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Abstract

Electrochemical Analysis of Membrane
Electrode Assembly Applied with
Nitrogen Functionalized Electrocatalyst for

Polymer Electrolyte Membrane Fuel Cell

Yong Min Kim

School of Chemical & Biological Engineering
Chemical Convergence for Energy & Environment
The Graduate School

Seoul National University

Polymer electrolyte fuel cell (PEMFC) is an energy conversion device that
exploits chemical energy of hydrogen and oxygen to produce electricity for
automotive and stationary applications. They are highly preferred among the
sustainable energy sources since no pollutants need to be produced and
energy production and storage is highly efficient. However, there are
limitations to the complete transition to the hydrogen energy system with

current PEMFC technology, one of them being the scarcity and high price of



platinum and catalyst durability. Many researches are thus being made to
minimize the amount of platinum while maximizing the oxygen reduction
reaction (ORR) activity and durability. State-of-art catalysts include Pt-based
transition metal bimetallic alloy with core-shell structure, ordered array,
distinctive 3D structure, etc. These electrocatalysts have well displayed
enhanced ORR activity and durability and opened new windows for
improved PEMFC electrodes.

However, the high ORR activity and durability based on liquid-electrolyte
half-cell is not often translated to actual PEMFC performance in single-cell
operating conditions. These gaps come from the difference in electrode
configurations, such as electrode structure, ionomer distribution and
thickness, membrane hydration, conductivity, etc. Oftentimes, even the most
improved electrocatalysts that show excellent activity in a half-cell fails to
translate its performance in single-cell environment. It is thus crucial to
examine the behavior of novel electrocatalysts in a single-cell operating
condition and make adequate considerations in the design of the catalyst
synthesis method and procedure.

This thesis focuses on employing a novel catalyst that uses soft-nitriding
technique to functionalize the carbon support of Pt/C catalyst with nitrogen
to single-cell PEMFC to analyze its behavior and performance on actual fuel
cell operating conditions. Membrane electrode assembly (MEA) was

fabricated using a catalyst-coated membrane (CCM) method to perform the



analysis. As a result, the single cell performance was proven to improve in a
single-cell level, showing a noticeable increase in activation polarization
region. Such result was analyzed to have derived from enhance ionomer
distribution and thus improved proton conductivity and triple-phase
boundary formation of the new electrode. On the other hand, the compressed
electrode thickness and increased hydrophilicity was degenerated the mass
transfer in the high-voltage region. The performance nevertheless
outperformed the conventional type of electrode throughout the entire
voltage region. Enhance performance was also shown in diverse relative
humidity and backpressure conditions, and accelerated stress test proved the
improved durability of the catalyst.

From the single-cell application and characterization, the compatibility
of the novel N-functionalized Pt/C catalyst in actual PEMFC operating
conditions have been confirmed. It was also shown that the new soft-
nitriding technique can be helpful for designing new catalysts that can well

perform in the single-cell level.

Keywords: Polymer electrolyte membrane fuel cells (PEMFCs), Oxygen
reduction reaction, N-functionalization, membrane-clectrode assembly

(MEA).
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Chapter 1. Introduction

1.1  Fuel Cells : General Introduction
1.1.1 Theoretical basis of fuel cell

Fuel cells are defined as electrochemical energy conversion devices that
directly convert chemical energy to electrical energy.'”® The idea of fuel cell
was first introduced by Sir William Grove in 1839.* Grove experimentally
demonstrated the concept of hydrogen fuel cell by immersing two platinum
electrodes in a solution of sulfuric acid, and separately sealing the opposite
two ends in oxygen and hydrogen, respectively. He found a constant current
flowing through the primitive hydrogen fuel cell. Diverse types of fuel cells
utilizing methanol, formic acid, etc. have been developed since then, but
hydrogen fuel cells are still the most commonly researched and
commercialized type.

Hydrogen fuel cells are mainly composed of electrolyte, current collector,
fuel distribution channels and two distinctive electrodes, anode and cathode.
(Figure 1.1) Two different electrochemical reactions are driven by the gap
between the redox potential of two gases in each of the electrodes. Hydrogen
oxidation reaction in the anode and oxygen reduction reaction in the cathode

take place as shown below.



Anode : H, > 2H" + 2¢ E’=0.000V

Cathode: % 0O,+2H'+2e = H,O E’=1.229V

Overall : H, + % 0, 2 H,O E’=1.220V

Various types of hydrogen fuel cells have been developed according to
different electrolyte types. (Table 1.1)

Polymer electrolyte membrane fuel cell (PEMFC) is unquestionably the
most widely used and favored type for transportation, residential power
systems, and portable electronic devices. Its advantages over other types of
fuel cells vary, from low operating temperature to high power density, long
durability, and short start-up time. PEMFCs are based on polymer electrolyte
membranes, which is composed of polymer backbones with acid-based side-
chain groups forming a network for proton conduction.* > The most
renowned and widely used membranes are Nafion membrane from Dupont.
Nafion membranes are closed to ideal in its properties of high ionic
conductivity, low electronic conductivity, low cost, and high mechanical,
chemical stability. Protons generated in the anode by hydrogen oxidation
reaction (HOR) travel through the polymer membrane to the cathode, while
electrons are passed via external circuit to the same destination where

oxygen reduction reaction (ORR) occurs.
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Figure 1.1 Schematic representation of PEMFCs single cell 3
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Table 1.1. Types of different fuel cells '

PEMFC PAFC AFC MCFC SOFC
Polymer Liquid Liquid Molten
Electrolyte Ceramic
membrane H3PO4 KOH Carbonate
Charge
H* H* OH- COs> o~
Carrier
Operating 600-
80°C 200°C 60-220°C 650°C
Temperature 1000°C
Perovskites
Catalyst Platinum Platinum Platinum Nickel
(Ceramic)
Cell Carbon- Carbon- Carbon- Stainless- Ceramic-
Components based based based based based
Fuel Hz,
H, H» H,, CH,4 H,, CH4, CO
Compatibility | Methanol




In the process of producing electricity, four major steps take place within
the fuel cell unit: reactant gas transport into the fuel cell, electrochemical
reaction on the surface of two electrodes, proton conduction through the
membrane and electron transfer through external circuit, and finally product
removal from the fuel cell.! Cell components and their respective roles in

each step is described in the next section.

