surface of MCP, which resulted low hydrogen desorption charge and
low ECSA.

As Nafion amount decreased in non-functionalized GDEs, the value decreased
slightly. As a result of the 5 wt.% PSSA graft, ECSA of MP5-50 was higher than
that of MP5-100. However, as the PSSA ratio in the catalyst increased up to 10
and 20 wt.%, it decreased a little as the Nafion amount decreased from 0.50 to 0.25
mg-cm™2. It maybe indicated that more PSSA curled in CL with low Nafion addition,
reducing FCSA .

It was found that most MCP-electrodes had a EC'SA larger than that of CP-
electrodes in Figure 3.2, except MP20-50, whose value was slightly lower than that
of P20-50. As we discussed for catalyst layer preparation, as the catalyst ink was
deposited to GDL, part of the catalyst likely permeate into the pores of the carbon
paper, reducing the activity in fuel cell reaction. When a micro-porous layer is loaded
on carbon paper, it protects the catalyst ink from the macro-pores in carbon paper.
Therefore, more catalyst is available in hydrogen adsorption/ desorption and higher
ECSA can be observed in MCP-electrodes.
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Figure 3.8: LSV curves and n-logi plots of PSSA-Pt/ Vulcan in MCP-half cells

3.3.2 ORR performances in MCP-half-cells

In the polarization curves of MCP-electrodes, as shown in Figure 3.8(a), significant
improvements in ORR performances have been observed in MP5-100 and MP10-100,
with a current density of 91 and 116 mA-cm™2at 650 mV /NHE, respectively, larger
than the value of M0-100. As the PSSA ratio increased to 20 wt.%, ORR current
density decreased to 48 mA-cm™ at 650 mV /NHE. It demonstrated that sulfonation of
Pt/Vulcan with 5 and 10wt.% PSSA could promote the ORR performances. However,
the catalyst with high PSSA grafting ratio in the catalyst, up to 20 wt.%, was highly
hydrophilic, which was not beneficial for the water removal from the GDE.

For the discussion of Nafion effect, less Nafion was added into the CL. It was
found that less Nafion tended to hinder the ORR. The current densities of MP5-50
and MP10-50 at 650 mV/NHE were around 73 and 66 mA-cm™.

Compared to the results of CP-GDEs, higher ORR current densities were ob-
tained in MCP-electrodes. It is concluded that the application of MCP as GDL
could significantly improve the ORR properties in half-cells tests.

The n — logi plots of the MCP-electrodes have been given in Figure 3.8(b), and
then the Tafel slope and exchange current density of each electrode could be deduced
in Table 3.2. In the current density range of logi— 0-1, while the Tafel slopes of
MP10-50 and MP10-100 were around 80 and 70 mV /dec, respectively, the values of
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Table 3.2: ORR kinetic parameters of PSSA-Pt/ Vulcan in MCP-half cells

io(£15%) b(+5) io(£15%) b(+5)
GDEs (logi=0-1) (logi =0-1) (logi=1-2) (logi =1-2)
(103mA-cm?)  (mV/dec) (mA-cm?) (mV/dec)
MO0-100 4 120 0.01 140
MP5-50 5 129 0.01 143
MP5-100 3 120 0.005 130
MP10-50 0.1 80 0.02 132
MP10-100 0.04 70 0.01 124
MP20-100 1 115 0.006 140

the other electrodes were higher, around 120 mV /dec. Meanwhile, their values of i,
were also lower than those of the other GDEs. In the range of logi= 1-2, b varied from
124 to 143 mV /dec, which was only half of those in CP-electrodes. The performance
in high overpotential was improved because of the application of MCP.

We measured the EIS plots of MCP-electrodes at 650, 550, 450 and 350 mV /NHE,
respectively. The spectra were shown in 3.9, in which the ohmic resistance of each
electrode has been subtracted from the impedance spectra. And the average value
was applied in the estimation of ohmic drop.

At high frequency, the value of porosity resistance, R, was estimated, and the
value was shown in Figure3.10(e). The magnitude was independent of the current
(or overpotential), within 0.01 Q:cm?. The highest value was observed by MP5-50,
around 0.12 Q-cm?.

In the medium and low frequency domains of impedance plots, the kinetic and
the diffusion loop overlap each other significantly. In the fitting of the data to the
theoretical expression of the impedance established from the equivalent circuit, the
distribution of the two loops were not visible. One way is to use circuit (a) (Fig-
ure2.9a), in which CPE is in parallel with a loop resistance. Another solution is to
calculate the value for the charge transfer resistance, R.;, by analytical derivation of
Tafel equation 2.20. The fitting was then carried out by fixing R to its theoretical
value, which allowed diffusion resistance R; to be estimated and gave access to the
features for the constant phase element () and n, to be obtained.

In equivalent circuit (a), we estimated Rj,,, and C at various measurement po-
tential, and their variation was shown in Figure 3.10(a) and (b). As depicted in
Equation2.20, the slope of R, — 1/i is equal to 0/2.303. The Tafel slope estimated
from Ry, — 1/i in Figure 3.10(a) was higher than 120 mV /dec. Compared to those
in CP-GDEs, the values of C'in MCP-GDEs were larger, which may be attributed to
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the higher electrochemical surface area of MCP-GDEs. On the other side, C' in most
GDEs decreased slightly as the current increased, maybe indicating the membrane
swelling at high current.

While equivalent circuit (b) was applied with R.; fixed at theoretical value, the
variations of C' to ¢ were given in Figure 3.10(c). Comparing the value obtained in
the two methods, we found that the effect of current density, i.e. the tendency of
C — 1, was consistent in the two figures. In addition, it was shown that the values in
Figure 3.10(b) were slightly higher than those in Figure 3.10(c).

