General Introduction to
Fuel Cell Electrochemistry

Frano Barbir

Professor, FESB, University of Split, Croatia

FESB = Faculty (School) of electrical engineering,
mechanical engineering and naval architecture

Joint European Summer School for Fuel Cell and Hydrogen Technology




Fuel cell is an electrochemical energy converter.
It converts chemical energy of fuel (H,) directly into electricity.
Fuel cell is like a battery but with constant fuel and oxidant supply.
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Fuel cell history

. Christian Schonbein
€ Invention of fuel cell

(1799-1868):

Prof. of Phys. and Chem.
in Basel, first
observation of fuel cell
effect

(Dec. 1838, Phil. Mag.)

%% William Robert Grove
(1811 —1896):

Welsh lawyer turned
scientist, demonstration
of fuel cell

(Jan. 1839, Phil. Mag.)

First fuel colls as deplcted by Grove
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Fuel cell history

€ Invention of fuel cell
Scientific curiosity

Friedrich Wilhelm Ostwald

(1853-1932, Nobel prize 1909):

~ founder of “Physical Chemistry”,

. provided much of the theoretical

- understanding of how fuel cells operate

1839



Friedrich Wilhelm Ostwald — visionary ideas:

“l do not know whether all of us realise fully what an
imperfect thing is the most essential source of power
which we are using in our highly developed engineering
— the steam engine”

Energy conversion in combustion engines
H limited by Carnot efficiency
l unacceptable levels of atmospheric pollution
VS.
Energy conversion in fuel cells
M direct generation of electricity
H highly efficient, silent, no pollution

Transition would be technical revolution
Prediction: practical realization could take a long time!

Source: Z. Elektrochemie, Vol. 1, p. 122-125, 1894.



Fuel cell history

€ Invention of fuel cell
Scientific curiosity

’ Reinvention

1839 1939
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Industrial curiosity
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Fuel cell history

€ Invention of fuel cell
Scientific curiosity

’ Reinvention
Industrial curiosity

_
Space program

b >

1839 1939 1960’s




Space Applicaiions

@PEM Fuel Cells used in Gemini program

@Apollo program used alkaline fuel cells

@Space Shuttle uses alkaline fuel cells

@Renewed interest in PEM fuel cells

First PEM Fuel Cell
Grubb and Niedrach (GE)

1960s

Gemini Space Program




Fuel cell history

€ Invention of fuel cell
Scientific curiosity

‘ Reinvention
Industrial curiosity

Space program

Entrepreneural phase

1839 1939 1960’s 1990’s



Fuel cell history

€ Invention of fuel cell
Scientific curiosity

‘ Reinvention
Industrial curiosity

Space program

Entrepreneural phase

Birth of new industry
L >

b >

1839 1939 1960’s 1990’s




Birth of new industry - Ballard stock
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Fuel Cell Applications - Demonstrations

@ Automobiles , ! i
@ Buses K ’ . o [
@ Scooters i g :
@ Bicycles
@ Golf-carts
@ Distributed power generation
@ Cogeneration
@ Back-up power
@ Portable power
@ Space

@ Airplanes

@ Locomotives

o Boats
@ Underwater vehicles [




Why fuel cells

@ Promise of high efficiency
@ Promise of low or zero emissions

@ Run on hydrogen/fuel may be produced from
indigenous sources/issue of national security

@ Simple/promise of low cost

@ No moving parts/promise of long life
@ Modular

@ Quiet



Fuel cell is an electrochemical energy converter.
It converts chemical energy of fuel (H,) directly into electricity.
Fuel cell is like a battery but with constant fuel and oxidant supply.
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Fuel cell is an electrochemical energy converter.
It converts chemical energy of fuel (H,) directly into electricity.

hydrogen ‘
electrolyte
oxygen
electrode

electrode

water



@ Alkaline

@ Acid polymer membrane
or Polymer Electrolyte Membrane PEM
or Proton Exchange Membrane

@ Phosphoric acid
@ Molten carbonate

@ Solid oxide

- Zinc/Air fuel cell is not a fuel cell
- Direct methanol fuel cell is PEM fuel cell



Reactions in fuel cells

load
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depleted oxidant and
product gases out
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product gases out
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@ Alkaline

@ Acid polymer membrane
or Polymer Electrolyte Membrane
or Proton Exchange Membrane

@ Phosphoric acid
@ Molten carbonate

@ Solid oxide
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@ Simple

@ Quick start-up

@ Fast response

@ High efficiency

@ High power density (kW/kg and kW/I)

@ Zero emissions
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Porous electrode structure
Gas diffusion layer surface
(carbon fiber paper)

80 um
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MEA Cross-Section

cell frame / bipolar plate

current collector /
gas diffusion layer

Pt-catalyst

polymer membrane
Pt-catalyst

current collector /
gas diffusion layer

cell frame / bipolar plate
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PEM Fuel Cell - Basic Principle

\x\‘\"’/fg external load
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end plate
N bus plate
bi-polar collector plates

coolant in

4= oOXidant in
=P hydrogen out

anode
membrane
cathode
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HERV=ENEE.