1.1.2 Cell Components

A PEMFC single cell is mainly composed of a membrane, catalyst layers,
gas diffusion layers (GDL), and biopolar plates usually containing gas flow
fields. Schematics of a single cell PEMFC and each of its components are

shown in Figure 1.2.

Membrane

In a PEMFC, polymer electrolyte membrae is used as the electrolyte
medium. Protons generated as products of hydrogen oxidation reaction in the
anode transports through the membrane. Gas phases from both sides, on the
other hand, are hindered from permeating through the membrane which acts
as a seperator. Electrons are also insulated by the membrane and are not
allowed to travel through, and thus are forced to be conducted through an

external circuit."” > Nafion® (Dupont) is the most widely used type of



membrane in the world of PEMFC. It contains a structure of
polytetrafluoroethylene (PTFE) which acts as a backbone, and functional
groups consisting of sulfonic acids. (Figure 1.3.) Sulfonic acid functional
groups bind proton easily and are used as proton conduction sites.

Vehicular diffusion method and hopping mechanism are the generally
accepted proton conductino mechanisms. In vehicular diffusion, protons are
combined with water to form hydronium ions and are carried by the water
flow across the membrane. Hopping mechanism states that protons jump
from one proton adsorption site to another within the membrane structure,
especially when sulfonic functional groups are connected to each other by

sufficient hydration.®



Figure 1.2 Polymer Electrolyte Membrane Fuel Cells Cell Components ’
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Figure 1.3 Chemical structure of Nafion membrane *



Catalyst layer

Catalyst layers are coated on each side of the membrane. Catalyst layers
are places of electrochemical reactions, and are composed of catalyst,
ionomer, and gas diffusion spaces.> On the anode side, hydrogen oxidation
reaction occurs and on the cathode side, oxygen reduction reaction takes
place. Each of the electrochemical reaction is carried in sites named triple
phase boundary (TPB). TPB is where three phases (gas, proton, and catalyst
site) meets. Proton conduction and gas diffusion to the reaction site are thus
crucial. Well dispersed ionomers act as proton conduction pathways and at
the same time provides void spaces for gas diffusion. An illustration of
catalyst layer with ionomer well dispersed to form TPB is shown in Figure
1.4.

For the process of electrochemical reaction, protons are transported
in/out of catalyst layer to/from the membrane via nafion ionomers. Secondly,
electrons are conducted to/from the catalyst reaction site through the external
circuit, bipolar plate, and gas diffusion layer. Finally, gases are provided
through the flow field and gas diffusion layer.’

To minimize charge transfer resistance, catalyst layer should be closely
bound to the membrane. A widely used technique is call the catalyst-coated
membrane (CCM) method, of which catalyst inks are directly applied and

coated to each side of the membrane.



The most widely researched and commercialized catalysts are based on
platinum. Platinum serves as an excellent catalyst for hydrogen oxydation
reaction and oxygen reduction reaction, located at the top of the ORR
volcano plot among single atom catalysts. The disadvantage of using
platinum comes from its scarcity and high cost. Developments of platinum
catalysts have thus been made by applying carbon supports and loading
platinum nanoparticles on the surface of the supports, minimizing the
platinum usage and maximizing surface area.!® Until now, developing high
activity, durable, and cheap electrocatalysts are key area of research in
PEMFC.

One most common technique being vigorously researched to improve
Pt/C catalysts is doping nitrogen species on the surface of carbon support.
114,

Diverse technologies including ammonia annealing nitric acid

17,18 and others'*?> have been introduced.

treatment'> ¢, dopamine coating
Many researches have reported the enhanced catalytic activity or enhanced
ionomer distribution due to such research. However, improvement on both

the catalyst activity and single cell performance has not yet been vigorously

reported.

1 0 -':l'\-\._! _"j-' b



Figure 1.4 Illustration of the catalyst layer showing Pt/C catalysts

covered with polymer electrolyte ionomer
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Gas diffusion layer (GDL)

Gas diffusion layer (GDL) is applied to diffuse gas from the flow field to
the catalyst layer, remove generated water, and conduct electrons from/to the
catalyst layers.> They are composed of porous carbon fiber layer, called
micro-porous layer (MPL), which is pressed on a carbon paper. GDL not
only acts as gas distribution and electron transport material, but also
provides mechanical support to the MEA. They are important factors of
mass transfer, and their high porosity reaching 80% allows efficient transport
of reactants into the reaction sites of the catalyst layers in the though-plane
direction.?* The MPL structure provides large surface area for a good contact
and thus a minimum surface resistance between the catalyst layer and GDL.
The carbon papers are usually treated with polytetrafluoroethylene (PTFE),
which is very hydrophobic. Such treatment helps remove generated water

from the catalyst layer and prevent flooding.