Ry, diffusion resistance due to the retardation in the reactant transfer, was es-
timated in equivalent circuit (b). Its variation with current density were shown in
3.10(d). Rqof MP0-100 increased as the current density increased. As the PSSA ratio
in catalyst was equal to 5wt.%, the values in MP5-50 and MP5-100 were nearly inde-
pendent of reduction current, around 0.30 & 0.04 Q-cm?. The magnitude in MP10-50
and MP10-100 first decreased as current density increased from 20 to 40 mA-cm™, and
then increased as the current density increased, up to around 90 mA-cm2, within the
margin of error. As the PSSA ratio increased to 20 wt.%, R4 increased as the current
density increased, similar to that of MP0-100. Otherwise, at around 70 mA-cm™,
R4 in MP10-100 was higher than that in MP5-100 and MP20-100. Therefore, for

reducing the diffusion impedance in ORR, grafting with 5wt.% was recommended.

3.4 PSSA-catalysts in fuel cells

3.4.1 Polarization curves of PSSA-catalysts

Based on the results in half-cells, MCP, with higher performances than CP as the
GDL, was selected in the preparation of MEAs. The MEAs, containing various PSSA
grafted catalysts and Nafion loading, were studied in a single cell test at room tem-
perature. Each sample was activated by applying CV cycles in the range of 0.1-0.9V,
with a scan rate of 5 mV /s, for 50 cycles. And then the polarization properties were
measured by chronopotentiometry process.

The obtained polarization curves and corresponding power densities are shown in
Figure 3.11. First, among the four electrodes with 0.50 mg-cm2Nafion, potential at
0.4 A-cm™? increased as 5 and 10 wt.% PSSA was grafted onto Pt/Vulcan catalyst.
The polarization curves showed that as MEA containing 10 wt.% PSSA in catalysts
exhibited relatively higher potential than that of MEA with 5 wt.% PSSA in lower cur-

rent density range (<0.6 A-cm™?), its potential decreased rapidly as current increased.
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Figure 3.10: EIS parameters of PSSA-Pt/ Vulcan in MCP-half cells
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Comparatively, MEA containing 5 wt.% PSSA in catalysts presented slightly higher
potential in the high current range. As the PSSA amount in the catalyst increased to
20 wt.%, the fuel cell potential decreased. The presence of PSSA graft might enhance
the ionic conductivity and hydrophilicity into the catalyst and the catalyst layer. But
20 wt.% PSSA grafted catalyst, with high hydrophilicity, would not benefit the water
transfer in the cathode, and resulted maybe in flooding.

Based on the sulfonated catalyst, less-Nafion MEAs with 0.25 mg-cm™? Nafion
and various PSSA graft ratio in the catalysts were prepared, shown in Figure 3.12.
As non-functionalized catalyst contributed very low currents in CL with only 0.25
mg-cm™? Nafion, the fuel cell performances were enhanced due to the presence of
sulfonated catalysts. A power density, around 201 mW-cm™?, was achieved by the
MEA with 10 wt.% PSSA in catalysts.

3.4.2 EIS of PSSA-catalysts

The performances of MEAs with various PSSA grafted catalysts and Nafion loading
have also been studied in EIS. The impedance plots tested at 0.05, 0.1, 0.15 and 0.2
A-cm2, respectively, were shown in Figure 3.13.

For each impedance loop, it was found that the intercept, according to the value of
R,, was nearly a constant for each MEA tested at various current, around 0.1 Q-cm?.
The ohmic resistance was mainly due to the electric resistance of membrane during
the fuel cell operation. The consistent value in each single cell presented the similar
operation condition, as well as relatively humidification.

In the current density range from 0.05 to 0.2 A-cm™, the Nyquist plots of PSSA-
MEAs presented a half-circle with the following loops overlapping: a charge transfer
loop in anode at high frequency, a charge transfer loop in cathode at medium fre-
quency and a diffusion at low frequency. As current increased, the diameter of the
half-circle decreased.

The overlapping of the loops resulted the difficulty in distinguishing them from
each other. In the fitting, the value of charge transfer resistance at anode R, was
fixed at one tenth of that at cathode R . and the exponent of CPE, , n, was fixed
at 0.8. The estimation of the parameter at cathode was carried out by three steps:
the sum of e(w) in high and medium frequency were first minimized and the values
of Ry, Qo , Qc , N, Rer o were estimated; and then the data in low frequency were
minimized to obtain the value of R, 74.; at last, in overall range, the data was fitted

with variable R, , Q. , nc, Rete; Rac, Tdec-
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Figure 3.11: Polarization curves and power densities of PSSA-Pt/ Vulcan in MEAs
with 0.50 mg-cm™
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The value of R,, was relatively constant for each MEA at various current densities,
the variation of R ., Ryc, Ce and Ry ./ Rioop , with an estimated error in 10%, were
presented in Figure3.14.

The variation of R.;. was shown in Figure3.14(a) with a line of R — 1/i as Tafel
slope was equal to 120 mV /dec. The Tafel slope of the prepared MEAs in the current
range from 0.05 to 0.2 A-cm™ was shown to be higher than 120mV /dec. Relatively
lower value of R . were observed in the MEAs with PSSA graft in catalysts.

In Figure 3.14(b), the values of R, . increased slightly with current density. In the
low current range, the main factor in fuel cell reaction was charge transfer control.
The percentage of Re; ./ Rioop shown in Figure 3.14(d) for most MEAs was higher than
50%.

The variation of C, to current density was presented in Figure 3.14(c). While the
value of M0-100, MP20-100 and MP20-50 decreased as i increased from 0.05 to 0.2
A-cm™, the value of M5-100, MP10-100 and MP10-50 increased. At 0.2 A-cm™, the
highest value of C. was observed in MP5-100.

3.5 Conclusions

The prepared PSSA grafted Pt/Vulcan catalysts were studied in XRD and TEM. It
was shown that the dispersion of platinum was not influenced by the sulfonation. The
diameter of platinum particles remained at around 4nm. The sulfonation process did
not result the aggregation of the particles pre-deposited onto Vulcan materials.

Their electrochemical performances were investigated in half-cells and MEAs, re-
spectively. The effect of PSSA graft ratio was discussed, associating with the influence
of GDL types and Nafion amount in CL.