<= hydrogen in
=) oXxidant + water out
coolant out
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Fuel cell needs supporting equipment/balance-of-plant

- load —

! DC/

pressure
hydrogen tank regulator

gorivni ¢lanak

exhaust

compressor

pressure
regulator

heat exchanger/
humidifier

battery ._‘{ -

*—
"
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EEEEEEEEEEEEE
FUEL CELL POWERED

GATOR #2

pressure _
regulator DC/DC inverter hydrogen tank

EEEEEEEEEEEEEEEEEE

heat
exchangers compressor
el. moto attery
water tank
humidifier

water pump

©2002 by Frano Barbir.




Single cell
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Fuel Cell Theory - Thermodynamics

Basic reactions

Hydrogen side: anode — hydrogen oxidation
Oxygen side: cathode — oxygen reduction

Mnemonic: reduction of oxygen on cathode: red-cat

Anode reaction: H, > 2e~ + 2H* oxidation
Cathode reaction: 20, + 2e~ + 2H* —> H,0 reduction
Overall reaction: H, + 20, > H,0

Same as combustion of hydrogen



Heat of Formation

Combustion of hydrogen is an exothermic reaction — heat is generated

H, + 20, > H,0 + heat

How much heat?

From the tables:
Heat of formation: AH = (hy)y,0 — (h)ya — Y2(hg)o, = — 286 — 0 — 0 = — 286 kJ/mol

A means difference between products and reactants

mol is a measure of quantity

1 mol of hydrogen contains 2 grams of hydrogen (2.0159 to be more precise)
1 mol of oxygen contains 32 grams of oxygen

1 mol contains 6.022 x 1022 molecules (Avogadro’s number)



In a fuel cell both heat and electricity are generated.
But how much electricity?
Can all heat be converted into useful work (electricity)?

Remember 2"9 Jaw of thermodynamics?
Remember entropy?

For mechanical processes: W= Q - TAS

For chemical reactions: AG=AH -T AS

AG = Gibbs free energy

A means difference between products and reactants

AG = 237.2 kJ/mol (at 25°C)



Theoretical cell voltage

Electrical work = charge x voltage Electrical power = current x voltage

Mechanical work = distance x force Mechanical power = flow rate x pressure

Charge = 2 X 6.022x102 X  1.602x10-19
electrons/molecule of H, molecules/mol Coulombs/electron
N _
—

Faraday’s constant

96,485 C/electron mol
Coulomb = Ampersecond

Electrical work= AG =-2FE

_ - ~—AG _ _237,200 _ 0
E = voltage BT 296 485 1.23 V (at 25°C)

J/mol _ Ws/mol _
C/mol As/mol

Beauty of Sl system!



Theoretical cell voltage — function of temperature

1.3
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Theoretical Fuel Cell Efficiency

Efficiency of any process

Ein Eout
— Eout
Ein Eout < Ein
Fuel cell (ideal) efficiency
AH AG
_ AG _ 2372 _
Me™ "AH ~ 286.0
AG < AH
G Q=TAS
Remember: AG 1.23V
2F
By analogy: % =1.48V thermoneutral voltage
Fuel cell (ideal) efficiency 1, = 1.23V =0.83

148V



Ideal cell Voltage at different temperature and pressure

AG=AH-T AS
nF nF nF At25°C =123V —0=1482V —==0252V

E; =1.482 - 0.000845T Note: AH and AS are f(T)

For T<373K E; =~ 1.482 — 0.000845T

All of the above considerations were at ambient pressure
P=1atm, P=101.3 kPa; P =1.013 bar, P = 14.698 psi; P = 0 psig

Does the ideal voltage change with pressure?

Unfortunately — yes!



A little bit of basic thermodynamics

-dG=V_dP
For an ideal gas:

PV, =RT

m

dP
~dG=RT -
P

~G=-G,+RTIn -
PO

Fuel cell reaction: H, + %0, > H,0

-AG _-AG, RT [Py, -Pg,
nF nF nF Pio

Nernst Equation

EP=E0+

RT

0.5
PHz . Poz

n

ln[
F

PH20

J




Summary

Ideal fuel cell voltage
Eo = Eqatm 20815 = 1.23 V

P . P0.5
Ep; =1.482-0.000845T + '::;,{MJ

PH20
P, -P5’
Ep 7 =1.482-0.000845T +0.0000431T /) —-—=
H,O0

Caution: valid only for low temperatures

This is voltage at 0 current
So called open circuit voltage (OCV)



Ideal Cell voltage: 1.23 V (H,/O, at 25°C, 1 atm)

Function of temperature, pressure and concentration of reactants:

At 80°C: 1.186 V
Air instead of O2: 1174V

Actual voltage is always lower!




