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Fuel Ce],ls/

An electro-chemical energy conversiondevicemeeeeesmm——— =
A “factory” that takes fuel as input and produces electricity

as output.
O,(2) > H,O(/
Fuel Cell
H,(g) > Electricity > _

Converts chemical energy =2 electricity withou ediate
heat step.
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Fuel Cel

Fuel Cell Performance

1-V curve

Characteristic Graph for a PEMFC
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Fuel Cell

Fuel Cell Performance

Three major types of fuel cell losses:
— Activation losses (losses due to the electrochemical reaction)

— Ohmic losses (losses due to 1onic and eleé uction)

— Concentration losses (losses due to mass transport)

W
V= Ethermo ~ Nact = Nohmic ~ MNeonc
V —real output voltage of fuel cell
E i ermo — thermodynamic predicted fuel cell voltage
Nt — activation losses due to reaction kinetics (affect initi of the curve) ‘

Nonmic — Ohmic losses from ionic and electronic conduction (mo

— concentration losses due to mass transport (most significant a of -V curve)

n conc
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Fuel Cells/
Fuel Cell kinetics

Kinetics of electrochemical reactions —the'mechanisrnym——— =

which electron transfer occurs.

The current produced by a fuel cell(# ons per time)
depends on the rate of the electrochemical reaction®
w

To increase the rate and improve perfo eed

Excellent catalyst
Efficient electrode design
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Fuel Cells/
Fuel Cell kinetics

The current produced by a fuel cell (# of Cle OIS PeT tITrIc ) m—

depends on the rate of the electrochemical reaction.

» Electrochemical reactions are hetero
» Current is a rate \
» Charge 1s an amount -
» Current density is more fundamental ent

» Potential controls electron energy
» Reaction rates are finite

CHMYI 5390



Fuel Ceus/

» Electrochemical reactions are heterogeneous
I

Electrochemical reactions can only take place at the

interface between an electrode a%
o

1.e. HOR:

H, €2 2H" + 2e-

Electmde = 4 Electrolyte

CHMYI 5390



Fuel Cells/

» Current 1s a rate

The current in an electrochemical reaction 1s a direct
measure of the rate of the reaction. (Faraday’s Law)

izd—anFV:nFN.

dt

where Q — charge (C), t —time (s), n - # of e-’s transfered,
Faraday’s constant (96,400 C/mol), v — rate of the reaction (mol

CHPWI 5390



Fuel Cells/

» Charge is an amount

Integrating Faraday’s law,

fyidi=0=nFN = —

The total amount of electricity produ
the number of moles of material processed in t
electrochemcial reaction.

ortional to

CHPWI 5390



Fuel Cells/

» Current density is more fundamental than current

Since electrochemical reactions occur at

interfaces, the current producedsi ortional to
the area of the interface. To comM
n

surfaces use current density,,j (A/cm?).

.]:i v:i :j
4 nFAuF \

v (sometimes represented as J) (rate of electrochemiC@hreaction per
unit area) — mol s7! cm™
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Fuel Cells /

» Potential controls electron energy =,

Potential (Voltage) 1s a measure of electron energy. The electron
energy in a metal 1s measured by.the Fermi level. By controlling the

electrode potential, control the direction o

oy =
highest occupied orbital Fermi level
/ | \
? Fermilevel '/ E \ lowest unoccupied orbital
h s \ .
Metal electrode Species in solution Metal electrode Species in solution
If the electrode potential 1s made more positive than theSgguilibrium
of Ox.

potential, the reaction will be biased teward the formati




Fuel Cells/

» Reaction rates are finite - S—————

The current produced by an electrochemical

reaction 1s limited. Reaction rates are finite

because an activation barrier impe

conversion of reactants into products. =

Gibks Free Enargy

Reaction Coordinata



Fuel Cells/

» Activation Energy B Y

In order for reactants to be converted into products, they
must first make 1t over the activation energy.

The probability that reactant specie this
barrier determines the rate at which the reaction occurs. -
Reactants (H2+02? ___________ i \
| N

Products (H,O)

Free energy
>
Q

-------------------------------------

Reaction progress

CHPWI 5390



Fuel Cells_/

Why do charge transfer reactions have an activation energy?