In half cell tests, carbon papers (CP) and micro-layered carbon papers (MCP)
were applied as the support materials for catalyst ink. The value of EC'SA in each
electrode was compared and comparatively higher value was observed in MCP based
electrodes. In LSV curves, it was shown that the MCP-electrodes exhibited higher
current density in ORR. Meanwhile, smaller impedance loops were observed in MCP-
half-cells, indicating lower charge transfer resistance during the reaction. The appli-
cation of MCP was proved to benefit the reaction by increasing the catalytic activity
and reducing the charge transfer resistance.

In the two series of half-cells with different GDLs, there is a reasonable concor-
dance in the Nafion effect in CL: less ionomer ratio results in lower current density

depicted by LSV and higher charge transfer resistance in EIS.
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Figure 3.14: The variations of EIS parameters in PSSA-MEAs
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As to the influence of PSSA graft ratio, it was found that ORR current increased
as the ratio increased from 0 to 5 and 10 wt.%, but decreased at 20 wt.%.

In the investigation of MEAs, improvements in fuel cell performances were achieved
after the sulfonation of Pt/ Vulcan catalyst with 5 and 10 wt.% PSSA, which was in
agreement with the results in half-cells. In EIS method, it was observed that both
charge transfer resistance and diffusion resistance were reduced by the sulfonation
of Pt/Vulcan. It concluded that sulfonation of catalyst could improve the fuel cell
reaction by promoting the proton transfer in the fuel cell reaction.

The performances of the less-Nafion MEAs, with only 0.25 mg-cm™Nafion, were
obviously improved properties after the sulfonation. And the MEAs with10 and 20
wt.% PSSA grafted onto Pt/Vulcan catalysts performed higher power density than
the counterparts with 0.50 mg-cm2Nafion. The highest power density, 201 mW-cm™
was achieved in the MEAs with 10 wt.% PSSA in catalyst and 0.25 mg-cm?Nafion
in CL.
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PSA grafted Pt/Vulcan catalysts

The Pt/Vulcan catalysts were grafted by diazonium ion reduction with 5.8, 11.6 18.0
and 23.3 wt.% PSA groups per gram of catalyst (around 0.32, 0.64, 0.98 and 1.3 mmol
per gram of catalyst) 4-aminobenzene sulfonic acid. They were named as D1, D2,
D3 and D4, respectively. XRD and TEM were applied to characterize the platinum
distribution before and after the functionalisation. The electrochemical properties of
the catalysts were then studied in half-cell mode and in fuel cell.

In half-cell disk, the catalysts with 11.6 or 23.3 wt.% PSA groups were added in
the catalyst layer, containing 0.25 or 0.50 mg-cm™ Nafion. Two types of GDL, CP or
MCP, were used as the GDL, respectively, to prepare the half-cell disks. The effects of
graft ratio, Nafion amount in CL, GDL types on the performances in three-electrode
system were presented in section 4.2. Their catalytic activities were estimated by CV
in nitrogen. And the ORR properties were studied by LSV and EIS in air feeding.
From the polarization curve of each GDE obtained by LSV, the value of Tafel slope
and exchange current density were estimated in two current ranges: below and above
10 mA-cm™, which gave further explanation of the ORR process. EIS measurement
presented the impedance of each GDE at various measured potential, which was then
fitted to estimate each parameters during the ORR.

MEAs with various catalysts (with 5.8, 11.6 18.0 and 23.3 wt.% PSA groups) and
Nafion amounts (0.25 or 0.50 mg-cm™) were prepared, and investigated in a single cell
test at ambient temperature (25°C), under 100% humidification. Their polarization
curves and Nyquist plots at various current were presented in section 4.3. Based on
the results, we got some conclusions in the optimum amount of PSA graft ratio and
Nafion addition in the CL.
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4.1 Physical characterization

The prepared PSA grafted Pt/Vulcan catalyst has also been investigated by XRD and
TEM. The diameter of platinum particles in each catalyst was found to be around
4nm. As that depicted in PSSA grafted catalysts, no obvious aggregation of platinum

particles was observed during the diazonium reaction.

4.2 PSA-catalysts in half-cells

Half-cell electrodes were prepared by coating the inks containing various catalysts and
Nafion addition onto the GDL. A Nafion membrane was then hot-pressed onto the
CL side at 135°C, 40 bar for 6min. The prepared half-cell disks were named with the
percentage of the Nafion addition in the CL. For example, “D2-100" was the sample
prepared with 11.6 wt.% PSA grafted Pt/Vulcan catalyst and 100% Nafion addition
(0.50 mg-cm™?). The half-cell electrodes prepared were studied in a three-electrode
system: 4 disks on carbon paper, D2-50, D2-100, D4-50 and D4-100; and 2 disks on
MCP, MD2-100 and MD4-100. For the disks prepared with MCP, those with low
Nafion amount were not tested. The membrane hot-pressed onto the surface of CL
were found to absorb water and swell after immersed into the liquid solution. The
CL containing grafted catalysts had low cohesion on the hydrophobic micro-porous
layer on MCP. More than 3 samples containing the same components, including the
catalysts, the Nafion addition and GDL types were prepared to obtain repeatable
data.

4.2.1 FECSA of PSA-catalysts

The catalyst layer, containing Pt /Vulcan catalysts grafted with 11.6 or 23.3 wt.% PSA
and 0.50 mg-cm™ Nafion, was coated onto a GDL, CP or MCP. Their electrochemical
activities were studied by CV. While no obvious bubble was observed on the surface
of half-cell disks D2-50 and D4-50 after its immersion into the solution, the membrane
bugled out during the CV cycles, resulting low repeatability of the data. Therefore,
only the results of the samples with 0.50 mg-cm™? Nafion in CL were presented in the
figure.

The variation of EC'SA with GDL types and PSA ratio was presented in Figure
4.1. Tt was shown that higher values were observed in MCP-electrodes.When carbon
paper materials were used as the GDL, the catalyst ink was coated on its surface. A

part of catalysts would permeate into the macro-pore and lost the catalytic activities.
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Figure 4.1: ECSA PSA-Pt/ Vulcan in half cells with 0.50 mg-cm2Nafion

Otherwise, the micro-porous layer coated on the carbon paper material would protect
the catalyst from falling into the pores of carbon paper. Therefore, more platinum
sites were offered for hydrogen adsorption /desorption.