Ideal Cell voltage: 1.23 V (H,/O, at 25°C, 1 atm)

Function of temperature, pressure and concentration of reactants:

At 80°C: 1.186 V
Air instead of O2: 1174V

Actual voltage is always lower!
1.174

0.97

voltage

— current



Relationship between current and voltage

Butler-Volmer equation

i {exp{— oF(E - Er)} B exp[@ —afF(E —Er)}}

RT RT

i, = exchange current density
o = charge transfer coefficient
F = Faraday’s constant

R = gas constant

T = temperature

E = potential

E, = reversible potential



Factors affecting the exchange current density
@ Catalyst

@ Roughness/actual surface area
@ Temperature
@ Reactants concentration

@ Pressure
v _ _
E
ia L. F:ef exp| — —= 1—l
o P I RT T oo

i,"*" = exchange current density at reference conditions (T,P) in A/lcm? Pt surface
a, = catalyst specific area (for Pt theoretically: 2,400 cm?/mg
practically: 600-1,000 cm?/mg
in electrode: 420-700 cm?/mg
L. = catalyst loading (today 0.3 to 0.5 mg/cm?)
E. = activation energy (66 kJ/mol)
R = universal gas constant (8.314 J/molK)
v = pressure coefficient (0.5 to 1.0)



o = charge transfer coefficient

a =1

Notes: in some literature na is used instead of a
n = 2 for the anode and n = 4 for the cathode
Larminie&Dicks suggest o, = 0.5 and o, = 0.1 to 0.5
Newman specifies a in a range between 0.2 and 2.0

o is an empirical factor
it should be distinguished from a symmetry factor 3
B may be used for single-step reaction with n=1

Bra * Box =1 0r Box=1—Prg
for metallic surfaces = 0.5

Orq * 0oy # 1

ORrq * 0oy = NIV

n = number of electrons involved

v = number of times the rate-determining step must occur for
the overall reaction to occur once*

*E. Gileadi, Electrode kinetics for Chemists, Chemical Engineeris and Material Scientists,
VCH Publishers, New York, 1993



Relationship between current and voltage

Butler-Volmer equation

=i {exp[— oF(E - Er)} B exp[m ~o)F(E - Er)}}

RT RT

o = charge transfer coefficient

=i {exp[— oLpaF (E - Er)} B exp[%XF(E ~ Er)}

RT RT




=i {exp[— agyF (E - Er)} B exp[ocOXF(E - Er)}

RT RT

(E — E,) = overpotential

On the fuel cell anode:

T o O(‘Rd,aF (Ea o Er,a) an,aF (Ea o Er,a)
Ia = IO exp RT —exp RT
E,r,a =0 definition of zero potential — hydrogen electrode
(Ea - Er,a) >0
_ _ o, FIE. -E, )
i = _Io exp Ox,a ( a r,a)

a
—— negative sigh means current is leaving the electrode

— oxidation reaction



=i {exp[— agyF (E - Er)} B exp[ocOXF(E - Er)}

RT RT

(E — E,) = overpotential

On the fuel cell anode:

T o O(‘Rd,aF (Ea o Er,a) an,aF (Ea o Er,a)
Ia = IO exp RT —exp RT
E,r,a =0 definition of zero potential — hydrogen electrode
(Ea - Er,a) >0
_ _ o, FIE. -E, )
i = _Io exp Ox,a ( a r,a)

a
—— negative sigh means current is leaving the electrode

— oxidation reaction



On the fuel cell cathode:

I, = io{exp

E. .= 1.23V

(Ec - Er,c) <0

: : __aRd CF(EC _Erc)_
. =1,.€eX : :

C 0,c p_ RT

o O(‘Rd,cF (Ec o Er,c )_

—exp

I (XOX,CF (Ec o Er,c )_
RT




Types of losses in fuel cell:
@ Activation losses (activation polarization)
@ Resistive (Ohmic) losses

@ Mass transfer losses (concentration polarization)

@ Internal current and fuel crossover



Activation polarization losses

Tafel equation: AV, = a + b - log(i) (empirical)
RT i
i =i, exp(aFAvj AV = ln[_ j
RT oF {ig

i = current density (mA/cm?)

i, = exchange current density (mA/cm?)
R = universal gas constant = 8.314 J/mol
T = temperature of the process (K)

o = charge transfer coefficient

n = number of electrons involved (2)

F = Faraday’s constant = 96,485 C

AV = -RU g +Eln(|)
oF oF
RT
a= —Eln(io): —2.3Elog(i0) b = 2.3—F Tafel slope

aF aF o



Activation polarization losses

log scale

AV =

RT
aF

—In

'o

AV, = a + b -log(i)

Fora=1,T=333 K= b =0.066 V/dec

potential loss (V)
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Resistive losses

Ohmic law: AV =R = iR,

| = current (Amps) e

R = resistance (Ohms) R = pE p = resistivity (Ohm-cm)

i = current density (A/cm?) A d = distance, length (cm) ,
R, = aerial resistance (Ohm-cm?) A = cross sectional area (cm?)