Bipolar plate

Bipolar plates serve as reactant gas and product passage channel,
electron conductor, and provide mechanical support to the MEA. Bipolar
plates are composed of materials with high heat and electron conductivity to
efficiently connect the two electrodes electrically and remove heat. They are

also generally engraved with flow fields that distributes reactant gas and

b i i
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remove generated water products.”® Classic types of flow fields are parallel,
serpentine and integrated type flow fields.?® 2’ They are composed of gas
channel that provides gas and water pathway and ribs that are connected to
the GDL and provide electrical connection. Relatively new types of flow
fields including porous metallic powder, micro-coil, and metal foam have
recently been under research to improve mass transport and water

management in fuel cells.? 2830

1.1.3 Performance Losses of PEMFCs

The overall performance of PEMFC is affected by the voltage losses,
called overpotentials, over the current range of the cell as shown in Figure
1.5. The equilibrium voltage (Eo) of 1.229V is compensated by three types of

losses, which are activation, ohmic, and concentration overpotentials.®!
E= EO = Mact — Mohmic = Nconc
Activation overpotential (Na) accounts for the reaction kinetics of the
catalyst. Ohmic overpotential (mowmic) arises from charge transfer resistance

of proton and electrons. Concentration overpotential (1conc) is related to

reactant diffusion limitations from the bulk to the reaction site.*?

13 A 21l



Activation overpotential is caused by reaction kinetics on the surface of
catalysts. Low catalytic activity and slow reaction kinetics cause voltage
losses, and thus this type of overpotential is largely dependent on the most
sluggish reaction step.?* 3* Activation overpotential occurs at low current
density region, and is generally governed by the Butler-Volmer equation or

its simplified form, Tafel equation.

Nact = RTInjo/anF + RT/anF log j 32

j OanCRfl e—AG 1/(RT)

As shown in the equation, high exchange current density (jo) results in a
low activation overpotential. High temperature, low activation barrier, and
high reactant concentration all accounts for minimizing the activation

overpotential.

Ohmic overpotential is based on incomplete ionic and electronic
conductivity of the cell components which causes resistance in charge
transfer over the cell. Its effect is dominantly shown in the mid-current

region and is explained by the equation below.

14 21



Theoretical EMF or Ideal Voltage —,
g

Region of Activation Polarization
{Reaction Rale Loss)

1.0 Total Loss

Region of
Concentration Polarization

Cell Voltage

Region of Ohmic Polarization
0.5+ (Resistance Loss)

Operation Voltage, V, Curve

Current Density (mA/cm2)

Figure 1.5. Typical fuel cell polarization curve *
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TNohmic = 1R ohmic

Cell internal resistance (Ronmic) is composed of membrane resistance,
electrical resistance, surface resistance due to incomplete contact between

cell components, etc. 3336

Concentration overpotential occurs when the diffusion of reactant gas to
the reaction site is insufficient to meet the stoichiometric amount required

for cell reaction.

Neone = RT/00F In ji/(ji-j) !

jL = nFDerCr/d

High limiting current density (jr) results in a low concentration
overpotential, and such can be achieved by accomplishing high effective
reactant diffusivity (Des), high reactant concentration (Cg), and low
electrode thickness (8). Water management and loading amount of catalyst

are thus important factors affecting concentration overpotential.

1 6 .-':I-\.L—! -"I"-lll : [



1.2  Challenges of PEMFCs

To enhance the performance and durability of PEMFC, diverse
researches have been conducted to find new electrocatalysts to enhance
electrode reactions. Among the two electrochemical reactions that take place
in PEMFC, ORR is considered much more critical than HOR due to its slow
kinetics and thus high impact on activation overpotential. In ORR, four
electrons participate in the reaction and the reaction steps and mechanism are
much more complex. The strong bonding of the oxygen atoms is hard to
break, and oxide formations and hydrogen peroxide side product generation
all account for the sluggishness of the reaction.

Platinum group metals (Pt, Pd) are considered as the best materials for
ORR catalysis and many catalysts based on these materials have been
developed.’”-*® However, these materials are scarce in nature and are poor in
durability, limiting the wide commercialization of PEMFC products and thus
enhanced ORR activity and durability catalysts have been a hot research
topic over the decade.>* Many groups over the past years have reported high-
performance, high-durability ORR electrocatalysts over the years. However,
applying them to full cell and actuating the elevated performance is another
challenge.

Unlike liquid half-cell performance, single cell performance is affected

by various factors such as electrode structure, ionomer distribution and

3 ) i g
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thickness, membrane hydration, conductivity, etc. Oftentimes, even the most
improved electrocatalysts that show excellent activity in a half-cell fails to
translate its performance in single-cell environment.*” *' Therefore,
examining the catalyst performance in single cell environment and
improving the cell components to and optimal degree should be considered
as important. Moreover, single-cell parameters should also be considered
and adjustments to the manufacturing method or process should be made

accordingly when developing a novel catalyst.

138 A 21l



1.3  Aim of this Thesis

Diverse techniques to improve platinum based catalysts have been
reported to improve ORR activity of PEMFC catalysts. Various
nitrogen-group functionalization methods of the catalyst or carbon
support have been one of them, and many studies have succeeded in
ORR catalysis enhancement and some of them have reported actual
increase in PEMFC single cell performance. However, most of these
methods utilize NH3 and require high temperature annealing in the
synthesis process. Drawbacks coming from this is that NH3 is innately
toxic and high temperature treatment of catalyst may affect the carbon
support properties.

Soft-nitriding is a recently reported method to grow in situ ligand-
free nanoscale noble metal catalysts, such as Au, Pd, and Pt, onto
carbon.*> The method uses a low temperature urea pretreatment to
enrich nitrogen species on the surface of carbon supports. Urea, unlike
NH3, is less toxic and environmentally friendly and cost-effective to
use. The nitriding process is also greatly simplified, making the
process efficient in an engineering point of view.