In CP-electrodes and MCP-electrodes, the value of EC'SA decreased as the PSA
graft ratio increased from 0 to 11.6 wt.%. It may be attributed to the hydrophilicity
of the grafted catalyst, which have low cohesion with the hydrophobic GDL, reducing
the accessibility of platinum particles and the active surface area. The value increased
slightly as the ratio increased from 11.6 to 23.3 wt.%. On one side, high amount of
PSA groups bring high hydrophilicity of the catalyst, on the other side, the PSA graft

could improve the catalytic activity.

4.2.2 ORR performances of PSA-catalysts

In the potential range from -50 mV and 850mV,/ NHE, LSV was applied with a scan
of 5 mV/s. For each half-cell disk, the scan was carried out for 5 times. And the
data, measured potential and current density, in the 5th scan were recorded. The
real potential were estimated after subtracting the ohmic drop from the measured
potentials and given in the LSV curves following.

First, PSA grafted catalysts, combined with 0.25 and 0.50 mg-cm™ Nafion was
studied in CP supported half-cell electrodes. As depicted in Figure 4.2, the real
potential of D2-100 and D4-100 at 100 mA-cm™? were around 404 mV/NHE lower
than the value of 0-100, non-functionalized Pt/Vulcan catalyst, at 478 mV /NHE.
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Figure 4.2: LSV curves (a) and n—logi plots (b) of PSA-Pt/ Vulcan in CP-half cells

Lower potential, higher overpotential, was required for producing 100 mA-cm™ in the
ORR in the presence of PSA groups on the Pt/Vulcan catalyst, indicating that the
PSA grafting in catalyst did not facilitate the reduction. As the amount of Nafion
decreased to 0.25 mg-cm™2, the potential of D2-50 and D4-50 decreased.

At 25°C, latm, the equilibrium potential £° of ORR in 0.5 M H,SO, solution is
equal to 1.211V. Therefore, the overpotential, ), the difference between the real and
E° was estimated. The n — logi plots were shown in Figure 4.2 (b), and they were
studied in two current density ranges: logi = 0 — 1 and logi = 1 — 2. The obtained
ORR kinetic parameters were given in Table 4.1. In the low current (overpotential)
range, the values of b of four GDEs with PSA-grafted catalysts supported on CP-
GDL in ORR were between 180 and 208 mV /dec. The value of D4-100, 180 mV /dec,
slightly higher than 120mV /dec, corresponding to the 1l-elelctron reduction pathway
in the rds of ORR (n=1) at 25 °C (298K), with the value of charge transfer coefficient
« at around 0.50 |1|. The higher value might be attributed to the mass transfer control
in spite of the low current density or to relatively lower o in the ORR. The value of
b decreased as the amount of PSA ratio increased , as well as the exchange current
density. Meanwhile, both of b and 7 increased as the Nafion amount decreased from
0.50 to 0.25 mg-cm™. In high current/ overpotential range, the influence of Nafion
addition and PSA graft ratio was observed to be consistent of that in logi = 0 — 1
. At current over 10 mA-cm™?, mass transfer would play more significant role in the

ORR process, resulting higher Tafel slope.
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Table 4.1: ORR kinetic parameters of PSA-Pt/ Vulcan in half-cells
io(£15%) b(+£5) io(£15%) b(+£5)
GDEs (logi=0-1) (logi =0-1) (logi=1-2) (logi =1-2)
(10*mA-cm?)  (mV/dec) (mA-cm?) (mV/dec)

0-100 12 160 0.08 220
D2-50 0.06 208 0.2 280
D2-100 0.03 200 0.1 260
D4-50 0.02 200 0.1 285
D4-100 0.008 180 0.06 245
MO-100 4 120 0.01 140
MD2-100 0.01 142 0.09 200
MD4-100 0.007 130 0.007 128

PSA-grafted catalysts had also been studied in MCP based half-cell electrodes by
LSV. The two prepared electrodes, MD2-100 and MD4-100, with 0.50 mg-cm™Nafion
in CL, was investigated. Their polarization curves and Tafel plots were shown in
Figure 4.3. The real potential at 100 mA-cm™increased from 580 to 662 mV /NHE
as the PSA ratio increased, while the value for M0-100 was around 651 mV/NHE.
As MCP was applied, ORR occurred at relatively higher potential (low overpoten-
tial). It maybe indicated that higher amount of platinum particles were accessible
for the reaction in MCP-electrodes. MD4-100 performed better than M0-100, which
demonstrated the feasibility of PSA grafting onto Pt/Vulcan catalysts.

The exchange current density and Tafel slope obtained in the n—logi plots shown
in Figure 4.3(b) had been presented in Table 4.1. Compared to D2-100 and D4-100,
the MCP based electrodes had lower slope in the overall current range , indicating
that higher current could be obtained at relatively lower overpotential. The value
of b in MD4-100 was almost consistent, around 120 mV /dec, following well the one-
electron reduction pathway in the rds of ORR (n=1) at 25 °C , with the electron
transfer coefficient around 0.50. It may be concluded that the mass transfer control
during the ORR appeared to be less significant in MD4-100. On the other sides, the
exchange current density decreased slightly, whose effect on the current density was
compromised by the lower Tafel slope.

EIS has also been applied in the investigation of the ORR performance of the four
PSA-Pt/Vulcan electrodes D2-100, D4-100, MD2-100 and MD4-100. The impedance
plots measured at 550, 450, 350, 400, 500, 600 mV, in sequence, have also been shown
in Figure 4.4. While LSV is rapid scan method to estimated the ORR properties,

an impedance measurement from 10KHz to 50 mHz, with 60 points, takes around 4
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Figure 4.3: LSV curves (a) and n-logi plots (b) of MCP-electrodes with PSA grafted
catalysts in air

min. Small bubbles were found on the membrane side of the prepared half-cell disks
with low Nafion addition. Therefore, the effect of Nafion were not successfully tested
in the three-electrode systems.