Consider: H, €2 2H" +2e

Overall reaction occurs in a series of steps:

1) Mass transport of H, to the electrode \
H, puy 2 H -

2 (electrode interface)

2) Adsorption of H, onto the electrode surface
H +M > M.. Hs

2 (electrode interface)

CHBWI 5390



Fuel Cells/

Why do charge transfer reactions have an activation energy?

Consider: H, €2 2H" +2¢

Overall reaction occurs in a series of steps:

3) Separation of H, into chemisorbed hydrogenaN
M...H, + M> 2M...H -

4) Transfer of electrons from the chemisorbed species to
electrode

2x[M..H> (M +e-) + H

(elec 'nterface)]

5390



Fuel Cells_/

Why do charge transfer reactions have an activation energy?

Consider: H, €2 2H" +2e

Overall reaction occurs in a series of steps:

5) Mass transport of 1ons away from electrode\
2x[H* 2 H o] n

(electrode interface)

The overall reaction rate will be limited,by the slowest step

1n the series.




Fuel Cells/

Why do charge transfer reactions have an activation energy?

Consider: H, €2 2H" +2¢

Suppose that the overall reaction 1s limited by the electron transfer step between

chemisorbed hydrogen and the metal electroN
m

The slowest step can be represented as:
M..H&E> (M+e-)+ H

4 (’
‘ ..k ‘
.’ >

8

Eléctfode (M) Electrolyte

5390



Fuel Cel

Why do charge transfer reactions have an activation energy?

Consider: H, €2 2H" +2¢

The slowest step can be represented as:

M. .H&€> (M+e-)+ H \
Curve 1: free energy of the reactant state as a S

function of'th ce separation between the
H atom and the meta

Curve 2: free energy of the product s
function'of.the distance the H+ 1on and the
metal surface

Free energy

Dark line = the mini energy path for the

conversion of [M...H] to

(M+e)+H

a = the activated state

Distance from interface

5390



Fuel C

AG? — standard free energy of activations—————— =

Activated complex

Reactant

Standard free energy

K/’roduct
Figure 3.1.2 Free energy changes \ \

during a reaction. The activated
complex (or transition state) is the
configuration of maximum free

Reaction coordinate energy.

CHPW 5390



Fuel Cells —"

Activation energy determines reaction rate

Rate of reaction depends on the probability that a reactant species will be
in the activated state (conformational changes).

The probability of finding a species in the activam -

dependent on the size of the activation barrier.

. AG,/RT
})act — €

Where P, — probability of finding reactant specie8yn activated state, \

AG, — size of the energy barrier for reactants, R — gas ¢
T — temperature.
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Fuel Cells/

Activation energy determines reaction rate

The reaction rate can then be described as

« kT S’\
v, orJ, =c, 76 - -

where J; — 1s the reaction rate in the forward direction, c*y actant
surface concentration (mol/cm?), k= Boltzmann constant, h — Planc
constant.

f=kT/h

f — decay rate to reactants or products;depending on the dire
reaction

of the

5390



Fuel Cells

Calculating net rate of a reaction

s ¥
For the overall rate of reaction — consider the rates for both the

forward and reverse directions.

The net rate 1s given by the differenceanssates between the forward
and reverse reactions. Net reaction rate is J =J, —

Example chemisorbed hydrogen reaction:
Forward reaction: M.. H 2> (M +¢") +
Reverse reaction (M +¢) + H > M...H

The rates for the forward and reverse reactions are not equal.
(AG, < AG,)

_ ¥ o “AG/(RT)  * p —A
J=c,fe cpfe

where J — net reaction rate, c*; — reactant surface concentration, c*p —
concentration, AG, — activation barrier for fotward reaction, AG, —
barrier for reverse reaction.
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Fuel Cells

Rate of reaction at equilibrium
TS

Exchange Current Density

Since fuel cells produce current from an electrochemical reaction,
need reaction rate in terms of current density.