In this study, the soft-nitriding technique was exploited to modify
the carbon support of the platinum-based electrocatalyst. Half-cell test

revealed that the ORR activity of the novel electocatalyst greatly

19 A 2T}



improves compared to that of the untreated catalyst. To translate the
enhanced activity in the liquid electrolyte half-cell to the elevation of
the single cell performance in a PEMFC operating condition,
membrane-electrode assembly (MEA) was produced using the spray
coating method. The changes in electrode structure caused by the
nitrogen pretreatment and the mechanisms of such change was closely
examined to produce an optimized electrode for single-cell
performance realization. Both physical and electrochemical
measurements were used, including scanning electron microscopy
(SEM), contact angle analysis, i-V polarization, electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), etc. The
optimized single-cell was tested in different operating conditions with
varying relative humidity and fuel backpressure. Finally, the durability

of the electrode was accessed by conducting an accelerated stress test.

20 2] 2 1]
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Chapter 2. Experimental

2.1 Synthesis of Platinum/Soft-Nitrided Vulcan Carbon
electrocatalyst

Soft-nitriding method has been well reported by Liu et al. ** Vulcan XC-
72 (Fuel Cell Store) was used as carbon support material and was grinded
physically with urea (99.0%, Samchun) and sealed. The mixture is annealed
at 150°C and 300°C for 2h each, and then washed with water and ethanol to
remove any remaining urea. The synthesized N-functionalized carbon
powder was well dried at 60°C until next step.

Platinum particles were deposited via polyol reduction method.*
H,PtCls:6H,O/EG was used as a precursor to produce platinum nanoparticles.
Platinum nanoparticle amount corresponding to 40 percent of total catalyst
weight was deposited on N-functionalized Vulcan XC-72 (NVC) and Vulcan
XC-72 (VC) respectively. After solution filtering and sufficient washing with
DI, synthesized catalyst filter cake was well dried in vacuum oven for 24h

before use. The schematic of catalyst synthesis is shown in Figure 2.1.

21 AM 21l
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Figure 2.1. Schematic of Pt/NVC, Pt/VC catalyst synthesis
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2.2 Electrocatalyst characterization

The morphology of synthesized electrocatalyst was analyzed using
analytical transmission electron microscopy (Analytical TEM, Tecnai F20).
The loading amount of platinum was confirmed by thermos-gravimetric
analysis (TGA, TA SDT Q600). Liquid electrolyte half-cell analysis using
rotating disk electrode was used to assess the ORR activity and mass activity

of the catalysts.

2.3. Membrane-electrode assembly (MEA) preparation
Membrane-electrode assembly (MEA) of 5cm? was prepared by the
catalyst-coated membrane (CCM) method. Catalyst ink composed of
anode/cathode electrocatalyst, D.I. water, 2-propanol (Sigma Aldrich), and
Nafion solution (Sigma Aldrich) was prepared and well sonicated for lhr.
40wt% Pt/C (Johnson Matthey) was used as anode catalyst and synthesized
40wt% Pt/NVC or 40wt% Pt/VC catalysts were applied to the cathode. The
catalysts were then spray-coated to Nafion 212 (Dupont) membrane with
loading amount of 0.2 mgy, cm? on both anode and cathode. The CCMs
were dried at room temperature for overnight then assembled using gas-

diffusion layer (JNT-60-A3) and Teflon gasket (250um).
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2.4. Physical characterization of membrane-electrode
assembly

The electrode morphology and thickness were analyzed using field
emission scanning electrode microscopy (FE-SEM, MERLIN Compact).
Contact angle analyzer (Pheonix MT(M)) was used to analyze the
hydrophilicity of the electrodes. D.I. water droplets were applied to the
surface of the electrodes and the average contact angle of the droplets from
the side view was used to compare the relative hydrophilicity of each

electrode.

2.5. Electrochemical characterization of membrane

electrode assembly

The MEAs were put into a single cell with a serpentine flow field and
were supplied with 150ml min' H on the anode side and 800ml min™! air on
the cathode side with 50% relative humidity. The cell temperature was set as
80°C.

i-V polarization test was conducted with a scan rate of 0.05 A s’.
Electrochemical impedance spectroscopy (EIS) (IM-6, Zahner) was recorded
in galvanic mode of 0.8, 0.6, and 0.4V state and the AC current was applied
with 5 mV. The frequency range was set to 100mHz to 100kHz. Cyclic

voltammetry (IM-6, Zahner) was then conducted in a H», N, environment to
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confirm the electrochemically active surface area. Complex capacitance
analysis was made on the same environment by conducting the EIS
experiment in 0.45V condition, in which no faradaic reaction, including
hydrogen adsorption/desorption and Pt oxide formation, in the electrode
occurred as confirmed by the cyclic voltammetry result.

To study the single-cell performance in diverse operating conditions, the
polarization test was conducted in relative humidity of 0, 20, 40, 60, 80, and
100%. The backpressure test was also conducted in 0, 0.5, 1.0, and 1.5 bar
pressurized condition.

To test the durability of each electrode, i-V cycling in 80°C and 50%
relative humidity H> and air was conducted for 70 hours. The polarization
curves and EIS, CV results were then recorded to be compared with the

initial state.
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Chapter 3. Results and discussion

3.1. Electrocatalyst Characterization

XPS analysis was conducted to characterize the carbon support surface
after soft-nitriding. The results as shown in Figure 3.1.1 denotes that NVC
sample was well nitrided on the surface with pyrrolic nitrogen species
dominating the surface functional groups. Pyrridinic and quaternary nitrogen
species were also detected.

The synthesized Pt/NVC and Pt/VC electrocatalysts were examined
using analytical TEM as shown in Figure 3.1.2 and its platinum loading of
40 weight percent was confirmed by TGA analysis as in Figure 3.1.3. TEM
image showed that both the Pt/NVC and Pt/VC catalysts had evenly
distributed platinum particles of diameter averaging 4nm on carbon supports.
Their platinum loading amount was equivalent to 40% of the total catalyst
weight as intended in the synthesis procedure.