As we have presented above, an impedance plot starts from a point of intersection
at the real axis Z’, whose value equals to the ohmic resistance, Rq. It consists the
electric resistance of liquid electrolyte between the RE and the WE, depending on
their distance, and the membrane-CL resistance. The different components in each
electrode, including various catalysts and Nafion ratio in the CL, as well as the GDL
type, resulted the membrane resistance. The ohmic resistance estimated differed in
the prepared electrodes. Meanwhile, it was found that the value varies within 0.5
Q:cm? in the same sample at different measured potentials, while may be due to the
accumulation of water at higher overpotential. The value of intercept increased as the
measured potential decreased from 550 to 250 mV/NHE (overpotential increasing).

In figure 4.4, the intercept at high frequency has been subtracted from each
Nyquist plot and the loops started from the origin. The value of R of each electrode
was obtained from the average value at various potential, based on which, F, in LSV
was estimated. In EIS measurement, the value of F, was obtained according to Rq -1
at each measurement potential. The relationship of E, —1i for each electrode has been
shown in Figure 4.5(a). It was shown that at around 40 mA-cm™ | the potential of
MD4-100 was higher than the values of the other three. In partially, the MD grade
was depicted to be far more efficient than regular D grade, as observed by LSV exper-

104



CHAPTER 4 PSA GRAFTED PT/VULCAN CATALYST

T
5
=)
R
0s
[T
E
5
=
3
0.1
T
5
=
4
0.4
T
5
L)
R
B 04
T (Crom3) 7 eme) :

350 my  s&0mY  +A500mV e 300my o« S50 @ 500 My

Figure 4.4: EIS of PSA-Pt/Vulcan in half-cells measured at various potential with
ohmic resistance subtracted

105



CHAPTER 4 PSA GRAFTED PT/VULCAN CATALYST

iments. The data shown in Figure 4.5(a) was different from those in Figure 4.2 and
Figure 4.3(b). Compared to LSV process, the EIS measurement partially corresponds
to steady state.

The circuit shown in Figure 2.9 (a) was used as the model to fit the experimental
data. The equivalent circuit was composed of the interception resistance R;, , the
overall loop resistance Ry, , 8 CPE (Q,n) replacing the double layer resistance. For
considering the porosity effect in high current density. Reliable fitting was obtained
by minimizing the sum of e(w) (the variance between the experimental data and
those in mode) in the frequency range. However, porosity factor was not considered
in the equivalent circuit which appearing as a 45° line at high frequency from 3KHz
to 30Hz. Therefore, for the estimation of porosity resistanceR,,., the sum of e(w)
was considered from 30Hz to 50mHz, and obtain an interception resistance R;,. The
value of R, was estimated from the difference between R;,. and Rq. Its variation
to ORR current density have been shown in Figure 4.5(b). It was observed that the
value was independent to current, which agreed with the theory of Hitz et al [130].
Among the four electrodes, the highest R, was found in D2-100, 0.38 + 0.01Q-cm?,
while the value was 0.12 £ 0.01Q-cm? , 0.06 £ 0.01Q-cm?, and 0.07 & 0.01Q-cm?, for
D4-100, MD2-100 and MD4-100, respectively. The higher value of D2-100 and D4-
100 indicated the higher porosity in CP-GDEs. As MCP was applied, lower porosity
resistance was detected.

The value of the double-layer capacity, C, based on CPE, was estimated. The
value of n ranged from 0.9 to 1, indicating an interface close to that of an ideal
capacitor. As shown in 4.5(c), the values of each electrode changed within an error
range, and those of D4-100 were comparatively lower. Comparatively, the values of
D2-100, was close to those of MCP-GDEs, higher than D4-100. The magnitude of
capacity maybe presented the different characterizations in the double-layer of various
CL-membrane interface..

The variation of Ry, was shown in Figure 4.5(d). According to Tafel’s law, at
high overpotential, R is in linear with 1/i, with a slope equal to 1/2.303 of Tafel
slope. Here, the slope of Rj,,, — 1/i was higher than that of 1/2.303 of Tafel slope,
which was obtained in LSV. The highest slope was observed in D2-100, whose Tafel
slope was also higher than the values of the other three GDEs. And the lowest
magnitude was observed in electrode MD4-100.

The theoretical value of RY, was estimated based on the Tafel slope in logi = 1—2
obtained in LSV, and its variation to 1/i in the current range was shown in Figure

4.5(e). The contribution of diffusion phenomenon during ORR was evaluated in
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Ret/Rioop — @ , presented in Figure 4.5(f). As the current density increased, the
percentage of R, decreased. As discussed in chapter 3, the measurement procedure
resulted in the zigzag lines along current density, where water accumulated in one
measurement increased the reactant retard in next measurement. It demonstrated
that the contribution of diffusion in the Nyquist loop increased with the current

density, as expected.

4.3 PSA-catalysts in fuel cells

4.3.1 Polarization curves of PSA-catalysts

As MCP was used as the GDL, MEAs prepared with various PSA grafted catalyst
and Nafion loading have been studied in single cell tests. The prepared MEAs were
activated in the 50 CV cycles between 0.1 and 0.9V, and then the polarization prop-
erties were measured. The polarization curves and the power densities were shown
in Figure 4.6 and 4.7, with 0.50 and 0.25 mg-cm™ Nafion in the CL, respectively.
Obvious improvements in the cell performances were observed after the PSA graft
with 5.8, 11.6, 18.0 and 23.3 wt.% on Pt/Vulcan catalysts. The fuel cell potential
at 0.4 A-cm increased as the graft ratio increased from 0 to 5.8 wt.%. As the ratio
attained at 11.6, 18.0 and 23.3 wt.%, the polarization curves were very close. The
power density of MEA with 18.0 wt.% PSA in the CL was slightly higher than the
others, around 223 mW-cm™ .

The Nafion effect has also been discussed in MEAs with 18.0 and 23.3 wt.% PSA
grafted Pt/ Vulcan catalysts . Two less-Nafion MEAs with 0.25 mg-cm™ Nafion
added into the cathodes, were tested. In Figure 4.7, it was shown that the potential
decreased rapidly to current in the less Nafion MEAs. As the ratio of PSA increased
from 18.0 and 23.3 wt.% PSA, the potential increased slightly, especially in the low

current range.