Current density and reaction rate are related

At thermodynamic equilibrium, the forward and reverse current
densities must balance so there 1s no net nt density.

B * ~ _AG,/(RT)
Jj,=nlc, fe ™

- * ~ WBAG. /(RT)
j, =nkFc,f,e "

S0, J1 =12 =1Jo
Jo — the exchange current density of the reaction. (Although at e

reaction is zero, both forward and reverse reactions are taking place at a rate
characterized by j,).

ibrium the net

5390



Fuel Cells

Rate of reaction at equilibrium

Potential
Before the build-up of the interfacial potential
(>®), the forward rate was much faster than the
reverse rate.
The build-up of an interfacial potential
equalizes the situation by increasing the
forward activation barrier from AG, to AG
while decreasing the reverse reaction barrier
from AG, to AG.

(a)

(b)

(c)

Chemical

4=

Chemical +
electrical energy

free energy

(M+e)+ H*

electrical energy

Distance from interface

Distance from interface

CH



Fuel Cell

Potential and Rate

Butler-Volmer Equation

For electrochemical reactions, can'mani e the size of the
activation barrier by varying the cell potential:
_

If the potential across a reaction interface 1s fed the free energy of the
forward reaction will be favored over the reverse '

While the chemical energy system is the same as before, chan

electrical potential upsets the balance:between the forward and rever
activation barriers.

Reducing the potential by n reduces the forwar

(AG, < AQ) and increases the reverse activation barr

1vation barrier ‘
G, >AQ).

5390



Fuel Cell

Potential and Rate
0 TSSS—

For electrochemical reactions, can manipulate the size of the
activation barrier by varying the cell potential.

- (&)
The forward energy changes by anFn

and the reverse by (1 — a)nFn -

o — known as the transfer coefficient .

o (can be 0 to unity) depends on the symmetg
o of the activation barrier. =

Distance from interface

\ CHBW 5390



Fuel Cel

Potential and Rate
0 SSSS— .

a 1s potential-dependent, but usually experiments are

in the range where 1t 1s conK

Standard free energy

Reaction coordinate
Figure 3.3.4 The transfer coefficient as an indicator of the symmetry of the barrier to reaction.
The dashed lines show the shift in the curve for O + e as the potential is made more positive.

CHPWI 5390



Fuel Cells/
Potential and Rate

At equilibrium, the current densities for the forward aid reverse o -

reactions are given by J,,.

Ji =JoeFRD )= J&
<

Net current (J-],) 1S :
j = jo (el*nFVRT)_ e-(1-o)nF/RT)) — (Bytler-Vo ation)

The current-potential equation 1s then:

i=FAKk° [C(0,t) e *E-F0) — C(0,t) —o)f (E -Eo)] N

ke=koexp[-a f (E—-E®)] k,=k°exp[(l1-a)f E°’)]

where f = F/RT
5399



Fuel Cells/

Potential and Rate

Exchange current

1, 1S easier to work with than%
used with potential. .
.

_ | €00.0 _opy_ CROD ey (3.4.10)
i fgy el x ¢
Co CR




Fuel Cells —"

Potential and Rate

Butler—Volmer equation basically states that the current
produced by an electrochemical reaction increases

exponentially with activation OVGN
W

d (lost) to

N — represents the voltage which 1s's
overcome the activation barrier associate
electrochemical reaction.

Butler-Volmer eq: If you want more currcgfrom a fuel
cell, must pay the price of.lost voltage.

5390



Fuel Cell
Potential and Rate

If you want more current from a fuel cell, must pay the
price of lost voltage.