R, = RA

Resistance through: " ‘
@ Membrane (ionic) 8 1

@ Electrodes
@ Bi-polar plates
@ Interfacial contacts

o
o

o
~

potential loss (V)
o
»

o
N

o

500 1000 1500 2000

current density (mA/cm?)

0




Resistive losses % v

\l

"'//4/ external load
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=\ /K
bus
plate
cetrode membrane electrode electrode  membrane
\ / oxygen feed \ l

collector '

|

<|'|2—>2H++ 2e-

hydrogen feed hydrogen feed



Concentration polarization or mass transport losses

™

P=P,— 2§ ——=1-—

P, P

I Py

potential loss (V)
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AVconc =C-exp (é)




Alternative way to express concentration polarization

Voltage gain/loss AV = RT In Cg
(Nernst equation) nF (Cg

N = flow rate, mol/s
D-(Cg - CS)A D =_diffusion coefficient, cm?/s
Cg = bulk concentration, mol/cm?3

Cs = concentration at

| catalyst surface, mol/cm?3
N=— o= diffusion path, thickness

of diffusion layer, cm

A = active area, cm?

Fick’s First Law of Diffusion: N =

_ nF-D-(Cgz-Cs)
)
Limiting current C5 =0 i, = nF-[;-CB
Cs 4 1
Co i RT, (i
. o AV = —|n| —=+
Voltage loss due to concentration polarization: nF I - iL



Voltage losses compared

potential loss (V)
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Actual fuel cell voltage

\'/

C

ell = ET,P — AVact — AVr — AV,

conc

Losses occur on both anode and cathode:

ell = ET,P _ (Avact )an — (Avact )ca — AVr (Avconc ) (Avconc )

\'/

C

RT RT '
V.. =Etp———1In IR, +—1In 1——
cell T,P oF (loj nE ( j




potential (V)

Potential Distribution in H,/AIr Fuel Cell
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Fuel cell polarization curve

theoretical (ideal) voltage

cell potential (V)

losses

0 500 1000 1500 2000

current density (mA/cm?)

©2002 by Frano Barbir.



Power density vs. current density

Power density = Vi (W/cm? or mW/cm?)

—
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p
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0 500 1000 1500 2000

current density (mA/cm?)

©2002 by Frano Barbir.



Cell potential vs. power density

< 0.7 -
0.6 1

o S
N
|

cell potential (V
o
o

© o o
= N W
[ I— |

o

0.1 0.2 0.3 0.4 0.5 0.6

power density (W/cm?)

o

0.7

©2002 by Frano Barbir.




Internal currents and fuel crossover

1/20, + 2H* + 2¢- —@

©2002 by Frano Barbir.



Hydrogen consumption in fuel cell

Faraday’s law:

| =nFN N=— mol/s
(Amps = Amp-second/mol x mol/s) nF

Hydrogen consumption in fuel cell: N, = l/(2F)
Oxygen consumption in fuel cell: Ng, = 2 Ny, = |/(4F)

Water generation in fuel cell: Ny,o = l/(2F)

©2002 by Frano Barbir.



Internal currents and fuel crossover

Both internal currents and hydrogen crossover mean loss of current:

IIoss = 2I:Nloss

This means that even at 0 external current there is hydrogen consumption.

RT | +1
Vet =E1p ——=In —loss.
oF R

1.020

—e—iloss = 1 mA/cm2
1.000 —m—iloss = 2 mA/cm2

—a—iloss =4 mA/cm2
0.980 -

—o—iloss = 8 mA/cm2

4
0.960 -

0.940 -

cell potential (V)

0.920 -

0.900 | | | | |
0 2 4 6 8 10 12

current density (mA/cm2)

©2002 by Frano Barbir.



Fuel cell efficiency e Yeell ppy

- 1.482
— Electricityout V.~ IV __Veen
Ny = THydrogen in N-H,py I'H,u/(2F)  1.482
N=—_

2F



efficiency

Cell potential vs. power density

cell efficiency (HHV)
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Fuel cell efficiency e Yeell ppy

~ 1.482
Eeric Electricityout IV IV _ Ve
iciency = . - - = -
y Hydrogen in N-H,uy I'Hyyhy/(2F) 1.482
N=_
2F
Hydrogen in = hydrogen converted into current + hydrogen loss
N = I+ IIoss n= Vcell I — VceII i
2F 1482 1+, 1.482i+i,