4.3.2 EIS of PSA-catalysts

The performances of MEAs with PSA grafted catalysts and various Nafion loading
were studied in EIS. Their Nyquist plots tested at 0.1, 0.2 A-cm™, respectively, were
shown in Figure 4.8. Tt was shown that in the four MEAs with 0.5 mg-cm™ Nafion
in CL, the diameter of the impedance loops were close. The overall resistance, corre-
sponding to the diameter of the loop, was around 0.8 Q-cm?at 0.1 A-cm™, 0.5 Q-cm?at

0.2 A-cm™. As the Nafion amount in CL was reduced to 0.25 mg-cm™2, larger loops
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Figure 4.8: EIS plots at 0.1 and 0.2 A-em™ of PSA-Pt/ Vulcan MEAs with 0.50
mg-cm™ Nafion in CL

were observed in MD3-50 and MD4-50, which resulted large potential loss in the fuel
cell reaction.

The Nyquist plots shown in Figure 4.8 presented only one loop. The method for
estimating the parameters in EIS has been introduced in chapter 3. At anode, the
value of charge transfer resistance R.;, was fixed at 10% of R . and the exponent of
CPE, , n, was fixed at 0.8. The parameters at cathode was estimated out by three
steps. The variation of Re., Rae, Cc and Reo/Rioop , With an estimated error in
10%, in PSA grafted MEAs, have been presented in Figure4.10.

Figure 4.10(a) showed the variation of R.. to i . In the PSA-MEAs with 0.5
mg-cm™ Nafion in CL, the magnitude of R, . was relatively independent of PSA
graft ratio. As the Nafion amount was reduced to 0.25 mg-cm?, the value of Ret .
increased, indicating low proton transfer efficient in less Nafion MEA.

The variation of Ry . was shown in Figure 4.10(b). At low current density, 0.1 and
0.2 A-cm™, the mass transfer effect was nearly negligible. The value at 0.1 A-cm2was
around 0.15 Q-cm?. Tt increased slightly with current density, around 0.25 Q-cm?at
0.2 A-cm™. As PSA graft ratio increased from 5.8 to 23.3 wt.% , slight increase in
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R, . was presented, which might be associated with the hydrophilicity of PSA in the
catalyst.

In Figure 4.10(c), it was shown the value of C,. increased slightly as current in-
creased. The reduction in C, in less-Nafion MEAs might be due to the membrane
swelling in the double layer, where the connection between membrane and CL was
relatively looser.

In Figure 4.10(d), the percentage of R.;./Riop has been shown. In the current
density at 0.1 and 0.2 A-cm™2, charge transfer was the dominated factor in the cathodic
reaction, consisting more than 50% of Rj,.p. As ¢ increased, the ratio of Ry . in R0
decreased. At 0.2 A-cm™, the highest ratio was found in MD3-50, around 50%, as a

result of its high charge transfer resistance as low amount of Nafion was added.
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4.4 Ageing performance of MD3-100

The fuel cell investigation showed that the highest power density in fuel cell reaction
was achieved by MEA MD3-100. Tts ageing performances were studied in accelerated
tests: Hy and air were supplied to the anode and the cathode, and CV cycles were
applied between 0.1 to 0.9V with a scan rate of 5 mV /s. The polarization curves after
every 250 cycles were recorded in the chronopotentialmetry, by adjusting the current
density (i) in a logarithm variations. MEA power densities, equal to the i.E, were
plotted as a function of current density, accordingly. The impedance plots at 0.1, 0.2
and 0.4 A-cm™ were also measured. ECSA of Pt catalysts during the ageing process
were estimated by CV as Ny supplied to the cathode. Also, the crossover of hydrogen
in the MEA was evaluated by LSV, indicating change in the membrane during the

ageing experiments.

4.4.1 Polarization properties of MD3-100

Figure4.11 showed the polarization curves after every 250 cycles, where the four cd
regions according to different control factors during the fuel cell reaction were obvi-
ously depicted: open circuit voltage, activation process, ohmic loss process and mass
transfer process. From 250 to 1500 cycles, visible improvements in the performances
were observed in the four regions. First, OCV increased slightly from 0.88 to 0.91V.
The difference between the real OCV and the theoretical value was due to the mixed
potential and to existence of fuel crossover. The increase in OCV could be attributed
to activation of the fuel cell system during the 1500 cycles, as a result of the humidi-
fication of membrane and the electrodes by water product. In the low density region
from 0 to 0.1A-cm™, the cell potential drops sharply due to activation loss. The fuel
cell potential at 0.02 A-cm™? also increased during the ageing process from 250 to
1500 cycles. The increase in potential at 0.4 A-cm™ indicated that relatively lower
ohmic loss contributed the fuel cell reaction during the ageing — which appears here
as a maturation. In the meanwhile, higher potential at 0.8 A-cm™ was recorded after
1250 cycles could attain around 315 mW-cm™.

In the polarization curves from 1750 to 3000 cycles, the OCV was around 0.91
and 0,92 V. The potential at 0.4 A-cm™? was around 0.60V, with no obvious change
in the ohmic loss process. The highest power density was observed after 1750 cycles,
around 318 mW-cm™2, and the value after 3000 cycles was around 311 mW-cm™2. The

ageing performances were further studied in EIS.
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4.4.2 EIS of MD3-100

The electrochemical spectra after every 250 cycles were measured at 0.1, 0.2 and 0.4
A-cm? and the Nyquist plots were shown in Figure4.12 and 4.13. In Figure4.12, the
impedance loops after 250 cycles were obviously larger than the others. The diameter
of the loops decreased as the cycle number increased — corresponding to the above
mentioned maturation, with an exception of the impedance loops at 0.2 A-cm™. The
diameters after 1250 and 1500 cycles were slightly larger than that after 1000 cycles.
We further compared the impedance plots at 0.2 A-cm™ from 1750 and 2000 cycles
in Figure4.13, where the diameter decreased with the cycle number, as well as the

2 2 after 3000 cycles was larger than

loops at 0.1 A-cm™. The spectrum at 0.4 A-cm’
that after 2500 cycles, which is linked to the degradation of the overall MEA.