‘No loss’ voltage of 1.2V

iz ———————— 1.0 -
Even the open circuit voltage is less than the
10 theorstcial no loss value ‘No loss’ voltage of 1.0V
0 e i e IR I e
S ————— _Rapid initial fall in voltage

/ Graph is fairly linear

08 Voltage falls more slowly, ]
= <« and graph is fairly linear < 0.8
o @
£ 06 T op
o = 0.6 . . o
> Q Very small initial fall in voltage, and open circuit
g / = voltage is very close to theoretical value
0.4 7 Voltage begins fo fall faster © 0.4 1

at higher currents Voltage begins to fall faster

- at higher currents
0.2 0.0 —

0 I I | T 1
O T T I ) 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Current density (mA cm) Current density (mA cm™)

Graph showing the voltage for a typical low temperature, air Graph showing the voltage of a typica ressure fuel cell

ressure, fuel cell. operating at about 800°C.
p
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I | L

Total current

-100 -200 -300 —-400

400 300

_ll

Figure 3.4.1 Current-overpotential curves for the system O + ¢ = R with a = 0.5, T = 298 K,

-
-
-
P

<~ 0.2
— 0.4
-
.8

——1.0

o——-__-- n, mv

ijc = —i1, = {jand ip/i; = 0.2. The dashed lines show the component currents i, and i,.




Fuel Cells/

Exchange currents and electrocatalysis

To improve kinetic performance need to increase j, (rate
of exchange). j, must be high to get a good fuel cell.

How do we increase j,? \
W

> * ~ _AG,/(RT)
Jo=nFc,fe ™ )

Theoretical EMF or Ideal voltage

I Nact

Jo=107°

1.2}

Cell voltage (V)
o
o

jo=108

Current density (mA/cm?2) 1000

\ CHMYI 5390



Fuel Cells/

Exchange currents and electrocatalysis

|
. [ * ~ _AG,/(RT)
Jo =nkc,fe ™

B
From the Butler-Volmer equation, 1 ot

change n, F, or R. N .
So that leaves:
1) Increase the reactant concentration, c*;
2) Decrease the activation barrier, AG

3) Increase the temperature, T
4) Increase the number of possible reaction \

CHBWI 5390



Fuel Cells/

Exchange currents and electrocatalysis
T

1) Increase the reactant concentration, c*;

By operating fuel cells at higher prew
concentrations of the reactant gases. -

In practice difficult to overcome ma ort
limitations.

CHMYI 5390



Fuel Cells /

Exchange currents and electrocatalysis

1) Increase the reactant concentration, c*;

The thermodynamic benefit 1s minon; the
logarithmic form of the Nernst Equation.

In contrast, the kinetic benefitas,significant, with a linear
impact.

Kinetic reactant concentration effects generally wor
against us for several reasons:

high-current-density operation (mass transport) : furthe®ginetic
penalties




Fuel Cells/

Exchange currents and electrocatalysiss—m =

2) Decrease the activation barrK

Catalyst significantly lower the activation barrier for the w
reaction. This 1s done by changin
surface of the reaction.

ce energy

Highly catalytic electrode dramatically increases j,,.

CHMYI 5390



Fuel Cells/

Exchange currents and electrocatalysiss—m =

2) Decrease the activation barriK
A catalytic electrode lowers the activation barrier. The n

of the

free energy curves depend on the
electrode metal.

Different electrode materialswwill give different
adsorption bond strengths to the'species.

CHMYI 5390



Fuel Cells /

Exchange currents and-electrocatalysiss—m =

2) Decrease the activation barrier, AG

Different electrode materials willsgive,different

adsorption bond strengths to the spe;:iesiK
For the case of the hydrogen'charge transfer: .
-If the [M...H] bond 1s too weak, it is difficult

to electrode surface and to transfer charge from the hy
the electrode;

-If the [M...H] bond is too strong, the hydtegen bonds too well to the
electrode surface and it 1s difficult to liberate¥lit-.

The optimal compromise between bonding and reactivity rs for
intermediate-strength [M...H] bonds: Pt, Pd, Ir and Rh.




Fuel Cells/

Exchange currents and electrocatalysis

3) Increase the temperature, T

Increasing the temperature will alsoM
increasing the thermal energy available in the system. -

Changing temperature has an expo wal cffect on j,,.

CHBWI 5390



Fuel Cells/

Exchange currents and electrocatalysis

4) Increase the number of possible reaction sites

Since j, represents current density, or re er
unit area, increase in reaction sites per unit area -

Increases J,,.

CHBWI 5390



Fuel Cells/

Tafel Equation B Y |

The Butler-Volmer equation can be simplified for very small or very
large activation overvoltages, 1.