In some cases excess hydrogen is fed into the fuel cell - some H, is wasted

hydrogen in hydrogen out
30 _ Vcell
M= 4gp M
‘ hydrogen consumed
Tlfu =

hydrogen supplied



Fuel cell efficiency vs. power density

efficiency (HHV)
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Additional slides
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Tafel = 77 mV/dec
Tafel = 66 mV/dec
—a— Tafel = 55 mV/dec
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Vi =E+p — In ~i-R.
cell T,P oF nE i|_

io = 0.0003 mA/cm?
io = 0.003 mA/cm?
—a—i0 = 0.03 mA/cm?

cell potential (V)

0 500 1000 1500 2000
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cell potential (V)

RT . (i . RT i
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RT , (i+i RT (|
Vear = Erp —= i =252 | iR+ " in| -
cell T,P oF : @ nF i

R = 0.1 Ohm-cm?
R =0.15 Ohm-cm?
——R = 0.2 Ohm-cm?

cell potential (V)
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V., :ETP—R—-II:-In [ oss —i-Ri+R—II/n 1-
o ly n

iL = 1200 mA/cm?
iL = 1600 mA/cm?
—a—iL = 2000 mA/cm?

cell potential (V)

0 500 1000 1500 2000

current density (mA/cm?)




Operating pressure

Vce”:@_RT/nLI_l_Iloss —|R|+Eln 1_L
oF nF i,

cell potential (V)

0 500 1000 1500 2000
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RT i + i 0SS
Veeipos =Erp_s — Eln[_l]

IO,P:3

RT RT B . RT, . .
VceII,P:3 — ET + Eln(Ps ) + ,]._Fln(|o,P_3 )_ _F ln(' T loss )
RT RT B . RT, . .
VceII,P:1 — ET + E’”(ﬂ ) + ﬁln(IO,PJ)_ _F ln(' + Iloss)
RT, (3 RT, (3
VceII,P:3 - VceII,P:1 = Eln(?j T ?ln(?j

VCG",P=3 - VCE”,P:'] - 0.039 V (at 600)



Air vs. oxygen

Vcell :‘——ln(lssj—l R —I—%/ﬂ('] ®)
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VceII,P=3 — VceII,P=1 = Eln(ﬁ) + ?ln(ﬁj =0.056V
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Alr vs. O, MEA Perf. - Origin of Transport Losses

Ho/D,{Air) at 5=2/9.5{2.0) and 150kPa, T,,,=80C, dewpts.=B0/BOC

In the Kinetic limit:

0.90 T
& 0.40/0.40 mgPticm2
5[-:IR_'M: TS 085 F---Tm T e ] £ 0.400.10 mgPticm2 -
(F - "
EI“HP{]I V015 P . L, -~ SYR. e ]
. EI n?s- __________________________ R R ——
0, =» Air: i r
T S IR S 0,
log| L00% = .68 “ N
- . 0.65 ¥ --- kinetic.dimited L.t PRI [ N —
2 ] '!'{1 Ntz <lirmie: ranspa mrne 1' .
060 1o A& ___h'____ ___'}‘_!!.____
|
AT - - E | '\.
Al gaga = 0.68 - 66 = 45md - i R SR
.01 0.10 i [A.I'J:rnE] 1.00 10.00

@ Purely Kinetically limited below 0.1A//cm?
@ Transport limited above 0.1A/cm?
= no difference between 5 and 20pm electrode s H* tx limitation unlikely
= (), transport resistance in:
= gas-phase (pores in electrode or diffusion media)?

= solid/liquid phase (ionomer, H,O film)”

Global Alternative Propulsion Center OPEL '@-

Date: Mow. 12, 3000 File: WEF Workshbop = Calglysts « Moy, 14:13, 2] = revised ppo P 5 by Mark Mathizs & Hubert Gasteiger



Evidence of Mass Transport Losses

1.2
1.1 4
1 _ -0 Pt cathode - Air !
) === Pt cathode — Helox |
0.9- “}3 —8— Pt cathode - Oxygen |
> 0.8

o
N

CELL POTENTIAL,
(o]
[+ ]

0.8 Mass transport loss , - i,';;.-'.:_.’,a.‘ ~o
e
0.44 °
0.3 v ; v v N
0 200 400 600 800 1000 1200

CURRENT DENSITY, mA em?

Fig. 5 For air operation, in Ballard Mark 5E hardware, the kinetic benefit of a PtCr alloy cathode is masked by mass
transport losses. The comparative performance of the PtCr alloy and a pure Pt cathode electrocatalyst is shown using
air, helox (21% O, in helium) and O; as oxidants and H, as fuel. The MEAs (< I mg Pt cm’) are based on catalysed
substrates bonded to Nafion 115 membrane electrolyte. The cell is operated at 80°C, in hydrogen/air, helox, oxygen,
308/308 kPa, 1.572, 2, 10 stoichiometry, full internal membrane humidification

Source: T.P. Ralph and M.P. Hogarth, Platinum Metals Review, Vol. 46, No. 1, pp. 3-14, 2002
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What else can affect the polarization curve?