The impedance spectra, with charge transfer loop and diffusion loop overlapping
each other, were fitted to the equivalent circuit described above and the parameters
in cathode were estimated. While the value of ohmic resistance was relatively inde-
pendent of current or CV cycles, the variation of of Rei ., Ry, C. and Ry ./ Rioop »
with an error estimated at 5%, were presented in Figure 4.14.

First, the value of R . in Figure 4.14(a) decreased as measured current increased
from 0.1 and 0.4 A-cm™. While the value at 0.1 and 0.2 A-cm™ decreased slightly with
cycling number, the fuel cell performances were activated in the low current range,
in agreement with the results of polarization curves. R . at 0.4 A-cm™ was nearly
constant during the ageing tests, whose value during the cycles fluctuated within 0.05

2. Tt may be concluded that no obvious loss in the charge transfer process in

Q-cm”
the reaction after 3000 cycles.

The variation of C,. was depicted in Figure 4.14(c): the value slightly increased
as the measurement current increased from 0.1 to 0.4 A-cm™. After 3000 cycles, the
value decreased a little, which may correspond to degradation of the catalyst.

In Figure 4.14(d), the variation of percentage of Rt ./ Rio0p to the measured current
density was shown. In the current range from 0.1 to 0.4 A-cm™, the main factor in
the cathodic reaction was the charge transfer process, where R . consisted more
than 50% of Rj,. The ratio at 0.4 A-cm? was slightly lower that at 0.1 and 0.2
A-cm. After 3000 cycles, the percentage at 0.4 A-cm™? was around 56%. The EIS
investigation showed that the main degradation after 2000 cycles would be attributed

to the increase in diffusion resistance.
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1500 cycles
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4.4.3 ECSA and hydrogen crossover of MD3-100

After every 250 cycles, CV in nitrogen was carried out in the potential range from 0.05
to 0.5V with a scan rate of 50 mV/s. The hydrogen desorption peaks were integrated
and the values of ECSA after every 500 cycles were given in Figure 4.15. In the first
1000 cycles, ECSA increased slightly. However, the value of ECSA decreased with
time after 1000 cycles. After 3000 cycles, ECSA was around 2.9 m?.g’t, only 31%
of that evaluated after 500 cycles, although no significant degradation in the power
density was observed after 3000 cycles. According to Equation 1.31, the theoretical
potential of the platinum oxidation was 0.88V/NHE. In the potential cycles between
0.1 to 0.9V, especially at high potential, a part of platinum particles was oxidized
and lost the activity in the hydrogen adsorption/desorption tests.

LV method in nitrogen, scanning from 0.05 to 0.5V with a scan rate of 2 mV /s,
was used to investigate the hydrogen crossover after the ageing tests, associated to
the degradation of the membrane. It was presented in Figure 4.15 that, during the
tests, the value of Jy, was relatively constant during the CV cycles, around 4 x 107
mol-s'-cm™. Therefore, no obvious membrane degradation was revealed in the ageing
test.

In conclusion, MEA D3-100 exhibited high stability during the 3000 CV cycles.
The fuel cell properties were first activated during the first 1000 cycles, which demon-
strated by the increase in ECSA. After that, although ECSA started to decrease, in
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accordance with the decrease in the electrode capacitance, the power density in the
fuel cell reaction increased, and the highest power density was obtained after 1750
cycles. As following, ageing of the catalysts started to be depicted in the polariza-
tion curves, which was attributed to the increase of diffusion resistance. The power
density after 3000 cycles was around 311 mW-cm™2, depicted higher durability during
the ADT process.

4.5 Conclusions

The influence of PSA graft on the surface characterization of Pt/Vulcan was first in-
vestigated in XRD and TEM. There was no obvious aggregation of platinum particles
observed due to the diazonium reaction.

In half-cell test, the influence of GDL type and Nafion ratio in CL have been
discussed in the electrodes with PSA grafted catalysts.

As Nafion ratio decreased, ORR performance was reduced. While carbon paper
with a micro-porous layer on the surface was used as GDL, significant improvement
was observed during ORR.

Deposited on CP-GDL, Pt/Vulcan catalyst grafted with 11.6 and 23.3 wt.% PSA
showed lower ORR current density than that of non-functionalized catalyst. With
the presence of MCP, the improved ORR performance of 23.3 wt.% PSA grafted
Pt/Vulcan catalyst proved feasibility of PSA sulfonation. Higher reduction current
was obtained, with relatively lower Tafel slopes. The diameter of the impedance loops
were shown to be lower than the others.

The prepared MEAs with PSA grafted catalyst were studied in a single cell at am-
bient temperature. Developments in fuel cell performances were achieved because of
the sulfonation of PSA graft onto the carbon support. The highest power density was
obtained in the MEA with 18.0 wt.% PSA graft. Compared with non-functionalized
catalyst, the fuel cell performances was significantly improved because of compara-
tively lower charge transfer resistance presented in EIS. The fuel cell performance
decreased as Nafion amount decreased from 0.50 to 0.25 mg-cm™. However, the per-
formances of less-Nafion MEAs were still improved by the sulfonation of catalysts.

The MEA prepared with 18.0% PSSA grafted catalysts and 0.50 mg-cm™?Nafion
exhibited high stability during the ADT cycles. The power density in the fuel cell
reaction increased, and attained the top after 1750 cycles, around 318mW-cm™2. After
that, the increase of diffusion resistance resulted in the degradation of the fuel cell.

The polarization curves presented that, after 3000 cycles, the power density was
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around 311 mW-cm™2, slightly lower than the maximum value.
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Pt/ Vulcan catalyst, grafted with polystyrene sulfonate (PSSA) and 4-phenysulfonic
acid (PSA), respectively, was studied in XRD and TEM. No obvious aggregation was
observed due to the sulfonation.

In the half-cell tests, comparatively higher EC'S A was observed in MCP supported
electrodes. In ORR investigation, MCP-electrodes exhibited higher current density,
as well as smaller impedance loops presented in the Nyquist plots. Therefore, MCP
was selected as the GDL in the preparation of MEA.