— When An is very small. \ n

For small n (Iess than 15 mV at RT)
nkn

RI

indicates the current and overvoltage ar
deviations from equilibrium and are indepen

j:jo

rly related for small N

, and mass
rom high

Unfortunately sources of error such as\impurity currents, ohmic
transport effects make measurements diffieult and j, is usually extrac
overvoltage measurements.

5390



Fuel Cells/

Tatel Equation

The Butler-Volmer equation can be simplified for very small or very
large activation overvoltages, 7.

— When An is large. \
For large n (50-100 mV at RT) -
-+ _onFn/RT
J = Jo€

The forward reaction dominates and becomes irreversible.

Tafel conditions hold when the back re
1% of the current.

1on contributes less than

When electrode kinetics are sluggish and n 1s ne good Tafel

relationship can be seen (irrevetsible kinetics).

5390



Fuel Cells/

Tatel Equation

— When An is large.

For large n (50-100 mV at RT) \
n=a+blog j(ori) =

Tafel Plots - A plot of | versus In j shou

Plot of 1 vs | — evaluates kinetic parameters

Has an anodic branch with slope=.(1-a) F/2.3RT
And cathodic branch with slope = -aF

The y-intercept = log 1,

Tafel plots used to obtain 1, and o

CHPWI 5390



Tafel Plots.

| I I | | | | |
200 150 100 50 -50 -100 -150 -200 \
n, mV

Figure 3.4.4 Tafel plots for anodic and cathodic branches of the current-overpotential curve for
O+ e=2Rwitha =05,T = 298K, and j, = 107% A/em?.

CHPW 5390



Tatel Equation

Overvoltage (V)

Fuel Cel

Deviations at large n 1s from mass transfer limitations.

Deviations at low n occur because:back reactions are no longer

0.6

0.5

0.4 4

0.3

0.2

0.1

negligible.

!/

! Equation of best-fit line is

c
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‘ log (current density) (mA cm2) ° o ° ° © c
(n) eBeyoniany
Best-it line intercepts the current density axis at Iy ‘ j



Fuel Cells
Tatel Equation

Fig. 3. Tafel plots: (A) Tafel plots recorded in a fuel
cell equipped with two anodes (Fig. 2A), with
graphite anodes previously coated with ceramics
layers containing (1) Mn2+ +Ni2+ metallic
graphitex, (i1) graphite modified with AQDS,
relative to a plain graphite anode +

log [Current Density / A cm™]

0 20 40 60 80 100 .

(overpotential range: 0-600mV vs. OCP, ( Overpotential [mV vs. OCP]

&

scan rate: 1mVs—1; reference electrode: Ag/AgCl,

sat. KCl, only one linear fir shown). 30

(B) Tafel plots recorded in a fuel cell equipped
with three square shaped anodes (Fig. 2B):
graphite disk modified with (i) magnetite: (x), (i1)
Ni-magnetite: (), (ii1)) AQDS: (*), (iv) NQ: (),
and (v) plain graphite: (+), used alternatively

in conjunction with the same plain graphite disk 50

log [Current Density / A cm™]

cathode (same conditions as in Fig. 3A).

S % 40 e 80 100
Biosensors and Bioelectronics 21 (2006) 2058-2063 () Overpotential [mV vs. OCP]
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Fuel C

Electrodes have different kinetics

B B}
For a basic H,-O, fuel cell, the HOR kinetics are extremely fast,
while the ORR kinetics are extremely slow.

\

Theoretical EMF or ideal voltage

12 .
i Anode activation loss

Cathode activation loss

Hydrogen Oxygen + Water

2H, ——4H" + 4e”

O, +4H" + de”— 2H,0

Cell voltage (V)

@
c
®
—_
!
£
[
=

Oxygen Current density (mA/cm?) 1000

CHPW 5390



Fuel Cells/

Electrodes have different kinetics

The ORR 1s more complicated and requires more steps.

Completion of the ORR requires many indi and
significant molecular reorganization.

Also many fuel cells run on airinstead of oxygen which causes a
significant kinetic penalty.