Liquid half-cell analysis was finally conducted to assess the ORR
activity of the novel catalyst. Figure 3.1.4 shows that the Pt/NVC catalyst
exerts enhanced ORR activity in terms of onset potential and limiting current
density. Mass activity comparison of commercial Pt/C 40% (Johnson

Matthey) and the two synthesized catalysts is also depicted in Figure 3.1.5.
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Figure 3.1.1. XPS analysis of soft-nitrided carbon support (NVC)
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(b)

(d)

Figure 3.1.2. TEM images of synthesized electrocatalysts (a), (c), (e)

TEM image of Pt/NVC catalyst, (b), (d), (f) TEM image of Pt/VC catalyst
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Figure 3.1.3. TGA analysis of synthesized and commercial 40 wt% Pt

electrocatalysts.
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3.2 MEA Characterization

MEAs using commercial Pt/C 40% (Johnson Matthey) as the anode
catalyst and synthesized Pt/NVC 40%, Pt/VC 40% catalysts as the cathode
catalysts were manufactured using the CCM method. Physical
characterization of the MEA and electrochemical diagnosis were conducted
on the single-cell level to test the performance and characteristics of the

electrode composed of the novel electrocatalyst.

3.2.1. Physical characterization

The field-emission scanning electron microscopy was conducted on the
surface and cross-section of the MEA as shown in Figure 3.2.1. and 3.2.2.
The surface of the Pt/NVC 40% electrode appeared to be very well
distributed and smooth. No particular agglomeration of the ionomer or
catalyst were depicted. On the other hand, the Pt/VC 40% electrode showed
inferior morphology to Pt/NVC 40% electrode. The electrode was far from
smooth and agglomerates of Nafion ionomer in the form of dendrites and
uncovered Platinum particles shown as white, glimmering spots were
identified. The cross-section of the two electrodes differed as shown in Table
3.2.1. The Pt/NVC 40% electrode showed a 4.6um of thickness in average,
while the Pt/VC 40% electrode was in average Sum thick.

From the FE-SEM analysis, it could be suspected that the ionomer
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distribution of the Pt/NVC sample had been improved, resulting in a more
uniform electrode structure with ionomer well covering the Platinum
nanoparticles evenly. This had been a logical conclusion since previous
reports by Ott. et al. and Orfanidi et al. have shown that nitriding of the
carbon supports can result in better interaction between the Platinum-based

catalysts and Nafion ionomers, enhancing the electrode structure.'®
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Figure 3.2.1. Field Emission Scanning Electron Microscope image of
Electrode Surface (a) 10,000, (b) 30,000 times magnified image of Pt/NVC
40% electrode, (c) 10,000, (d) 40,000 times magnified image of Pt/VC 40%

electrode
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(b)

Figure 3.2.2. Field Emission Scanning Electron Microscope image of

electrode cross-section (a) Pt/NVC 40% electrode, (b) Pt/VC 40% electrode

35 25 Ao sk



Table 3.2.1. Thickness comparison between electrodes

Div. Electrode Thickness (um)
Pt/NVC 40% 4.689
Pt/VC 40% 5.024
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From the contact-angle analysis, the hydrophobicity of the two
electrodes could be determined. The contact angle of Pt/NVC 40% electrode
was 129.30°, while for Pt/VC 40% electrode it was 138.49° as shown in
Figure 3.2.3. and Table 3.2.2. It could be concluded that the hydrophilicity of
the Pt/NVC 40% electrode was greater than that of Pt/VC 40% electrode. It
could be expected that the water management and further the mass transport
of the Pt/NVC 40% electrode could be compromised to a certain extent due

to such physical property.
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(a) (b)

Figure 3.2.3. Contact angle analysis (a) Pt/NVC 40% electrode, (b) Pt/VC

40% electrode

Table 3.2.2. Contact angle comparison between electrodes

Div. Contact Angle (°)
Pt/NVC 40% 129.30
Pt/VC 40% 138.49
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3.2.2. Electrochemical characterization
Electrochemical analysis of the MEA applied with Pt/NVC 40% and
Pt/VC 40% catalysts were conducted on a single cell level to test their

performance and behavior in actual PEMFC operating environment.

Single-cell performance

The Pt/NVC 40% and Pt/VC 40% catalysts were applied to MEA and
their performance was tested on a single-cell level by current-voltage
polarization in 50% relative humidity and 80°C temperature. The
polarization result of Pt/NVC 40%, Pt/VC 40%, with the performance of
commercial Pt/C 40% (Johnson Matthey) for comparison are shown in
Figure 3.2.4. The current density at 0.8, 0.6, 0.4V, each representing
activation, ohmic, mass transfer polarization region, are shown in Table 3.2.3.
It can be seen from the polarization curve that the performance of the
Pt/NVC 40% electrode shows an especially improved performance in the
high-voltage region, representing enhanced electrode activation. Such
improvement can also be seen in the electrochemical impedance

spectroscopy result shown in Figure 3.2.5.