Operational conditions.

@ Operating pressure /Fluid mechanics O
@ Flow rates of reactants Fluid mechanics/chemistry

@ Operating temperature Heat transfer

@ Humidity of reactants Psychrometry

Thermodynamics of moist gas?
We must know some basics!

We must know fuel cell inner working!



What effect does the operating temperature have on fuel cell performance?

@ Reduced theoretical voltage | |

B, - _(AH ~ TAS)+ RT ln[ H2'0, }

nF  nF nF Py .o

E;p =1.482—0.000845T +0.0000431T ln(PH2 Py’



What effect does the operating temperature have on fuel cell performance?

0 !

@ More hydrogen permeation through the membrane §

=)

Pm /cm3.cim-em2-sec”tcmHg™
‘ 3 S
a
// .
R K

(=11

-9 4 -@ H*form ]

O & O K*form

10-11

30 . 35
T-17 kK
T. Sakai, et al., J. Electrochem. Soc., Vol. 133, No. 1, pp. 88-92, 1986



What effect does the operating temperature have on fuel cell performance?

0 !
0 !

@ Faster kinetics — Reduced activation losses (exchange current density) ¥

Y

.. P E

i, =ir"a L, — | exp -=£ 1—L
P* RT T,




What effect does the operating temperature have on fuel cell performance?

0 !
0 !
0 1

@ Improved conductivity of materials §

0.30 | | | | | | |
» Dow
- * Membrane C » _
Vet s Nafion 117 .
— [ ]
E m ®
@0, 0.20 — . - : —
&
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Z 015/ » . < -
g .+
=] b bl A
z = s _
S 0104
O
005 s
I I 1 1 i 1 i

%0 316 320 30 340 350 360 370 380
TEMPERATURE (K)

T.A. Zawodzinski, Jr., C. Lopez, R. Jestel, J. Valerio, and
S. Gottesfeld, J. Electrochem. Soc. 140, 1981, 1993



What effect does the operating temperature have on fuel cell performance?
° ]
° |
° 1
Qo
@ Mass transport properties (diffusion coefficients) T

b

1/2
‘ T 1 |
Dijff :% - Tc,j (pc,ipc,j )1/3(Tc,iTc,j )5/12[Mi + Mj] el

c,i



water content in air (g/g)

What effect does the operating temperature have on fuel cell performance?
° ]
° |
° 1
o 1
9 1
Qo

Tightly related to relative humidity of the reactant gases I

08 I I I I I I

| = atm. 200 kPa -=- 300 kPa . | | S
LRT] S -
0.6 ~ o Membrane C -
012~ 4 Nafion 117 W .
N = F . -
§ 010} . a .
0.4 E oosl e ]
/ - E B e ™ N
-/-/ é ner ¢ ’ N
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T /T/’fﬁ/é/i' ol ov .
0 — o_ F L 1 ] 1 i
' ' ' 0 5 10 15 20 25 30

50 60 70 80 90 WATER CONTENT IN # WATERS PER SULFONATE
temperature (°C) Fig. 4. Conductivity of N, C, and D membranes at 30°C as a

function of state of membrane hydration.



What effect does the operating temperature have on fuel cell performance?

@ Reduced theoretical voltage 1

@ More hydrogen permeation through the membrane l

@ Reduced activation losses (exchange current density) ]
@ Improved conductivity of materials §

@ Mass transport properties (diffusion coefficients) I

@ Tightly related to relative humidity of the reactant gases I
@ Stack compression I

TieRods — [}

Spring Washers —*>

Endplate —*>
| ~ - 4«— Positive Terminal
Reversible Cells —

Fluid Manij : 4«—— Negative T erminal




Voltage(V)

Effect of operating temperature on fuel cell performance

Current density @0.6 V
Stoic.: H2/AIr=1.2/2 Pressure: 1atm, g @ § @ § @ §
Anode humidity: 100%, cathode humidity: 100% 3 ‘ ‘ ‘ ‘ ‘ ‘
1.0
_ -
8 _
08 - —a=T =70 |
--h“. =all . a
0.7 = . T:.I=?5 C
S T ..=E|:|“|: E}I i
08 . 8
{ T_=85"C s
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Current Density(mA/em’)

Q. Yan, H. Toghiani, H. Causey. Steady state and dynamic performance of proton
exchange membrane fuel cells (PEMFCs) under various operating conditions and load
changes, Journal of Power Sources, 2006



Effect of operating temperature - 10-cell stack

1 | I
| | | | NG2000 10-cell
—— 50°C -=- 60°C —=- 70°C 308 kPa
0.9 - H2/air i
- 1.5/2.5
O N
-— N
E’ 0.8 \\&X
@)
(=lO 7 \\K
= 0. ‘%
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0.6 \’E N
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Freeze tolerance test

Performance Curve: Freeze Tolerant Test
50% Propylene Glycol & 50% DIl-water

energy partners confidential

117 Date:03-26-99

Cell #:5 x10-074
Test Stand #:5
Comp./ele.(in.):

Active area(cm2):
Res.(ohms-cm2)..
Current Density(m Alcm 2):

.........................................