For HOR, pure hydrogen fuel has,a significant kinetic advantage.
complex hydrocarbons as fuel, the kinietics become complicated
and sluggish.

Many kinetic problems can be solved at higher temperatures.

5390



Fuel C

Electrodes have different Kinetics
0 SSSSSS— .

TABLE 3.2, Standard-State (T # 300 K, 1 atm) Exchange Corrent
Densities for Oxygen Reduction Reaction on Various Surfaces

TABLE 3.1. Standard-State (I & 300 K, 1 atm) Exchange Current
Densities for Hydrogen Oxidation Reaction on Various Metal

Surfaces

Surface Electrolyte Jo (Afem?) Surface Electrolyte Jo{Af om’)

PR i f E o adie Aed o3 To e T gl Metal Surfaces in Acid Electrolyte

Pt Alkaline g : j ; i A

Pd:.. " - et A SRt

Rh Alkaline 1074

Ir . S R e jot

Ni . Alkaline (i

Ag Acid 1079

SR SR S B Ay 71 SR TR Pl R | 5 4 _

Au Acid 10-° Pivin-C

Be Lo e e RS Rk 20 B e TS TR B

Mo Acid 17 Prie-C

o . Bl i 1o PINI-C

Al ¥ A AR AT R L 2t e

Cd Acigd ‘ o i()': 12 Note: Values are sormakized per real unit surfoce aree of metal. The exchange

H g: TR R Aﬁd F B SRty Y S L current density for the ORR s orders of tnag;a}tudz smatler than for the HOR,
: : — - atthough the same group of metals shows the highest activity for both reactions.

me': Rounded to nearest decade. Values are normalized per real unit surfuce avea Pt alloys may show & shight perfonmance enhancement over pure Pt in a PEMFEC

of metal {4, 5). environment {4, 6].
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Fuel Cells/

Intermediates affect Kinetics _____________________

Fuels that involve carbon tend to generate intermediates that “poison”
the fuel cell.

For low temperature fuel cells, CO can absorb onto Pt and block -

reaction sites.

For high temperature fuel cells, sulfur and carbon “coking” ¢
sites.

CHPWI 5390



Fuel Cel]s/

Type of Electrolyte affects kinetics_____________

For hydrogen reduction:

In PEM (acidic) fuel cell H, > ZH\
: n

In alkaline fuel cell, where OH- 1s the.charge carrier
H, + 20H- - 2H,0 + 2¢

In SOFC fuel cell, where O* is the.charge carrier
H, + 0> - H,0 + 2¢

CHPWI 5390



Fuel Cells_/

Catalyst-Electrode Design

Fuel cells are designed to maximize the total number of reaction sites.

These reaction sites are called triple phas or triple phase
boundaries (TPBs). \
_

The fuel cell reactions can only occurwhere the three important
phases, electrolyte, gas, and electrically co atalyst region
are 1n contact.

CHBWI 5390



Fuel Cell

Catalyst-Electrode Design

These reaction sites are called triple phase zones or triple phase boundaries
(TPBs).

The fuel cell reactions can only occur where the three important p

electrolyte, gas, and electrically connected catalyst region are in contact. W
.
Gas pores Catalytic electrode

_ partictes

:'._fgigure 314, Simplified schematic of electrode-efectolyte interface in a fuel cell, illustrating TPB
feaction zones where catalytically active electrode particles, electrolyte phase, and gas pores intersect.

CHBWI 5390



Fuel Cell

Catalyst-Electrode Design

Major requirements for an effective catalyst:

For PEM fuel cells, Pt is the best catalyst.Eer SOFCs, Ni or ceramic based

High mechanical strength

High electrical conductivity
Low corrosion
High porosity n

Ease of manufacturability
High catalytic activity (high j,)

catalyst are used. ~

Designing new catalyst 1s an area of intense research.

CHPWI 5390



Fuel Cell

Catalyst-Electrode Design

Designing new catalyst is an area of intense research.

Catalyst to date have been discovered by a trial-and-error approach, w -

time-consuming and expensive.

Computational tools can be used to help design and search for

These tools can also give us insightinto how the catalyst works by
calculating the electron density and minimum energy of a system.