39 H =-1TH



(a) 1.0 —=— PUC 40wt% Commercial (AIR)
N —s— PHUVC 40wth
0.9 —e— PUNVC 40wt% 1/C=60%
> 0.8
[«
) 0.7
S 0.6
o \
)
0.5 3
0.4
0 250 500 750 1000 1250 1500
Current density / mA cm™
600
(b) —a—PUC 40wt% Commercial (AIR ]
—e— PUVC 40wt g
—s— PUNVC 40wt [IC=60% |
3
+ 400 =
o
®
>
| @,
<
T 200 —
| =S
=3
1 3
1 1 1 1 1 1 L 1 D .:)
0 250 500 750 1000 1250 1500

Current density / mA em™

Figure 3.2.4. Current-voltage polarization profile of Pt/NVC 40%,

Pt/VC 40%, Commercial Pt/C 40% electrodes (a) voltage profile, (b)

power density profile versus current density
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Table 3.2.3. Current density of Pt/NVC 40% and Pt/VC 40% electrode

MEA (A-cm-) at each polarization region

Div. 0.8V 0.6V 0.4V
Pt/NVC 40% 0.105 0.667 1.266
Pt/VC 40% 0.048 0.585 1.227
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It is clearly seen that the charge transfer resistance is reduced in the
activation region from the EIS result in 0.8V. This result is parallel to the
observations in the polarization curve. It can be said that the enhanced
catalytic activity confirmed from the half-cell test was sell translated to the
single-cell level. Another factor that has affected the enhanced performance
is expected to have come from the enhanced proton conductivity due to the
improvement of catalyst-ionomer interaction and improved ionomer
distribution throughout the Pt/NVC 40% electrode. Such hypothesis is
further proved by cyclic voltammetry and complex capacitance analysis in
the later part.

On the other hand, at 0.6V and 0.4V the impedance of Pt/NVC 40%
electrode is slightly larger than that of Pt/VC 40% electrode. Such result is
expected to have come from condensed electrode structure shown from
reduced cross-sectional thickness and increased hydrophilicity as seen in the
previous section.

To see how the electrochemically active surface area (ECSA) has been
successfully translated from the half-cell level to single-cell level, cyclic
voltammetry result of both levels were compared. The cyclic voltammetry
plot and ECSA of the two electrodes calculated from the Hupq integrated area

is shown in Figure 3.2.6 and Table 3.2.4. respectively.
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Figure 3.2.6. Cyclic Voltammetry analysis of Pt/NVC 40% and Pt/VC
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Table 3.2.4. Electrochemically active surface

comparison between two electrodes

area translation

ECSA(m g ')
Div. Translation ratio
Half=cell Single-cell
Pt/NVC 40% 55.52 54.78 98.67%
Pt/VC 40% 67.80 60.83 89.72%
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The translation ratio represents how much the half-cell ECSA was
successfully transferred to single-cell. This is important considering the
different components of the half-cell and single-cell performance test
environments. While proton transport and reactant - product transfer is not a
great issue in liquid-electrolyte half-cell, ionomer-catalyst ratio and
distribution and the resulting triple-phase boundary is very critical in solid-
electrolyte single-cell environment. That 98.67% of the half-cell ECSA was
actuated in the Pt/NVC 40% single-cell electrode suggests that the electrode
structure and triple-phase boundary formation was extremely successful,
considering that only 89.72% of the half-cell ECSA was realized in the case
of Pt/VC 40% electrode. Such result was a strong evidence to support the
previous hypothesis that the ionomer distribution had been enhanced in the
Pt/NVC 40% electrode.

Another electrochemical diagnosis, the complex capacitance analysis,
was conducted to determine the proton conductivity of the two electrodes.
Complex capacitance analysis allows us to determine the ionic resistance of
the electrode by eliminating any faradaic reaction within the cell and
considering only the cell inductance, membrane resistance, double layer
capacitance, and ionic resistance of the electrode.** The experiment was
conducted in the same environment as cyclic voltammetry test, feeding H» in

the anode and inert nitrogen gas in the cathode. The EIS was conducted in
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0.45V condition in which barely any faradaic reaction takes place for a
Platinum-based electrode. Based on derivations of de Levie on the
transmission line model, impedance and complex capacitance can be

expressed as below. #°

ion

(f) = I
Vi2wR

coth[\j2mR o, Ca 1

ion™ dl

1 Ca en o i
C.(f) = - = ——% tanh[\j2mR;,,Ca f]
c ;21Tth(f) \'j?.‘lTijCd]f ion~dl

A modified transmission line model suggested by Lim et al. in his
PEMFC electrode ionic resistance diagnosis was used in this analysis as
shown in Figure 3.2.7.% The non-faradaic state EIS result in the form of
Nyquist plot is parallel to the capacitance model as shown in Figure 3.2.8, in
that the graph starts off with a slope of 45° and reaches a vertical line in the
lower frequency region. The complex capacitance analysis could thus be
applied to predict the electrode ionic resistance. The modified model allows
us to put cell wire inductance (Lw), membrane resistance (Rpey), and charge
transfer of the crossovered H, gas (Rx.ovwr) into consideration and obtain
more precise data of electrode ionic resistance. In the experiment procedure
no faradaic reaction occurs and thus the electrochemically active sites could

be considered as capacitors.
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Figure 3.2.8. EIS result of non-faradaic Pt/NVC, Pt/VC electrode in the

form of Nyquist plot
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The TLM could be further replaced by generalized finite Warburg term
for the simplification of fitting and parameters determination (R;ccr and Cq).

The Warburg element (Zws) expression is then given by

Zy, (f) = % coth(jwT)?

where RiccL represents cathode ionic resistance, Cq is double layer
capacitance, o is angular velocity, j is an imaginary unit, f'is AC frequency,
and R, T, and P are Warburg element fitting parameters each reflecting
uniformity of the electrode, Riccr,Cai, and R;ccr.*®

Figure 3.2.8. shows the impedance data in the form of Nyquist plot. It is
shown that the impedance graph shows an approximately 0.5 of slope and
approaches infinity, showing that the system resembled the behavior of a
capacitor in the non-faradaic condition. The complex capacitance could be
calculated by the derivations made by de Levie mentioned above. When the
imaginary capacitance was plotted against the log of frequency, curves with
identifiable peaks could be obtained as shown in Figure 3.2.9. The numerical
integration shows that the area of the peak is proportional to double layer
capacitance (Cqa), and the peak frequency is inversely proportional to

RicriCar. ¥
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The peak area of Pt/NVC 40% electrode was smaller than that of the
Pt/VC 40% electrode, while the peak frequency was higher. It could thus be
told that the double layer capacitance has decreased for the Pt/NVC 40%
electrode, but the comparison on the ionic resistance could not be made.
Fitting using the Z-view (Scribner) program of the modified TLM model to
the complex capacitance data was thus conducted to numerically compare
the ionic resistance of the two electrodes. The fitting parameters and their
values are shown in Table 3.2.5. It can be seen that the ionic resistance of the
Pt/NVC 40% electrode was determined as 0.04863 while that for Pt/VC 40%
electrode was 0.08364. It could thus be concluded that the ionic resistance of
the Pt/NVC 40% electrode is superior to that of Pt/VC 40% electrode.