Membrane:P-01598(10006284)

H2/Air stoic:1.2/2.0
Temp.(deg. C):see legend
Pressure (

PSIG):30

Comments:

0.3 —
600
Current Density (mA/cm2)

1200

—60C —50C 40c —30C —20C —10C

5C —0C —-10C




Definition of Operating Temperature

@ cell surface (where)

@ cell inside (where and how)
@ heating pad

@ coolant in

@ coolant out

@ reactants out




Operating temperature

Operation with Operation with
thermal pad coolant

1l

Tcout <=> Tcin

Q= mc'cp'(Tcout - Tcin)

Q = heat to be removed
from the fuel cell;
function of design of
inside the fuel cell and
operational conditions

mich

I Tairout also:
Q = UAAT,,

cell pad
Tcell > Tair,out
Tcell > Tcout If Tcout > Tcin
Tcell < Tcin If Tcout < Tcin

©2002 by Frano Barbir.



What else can affect the polarization curve?

@ Unsteady conditions (flooding/drying)
@ Contaminants
@ Crossover leaks

@ Aging (loss of catalyst surface, crossover leaks,
change in membrane properties)



Summary

Voltage losses:
Activation polarization
Ohmic (resistive losses)
Concentration polarization or mass transport losses
Internal currents and reactants crossover

Resulting polarization curve:

V., =E.. —gln[%j—i-Ri +gln[1—,lj
" aF I nF I

Effect of operating pressure
Effect of oxygen vs. air
Effect of operating temperature

Fuel cell efficiency: 1= Veer

1.482



PEM Specific Issues — Water transport, gas diffusion



PEM Fuel Cell:
Membrane/Electrode Processes

Hz — 2H* + 2 e- 2H* +1/202 + 2 & — H20

’ Hydrogen

O Oxygen




Water content and conductivity

| T T T 1 1

G -
E 14 2 Dow .
P ~ ® Membrane C " -4
o 12+ 4 Nafion 117 | V-
& .
= | ]
g 10 |- a _
[} - _|
a .
2 8 A -1
B s ]

'y
; [} od [] 1
5 L " g
Z 41 * " a .
A
g = d m " A -
E o2 o " -
= | |
0 | | 1 1 | b | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
WATER ACTIVITY

Fig. 1. Isopiestic sorption of vapor-phase water in N, C, and D
membranes at 30°C.

Source: T.A. Zawodzinski, et al., J. Electrochem. Soc., Vol. 140, No. 7, pp. A1981-A1985, 1993



Qualitative Picture of Transport in Nafion

‘ H30*

O H20

m hydronium ions move via Ao~23: Gl J O
o %o Dg Sl

vehicle mechanism

A = water molecules per sulfonate group

m  water in interfacial region screens weakly
bound water from ion-dipole interactions
A=14:

m water and protons move more freely
YA [« ' I' =~ i'

ATE™ & » Los Alamos




Water content

and

conducti

vity
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Fig. 1. Isopiestic sorption of vapor-phase water in N, C, and D
membranes at 30°C.

T T T T ]
014 .
4 n Dow
B ® Membrane C n
012} 4 Nafion 117 . i
e
$ 0.10 . s i
a " .
E 0.08 . -
Q B n N
2 00e| a8 4 .
z - n .
3 0.04 4 -
| - o« 3, -
002~ e°® ~
- o
ol | L 1 1 1
0 5 10 15 20 25 30

WATER CONTENT IN # WATERS PER SULFONATE

Fig. 4. Conductivity of N, C, and D membranes at 30°C as a
function of state of membrane hydration.

Source: T.A. Zawodzinski, et al., J. Electrochem. Soc., Vol. 140,
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Fig. 2. Isopiestic sorption of vapor-phase water in N, C, and D
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Nafion conductivity

Nafion conductivity: ~0.1 S/cm

1/conductivity = resistivity = 10 Ohm-cm
Natfion 115 thickness: 5 mils =0.0127 cm
Resistance = 10 Ohm-cm x 0.0127 ¢cm = 0.127 Ohm-cm?

At 1 A/cm? it would cause 0.127 V loss

Nafion conductivity 1s a function of water content and temperature!



Nafion resistivity — function of membrane thickness?

14—
13 3

r

Qcm]
N
:

= 19 -

Spec. Resistivity
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Membrane Thickness [um]

Figure 3. In situ specific resistivity of Nafion membranes of different thick-
nesses at (O) 50°C and (@) 60°C at zero current.