As to the influence of PSSA graft ratio, it was found that ORR current increased as
the ratio increased from 0 to 5 and 10 wt.% , but decreased at 20 wt.%. In the fuel cell
tests of the MEAs with PSSA grafted catalysts, improved performances were achieved
after the sulfonation of Pt/ Vulcan catalyst with 5 and 10 wt.% PSSA, which was
consistent with the researches in half-cells. In EIS method, it was observed that both
charge transfer resistance and diffusion resistance were reduced by the sulfonation of
catalysts. It was concluded that the functionalization of catalysts with PSSA graft
could improve the fuel cell reaction by promoting the proton transportation in the
fuel cell reaction and also water diffusion during the operation.

In half-cell tests of PSA grafted catalysts, only the one grafted with 23.3 wt.% PSA
exhibited higher performance than non-functionalized catalysts, with higher reduction
current in LSV and relatively low Tafel slope. The diameter of the impedance loops
were shown to be lower than the others. The prepared MEAs with 5.8, 11.6, 18.0 and
23.3 wt.% PSA grafted catalysts were studied in a single cell and their polarization
curves presented that the current density obviously improved because of the PSA
graft. The ageing performances of the MEA with 18.0 wt.% PSSA grafted catalysts
were studied in cycles between 0.1 and 0.9V. The polarization curves presented that,
after 3000 cycles, the power density was around 311 mW-cm™, slightly lower than the
maximum value, 318 mW-cm™ after 1750 cycles.

As the Nafion ratio in CL decreased from 0.50 to 0.25 mg-cm™, the ORR current

in half-cells was reduced. In fuel cell tests, the performances of less-Nafion MEAs
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were improved by the sulfonation of catalysts, though most of them performed lower
power density than their counterparts with 0.50 mg-cm™2in CL. With an exception,
the MEAs, with 10 and 20 wt.% PSSA graft in the catalysts, exhibited higher power
density with low Nafion addition.

In conclusion, because of the presence of PSSA or PSA, the performances of MEAs
with low amount of Nafion addition were improved. The sulfonation of catalysts
with PSSA successfully reduced the Nafion amount in CL. The one, containing 0.25
mg-cm2Nafion in CL and 10 wt.% PSSA in catalyst, performed a power density, 201
mW-cm™?, higher than that with 0.50 mg-cm™Nafion.

Due to the presence of liquid solution in there-electrode system, the accuracy of
the half-cells was highly dependent on the stability of the prepared half-cell electrodes.
In the discussion of the Nafion effect in half cell, less Nafion electrodes resulted loose
interface between membrane and CL, which would absorb water during the half-cell
test and affect the results. The application of less Nafion in CLs with sulfonated
grafted catalysts was verified in the investigation of MEAs.
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Carbone fonctionnalisé pour une meilleure performance des piles & combustible

Dans le contenu de 'amélioration des performances des piles & combustible, des cataly-
seurs Pt/Vulcan ont été greffés soit avec du polystyréne sulfonate (PSSA) soit avec de ’acide
4-phenysulfonique (PSA). L’influence du ratio du greffage, de la couche de diffusion de gaz et
de la qualité de Nafion, sur les performances électrochimiques ont été étudiées en demi-pile
et en assemblage membrane-électrodes (AME). La surface électrochimique du catalyseur a
été améliorée en présence de la couche microporeuse sur le papier carboné en tant que couche
de diffusion de gaz, aussi une densité de courant supérieure et une résistance de transfert de
charge inférieure ont été observées. Pt/Vulcan catalyseurs ont été greffés des chaines PSSA
avec 5, 10 et 20 wt.% 4-styrénesulfonate de sodium. Les résultats en demi-pile et en pile
ont montré que des taux de sulfonation de 5 & 10 wt.% étaient optimaux. La sulfonation
des catalyseurs a aussi été effectuée avec 5.8, 11.6, 18.0 et 23.3 wt.% PSA. Des résultats
meilleurs ont été obtenus par la sulfonation. L’AME ayant 18.0 wt.% PSA a présenté une
excellente stabilité pendant 3000 cycles de test de vieillissement accéléré. Moins de Nafion a
entrainé une plus faible performance des demi-piles, aussi des AMEs ayant catalyseurs des
greffé de 5 wt.% PSSA ou PSA. Cependant, celles contenant 10 et 20 wt.% de PSSA, ont
montré un une densité de puissance élevé lors que la quantité de Nafion a diminué de 0.50
4 0.25 mg-cm™2.

Mots-clés: Piles a combustible, Demi-pile, Catalyseurs, Carbone sulfoné, Vieillissement

Functionalized carbon materials for higher performances of PEM fuel cells

In the development of the performances of PEM fuel cell, sulfonated Pt/Vulcan catalysts
were prepared by grafting with either polystyrene sulfonate (PSSA) or with 4-phenysulfonic
acid (PSA). The influences of the graft ratio, the amount of Nafion and the gas diffusion layer,
on the electrochemical performances were studied in a half-cell and membrane electrode
assemblage (MEA). Larger electrochemical surface area of the catalyst was obtained in the
presence of microporous layer on the carbon paper, as well as higher ORR current and lower
charge transfer resistance. PSSA was grafted onto Pt/Vulcan catalysts by in-situ radical
polymerization with 5, 10 and 20 wt.% sodium styrene sulfonate. It was presented in the half-
cell tests and fuel cell tests that the catalysts grafted with 5 and 10 wt.% sulfonated groups
performed improved properties. Pt/Vulcan catalysts were also grafted with 5.8, 11.6 18.0
and 23.3 wt.% PSA. Compared with non-functionalized catalysts, significant developments
were achieved because of the sulfonation. The MEA with 18.0 wt.% PSA was studied in
accelerated durability tests and showed excellent durability after 3000 cycles. For half-cells
and MEAs with catalysts grafted with 5 wt.% PSSA or PSA groups, low Nafion addition
resulted in lower performances. However, the MEAs with 10 and 20 wt.% PSSA exhibited
an enhanced performance than the counterparts with 0.50 mg-cm™ Nafion.

Keywords: Fuel cell, Half-cell , Catalysts , Sulfonated carbon, Ageing
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