Altogether of the physical and electrochemical analysis on the Pt/NVC
40% and Pt/VC 40% electrode, it could be concluded that the enhanced
single-cell performance of the Pt/NVC 40% sample would have come from
the combined effect of higher ORR activity of the catalyst and improved

electrode structure by enhanced ionomer distribution.

Single-cell behavior in various operating conditions
To test the applicability of the Pt/NVC 40% electrode in various PEMFC
operating conditions, variations in relative humidity and backpressure was

made and single cell performance in each of the environment was tested.
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Table 3.2.5. Fitting parameters of Warburg terms of modified-TLM

model
Warburg element fitting parameters Double layer
Div.
Zwo-P Zwo-T/s Zwo-R / Q cm? Cai/ mF cm™
Pt/NVC 40% 0.4858 0.0003719 0.04863 7.6475
Pt/VC 40% 0.4902 0.0007845 0.08364 9.2794
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Figure 3.2.10 shows the single cell performance of Pt/NVC 40% and
Pt/VC 40% electrode MEA in different relative humidity conditions
separately. To easily compare the performances of two electrodes, graph
comparing the current density at 0.8V and maximum power density was
plotted. It can be seen that the Pt/NVC 40% electrode outperforms Pt/VC
40% electrode in most of the humidity conditions. However, in a fully
humidified condition, the Pt/NVC 40% suffers from reduced maximum
power density. This would have come from the fact that the Pt/NVC 40%
electrode is more compact and the hydrophilicity has increased compared to
Pt/VC 40% electrode. These -characteristics is expected to act as
disadvantages in water management, increasing mass transfer polarization,
and thus reducing the maximum power density.

Backpressure test was also conducted to compare the single-cell
performances of the two electrodes. 0.5, 1.0, and 1.5 bar backpressure was
applied to both anode and cathode and their performances were recorded as
shown in Figure 3.2.12 and 3.2.13. It can be seen and compared from the
graphs that the Pt/NVC 40% electrode showed superior performance both in
high voltage region and in terms of maximum power density. Such results
suggested that the Pt/NVC 40% electrode could be applied to various

PEMFC operating conditions with enhanced performance.
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Durability assessment

To test the durability of the two electrodes, i-V cycling for 70 hours was
conducted as accelerated stress test (AST). Polarization cycling is considered
as one of the harshest stress environment since it covers all the potential
range of which different MEA degradation can occur.*-*°

It can be seen from Figure 3.2.12 that the Pt/NVC 40% electrode was
better protected from performance degradation after the AST. The current
densities at 0.8V were 0.0379 A cm for Pt/NVC 40% and 0.0129 A ¢cm? for
Pt/VC 40% electrode after AST and the maximum power densities were
0.359 W cm? for PUNVC 40% and 0.286 W cm? for Pt/VC 40%
electrode. The performance in terms of both current density at high voltage
region and maximum power density was greatly improved in the Pt/NVC
40% as compared numerically.

Electrochemical impedance spectroscopy result as shown in Figure
3.2.13 also shows the superior durability of Pt/NVC 40% electrode. The
impedance at 0.8V, representing the activation region, greatly differs
between the two electrodes. Such difference was expected to have come
from the protection of Pt/NVC 40% catalyst from platinum agglomeration,

Ostwald ripening, dissolution and particle detachment. Electrochemically

active surface area is thus expected to have better preserved.

59 H =-1TH



(a)

PHNVC 40wi% Initial 600

1 ,0 —8—PUNVC 40wt% After AST

400

Voltage / V

=]
]
o

L W2 puw / Ajisusp ismod

0
0 250 500 750 1000 1250 1500
Current density / mA cm?

b
®) 600
)
i T iy O
il 400 L
D
> \j 3
8’? T v,
= <
re) 200 -
> 3
. =
0O
3

z-

0
0 250 500 750 1000 1250 1500
Current density / mA cm’

Figure 3.2.12. Single cell performance before and after 70hr AST (a)

Pt/NVC 40% and (b) Pt/VC 40% electrode

60 ’



7
o~ 6 a PtINVC 40%
E + PtVC 40%
o 5
C} 4 . - -
S 3 - .
Ea| . *
N Sf' Y
0 2 4 6 8 10 12 14
2
ZR /Qcm
e
0.6 = PuNvec4o%
+ PUVC 40%
0.4
0.2 j::.: » ...
0.0 .l .‘
00 02 04 06 08 1.0 1.2 14
ZR /Qcm
e
0.6 1 * PuNvc 40%
« PtVC 40%
0.4 A
0.2 A
0.0 LN
00 02 04 06 08 1.0 12 1.4
2
ZR /Qcm
e