* unisotropic structure
* resistance from the electrodes
* thickness of the membrane in the cell different from measured before assembly

Source: F.N. Buchi and G.G. Scherer, J. Electrochem. Soc., Vol. 148, No. 3, pp. A181-A188, 2001



Cell Resistance and Performance:
PEM Thickness Effects
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Membrane resistance — function of current density
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Figure 2. In situ resistances of Nafion membranes with different thicknesses
(from 60 to 240 pm) as functions of current density at 60°C. The thicknesses

and composition of membranes are indicated in the figure.
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Source: F.N. Buchi and G.G. Scherer, J. Electrochem. Soc., Vol. 148, No. 3, pp. A181-A188, 2001

Figure 4. Resistance of the individual sheets, in a H, /O, fuel cell with four
Nafion 112 sheets as a function of current density at a cell temperature of
60°C.



Water Issues

*  For PerFluoro Sulfonate lonomers
(PF3Sl) and some sulfonated aromatic

1000.000
systems
+ Humidification requirement anagp e g seae i
- conductivity requires contact with - = =
liquid water or water vapor at > ~80 E  100m
RH. 3 ' o
- Water management system E
> FC aveb £ 2 1000 —¢
= sys £M COs5 ,E . mi20C
- specific power ! 3 naec ¢ 150 C
+ Dimensional changes in membrane 3 4 a80C
with water content -
- stresses at electrode/membrane 1
interface and at the gasket 0001
- electrode debonding from membrane B ag an . a0 100
with CCM RH (%)

- buckling and cracking of carbon
paper from shrinking membrane

QUPND

The miracles of science



Water Issues (continued)

* Electro-Osmotic water Drag (EOD)
- [Each proton transported drags 1 to 5 water molecules

= Both aromatic sulfonates and PFSI: EQD increases with increasing
temperature and water content.

- Mecessitates anode humidification system for hydrogen & reformate.
- Degrades system efficiency for DMFC

«  Water requirement makes for poor dynamic response of stack

- Chasms of dry-out {(conductivity loss) or flooding on either side of the
operating point.
- Water content depends on diffusion, evaporation, condensation.
= non-linear and slow response of system to current changes.

=  MNeed for faster diffusion of cathode water back to anode ==
thinner membranes

- manufacturing, fuel permeation, lifetime problems

«  Wanted: conductivity without water

QUPND

The miracles of science”



Permeation of gases through the membrane

Permeability is a product of diffusivity and solubility:
P.=DxS

mol mol-cm

cm?/s x mol/cm3atm = or .
cms-atm cm<-s-atm

For ideal gas: Pv_, = RT; at standard conditions v, = 0.024 m3/mol
v = 24,060 cm?/mol

cm’cm U atm — 75 emH cm’cm
atm =75 ¢ — 1010
cm?-satm g cm?scmHg 1010 barrers
Example: P_=1.5x10""! mol-cm™'s'atm’!
Dy, = 6.65x107 cm?/s 1.5x10-"" mol-em!s'atm™! x 24,060 cm?/mol =

=3.6x107 cm*cm-cm?slatm 1=
=3.6x107 cm*cm-cm?statm /75 cmHg/atm =
=4.8x10° cm*cm-ecm?s-'cm'Hg = 48 Barrers

Sip = 2.2x107 mol/cm3atm



Permeation rate, N (mol/s)
N=P_-AAP/d

N = I/'nF Ny = N-24060 (cm?*/mol) = 0.125xI cm3/s

i=1/A=nFP,-AP/d

Ny = 7.5 cm?/min/Amp

Example:
P = 1.5x10-"! mol-cm!s-!atm’!
A =100 cm?
d=51 um=0.0051 cm
AP =1 atm (partial pressure)

N =2.94x10"7 mol/s
I=nFN=0.057 A
i=1/A=0.00057 A/cm? = 0.57 mA/cm?

Additional variable (complication)

Dy, = f(T) = 0.0041¢-2602T

diffusivity (cm?/s)
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Fig. 7. Arrhenius plots of permeability coefficients (P,) of oxygen for 10 13-0 4 35
the dried and 35 w/o hydrated Nafions. Data obtained previously (8) for T-11 kK
the 35 w/o hydrated Nofion by a volumetric method, estimated values for Fig. 2. Arrhenius plots of permeability coefficients (P,,) of hydrogen,
water (8), and literature values for FTFE (20) are shown for comparison. oxygen, and nitrogen for the acid- and K*-form dried membrene (Nafion
125). ‘

Source: T. Sakai, et al., J. Electrochem. Soc., Vol. 133, No. 1, pp. 88-92, 1986



More information about PEM fuel cells:

Frano Barbir
PEM Fuel Cells: Theory and Practice

Elsevier/Academic Press, 2005
ISBN 978-0-12-078142-3

Written as a textbook

for engineering students.

Used at hundreds of universities

In U.S., China, India, Korea, Iran ...

New updated edition coming out 2011!

Available from:
www.elsevier.com
www.amazon.com
www.barnesandnoble.com