Fuel Cells

Catalyst-Electrode Design

For example for hydrogen and a platinum catalyst:

Hydrogen molecule approaches

a cluster of Pt atoms

Hydrogen absorbs to cluster
Atomic orbitals begin to overlap
Complete separation of hydrogen
atoms occur upon reaching

lowest energy configuration

Figure 3.15. Evolution of electron orbitals as a hydrogen molecule approaches a cluster of plat
mum atoms. (@) Platinum and hydrogen molecule are not yet interacting, (b), (¢} Atomic orbital
begin overtapping and forming bonds. (¢} Camplete separation of hydrogen atoms occurs almos

simultaneously with reaching the Jowest energy configuration.

CH

5390



Fuel Cell

Catalyst-Electrode Design

Fignre 307, {ay Oxygen molecule approaching a platinum catalyst susface. (b) Even after hav- \ .

ing reached lowest energy contiguration via hybrid orbital formation, the oxygen molecule is not
completety separated into individual oxygen atoms.

For a fuel cell cathode:

The p electron of an oxygen molecule:approaches the Pt cluster

ster ~

However unlike hydrogen, the O-O bond is not des only weakened, the
O-O bond strength on Pt clusteris 2.3 eV, without Pt clustémit is 8.8 eV.

Therefore excess energy is still neededito complete the reactiont

Bond formation occurs between oxygen and Pt
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Catalyst-Electrode Design

Oxygen g
~ Pt Nanoparticle ['-,— /{ Transfer
‘«*E'j 5
CeO, Electron
Transfer

n
Stable nanoislands of ferrous oxide sit on s platinum surface. CO is oxidised at CUF
sites around the sheoreline
: = EJ
Royal Society of Chemistry G. N. Y. Lykhach, A. Migani, T. Staudt, G. P. P%
Tsud, T. Skala, ix, F. Illas, K. C. Prince, V. Matolin, K. M. \

Neyman, J. Libuda
,»Support Nanostructure B
Active Platinum Nanoparticles
Nature Materials, 10, 310-315 (201

xygen Transfer to Catalytically

4. 10.1038/nmat2976.
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Fuel Cell

Summary

B B
— Electrochemical reactions are heterogeneous.

— Since these reactions involve electron transfer, the current generated is a

measure of the reaction rate.
— Current density 1s current per unit area and used to norm cts
of system size. n

ctants to products.

— An activation barrier impedes the converst

— A portion of the fuel cell voltage is sacrificed to lower vation
barrier.

— The sacrificed (lost) voltage is known assactivation overvoltage, 1.



Fuel Cells

Summary

S
— The relationship between current density output and the activation
overpotential 1s described by the Butler-Volmer equation.

— The exchange current density, j, measures ilibrium rate at which
reactant and product are exchanged in the absence 0

— A high j, indicates a facile reaction, a low j, indicates a sluggish
reaction.

— Activation overpotential losses are minimized by ma
are four ways to maximize j,
» Increase reactant concentration
» Increase reaction temperature ‘
» Decrease activation barrier (use a catalyst)
* Increase number of reaction sites (high surface area, 3D struc
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Fuel Cells/

s
— Fuel cells are operated at high current densities. At high overpotential,
fuel cell kinetics can be simplified to the Tafel equation.

— For H,-0O, fuel cell, the hydrogen (anode)kanctics are faster than the
oxygen (cathode) kinetics. \
— The fuel cell kinetics are dependent on the fuel, electrolyte, and n

operating temperature.

Summary

— The main requirements for an effective fuel cell cata
Activity
Conductivity
Stability (thermal, mechanical, and chemical)

\

— To increase J,, fuel cell catalyst-electrodes are de@gigned to maximize the
# of reaction sites per unit area, which increases the s, where
electrolyte, reactant, and catalyst meet.
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Class Assignmm‘/

e Study notes and handouts at class website. _
* A good textbook on Fuel Cdl.ﬁ"Sh

e “Fuel Cell Fundamentals” by O’Hayre Cha, "=
Colella, and Prinz \

N
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