Figure 3.2.13. Electrochemical impedance spectroscopy

Pt/NVC 40% and Pt/VC 40% electrodes after 70hr AST

61

result of



(a) i i 1 1 L 1 i
& 40 1 Pt/NVC Initial B
£ —— Pt/INVC After AST
© 20 s
<
£ 0- i
.-?:" .20 - L
0
S -40- A
=
= .60 ECSA I
5 Initial - 5478 m:g'. 115.74 mC
":.: -804 After AST: 44.78 ng-. 84.04 mC L
S Normalized ECSA=0.817451624
'1 DD T T T T T T T ¥ T ¥ T ¥ T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage vs. NHE / V
(b) L i L A . I i L A Il i L i L
o 40 4 PtVC Initial -
£ —— PUVC After AST
© 20 -
<
£ ol [
= .20 -
e
o -40- B
S
= 60 ECSA |
5 Initial 160.83m° g, 127.74mC
= -80 4 After AST: 40.87 ng". 87.93mC |
S Normalized ECSA=0.671872431
=100 1=

00 02 04 06 08 10 1.2
Voltage vs. NHE / V

Figure 3.2.14. Cyclic voltammetry analysis before and after 70hr AST

(a) Pt/NVC 40% and (b) Pt/VC 40% electrode
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Figure 3.2.15. TEM images of catalyst before and after AST (a) Pt/NVC
40% before AST, (b) Pt/NVC 40% after AST, (c) Pt/VC 40% before AST, (d)

Pt/VC 40% after AST
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The hypothesis was proven via cyclic voltammetry analysis and TEM
analysis of the catalysts after AST. Figure 3.2.14 shows the cyclic
voltammetry results of Pt/NVC 40% electrode and Pt/VC 40% electrode
single-cell before and after AST. When the ECSA of Pt/NVC 40% electrode
decreased from 54.78 m? g'! to 44.78 m? g!' (81.75%), the ECSA of Pt/VC
40% electrode decreased from 60.83 m? g! to 40.87 m? g! (67.19%). It
could be seen from such result that the ECSA was better protected for the
Pt/NVC 40% electrode. Physical characterization further proved that the
platinum agglomeration and Ostwald ripening was relatively hindered in the
Pt/NVC 40%.

Figure 3.2.15 shows the catalysts before and after the AST. From (a) and
(c), we can observe the evenly distributed platinum particles in sizes 2-3nm.
From (d), it is seen that the Pt/VC catalyst has seriously been deteriorated
and the platinum particles either have completely detached or agglomerated
in a big chunk. Conversely, although some agglomeration could also be
spotted, Pt/NVC 40% catalyst was better protected from degradation.

The electrochemical and physical diagnosis on the electrode and catalysts
after the AST has confirmed the enhanced durability of the electrode

designed with Pt/NVC 40% catalyst.
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Chapter 4. Conclusion

In this thesis, the soft-nitriding technique was applied to modify the
carbon support of the platinum based catalyst to enhance catalyst activity
and single cell performance. The main idea had been to produce a high
activity electrocatalyst and successfully translate the enhanced activity to a
single cell level, which is crucial to realize the improved fuel cell
performance in the actual PEMFC operating conditions.

The catalyst synthesis procedure was established by repeated
optimization in both the half-cell and single-cell level. Via liquid-electrolyte
half-cell analysis, it was shown that the soft-nitrided Vulcan carbon served as
better support to platinum and the ORR activity has improved by almost
twofold. Regarding that the platinum loading amount and particle size and
distribution were close to identical between the two catalysts, it was shown
that by only engineering the carbon support via simple and efficient nitriding
method the ORR activity could be maximized.

The electrocatalyst with enhanced property has been applied to MEA by
spray coating method and its performance was assessed in the single-cell
level. The enhanced performance shown in the performance curve displayed
differentiated electrode behavior in each of the polarization regions. The

enhanced performance in the high voltage region, representing the activation
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polarization region, was expected to have come from not only the enhanced
ORR activity but also from the improved ionomer distribution in the Pt/NVC
40% electrode. By performing cyclic voltammetry analysis, it was shown
that the ECSA from the half-cell level was better translated for the Pt/NVC
40% electrode and such result was further confirmed by the SEM images of
the electrode surfaces. Furthermore, the ionic resistance in the Pt/NVC 40%
electrode was proven to have decreased by almost half times by the complex
capacitance analysis, which suggested that the enhanced proton conductivity
would have worked in combination with the intrinsically enhanced catalytic
activity to improve the single-cell performance in the high-voltage region.
Although the compromised mass transfer loss increase due to compressed
electrode morphology and decreased hydrophobicity, the degree of loss was
insignificant in the overall scope since the Pt/NVC 40% electrode
outperformed the subjective group in all current regions. Also from the
single-cell performance analysis in different relative humidity and
backpressure conditions, it could be concluded that the Pt/NVC 40%
electrode outperforms the subjective groups in most of the conditions.

The accelerated stress test has further revealed that the platinum particles
were better protected from detachment or agglomeration in stressed
conditions. The derivations of such improvement can be thought to come

from enhanced metal-support interaction due to nitrogen species and
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protection of the catalysts in the electrode by coating effect of the well
dispersed ionomer. ECSA analysis via cyclic voltammetry and TEM analysis
of the catalyst after the AST both proved that the Pt/NVC 40% electrode was
enhanced in durability in actual PEMFC operating conditions.

The significance of this study is that the catalyst layer development
covered not only the catalytic activity in the half-cell but also the
actualization of the improvement in the single-cell level. While many of the
research report only the half-cell ORR activity, considerations of the
different components in the actual fuel cell operating conditions is very
import for the commercialization of the technology. Single-cell diagnosis
and optimization result should thus be well reflected to novel electrocatalyst
synthesis and optimization procedure. This study has shown that the soft-
nitriding technology is well susceptible for performance improvement of the
platinum based electrocatalysts supported by carbon and opens a new

window for diverse applications in platinum alloy catalysts and more.
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