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PEM Fuel Cell: Macroview

2H2 + O2 → 2H2O + 1.2V

Volts = Energy/electron

This is the WRONG reaction
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Opps
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Half-Reactions in PEM Fuel Cells

H2 →Pt 2H+ + 2e− 4H+ + 4e− + O2 →Pt 2H2O + Heat
Hydrogen Oxidation Reaction Oxygen Reduction Reaction
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Other Types of Fuel Cells
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3D View of a PEM Fuel Cell
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Along-the-Channel Slice

0.5 − 1.0 meter

Water flux

mµ25−50 

mµ   250

m   250 µ

Oxidant
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Cathode GDL
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Anode GDL
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Dimensionless Quantities

Cathode (Air) Stoich

Sc =
QO2

IT/(4F )

Anode (Fuel) Stoich

Sa =
QH2

IT/(2F )

Local Water transfer

α = Jw
I/(2F )

Aspect ratio 2000 : 1
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Ionomer Membranes: Network Formation
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Slow Transients in Nafion Hydration

In-situ MRI data of Nafion membrane exposed on one side to liquid water and
on the other air at 20% RH.
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Membrane Macroscopic Properties

that there is a threshold amount of sorbed water at which
proton conductivity turns on and then increases with water
activity. The water sorption data from Figure 2 was com-
bined with the conductivity measurements to identify the
percolation threshold. Equation 9 is the volume fraction of
the hydrophilic domains, (fþ); this is given by the sum of
the volume of the sulfonic acid groups and the volume of
sorbed water divided by the swollen volume of the polymer.

/þ ¼
qpolymer

!VSO3
EW þ Vsorption

!V

1þ eð Þ3
(9)

The molar volume of the sulfonate group is %40 cm3/mol.45

Figure 5 plots the conductivity as a function of the hydro-
philic volume fraction of the polymer on a linear scale. The
percolation thresholds for proton conductivity are readily
identified as the onset for rapid increase in the proton con-
ductivity: (fþ)c,Nafion ¼ 0.1 and (fþ)c,SPEEK ¼ 0.3. The con-
ductivity data have been fitted by quadratic functions, rp ¼
r0 (fþ & (fþ)c)

2 which is the expected functional depend-
ence predicted by percolation theory.46–51 The large differ-
ence in the critical condition for percolation between Nafion
and SPEEK suggest the hydrophilic domains in the two poly-
mers have different microstructures.

DISCUSSION

Water sorption and proton conductivity data show similar-
ities and differences between Nafion and SPEEK which may
provide insight into the structure of these two polymers.
Water adsorption isotherms for Nafion and SPEEK were fit
by a hydration shell model with a first hydration shell of 4
water molecules. The proton conductivity increased quad-
ratically with increasing water activity above the percolation
volume threshold for both Nafion and SPEEK. The data

showed two major differences in water sorption and proton
conductivity between Nafion and SPEEK.

1. Water sorption in Nafion had a positive excess volume of
mixing, while water sorption in SPEEK had a large nega-
tive excess volume of mixing.

2. The hydrophilic volume fraction percolation threshold for
proton conductivity is much lower in Nafion than in
SPEEK.

These differences in macroscopic properties results suggest
that there are differences in the hydrophilic domain micro-
structures of Nafion and SPEEK.

The spherical cluster model of hydrophilic domains proposed
by Gierke has been the common starting point to account for
the transport and mechanical properties of polymer electro-
lyte membranes.16,17 This model is based on analogy to
inverse micelles of hydrophilic groups in a hydrophobic sol-
vent.52–54 To minimize the repulsive interaction energy
between the hydrophilic domains (sulfonic acid groups and
water) and the hydrophobic matrix, the hydrophilic groups
are assumed to form spherical clusters.55–63 As water is
sorbed the spheres expand and begin to touch each other. At
the percolation threshold, the hydrophilic clusters form a
continuous path through the matrix, and the proton conduc-
tivity increases exponentially with the volume fraction of
hydrophilic domains.

The threshold for percolation depends on the shape of the
objects.46,48,64 It has been proven that for randomly dis-
persed spherical clusters in a matrix the percolation thresh-
old for conduction, fc, occurs at a volume fraction of 0.28–
0.3.46 The percolation threshold for rods and ellipsoids is
less than that for spheres and depends on the aspect ratio of
the particles. Above the percolation threshold the conductiv-
ity should increase as a power law, r ¼ (f & fc)

a, where
the exponent is a universal constant dependent on the
dimensionality of the network. For three-dimensional net-
works a ' 2.46

If the sulfonic acid groups aggregate as spherical domains,
then they should sorb sufficient water to achieve a hydro-
philic volume fraction of 0.3 for conduction paths to span an
infinite matrix of the polymer electrolyte. This is true for
spherical inclusions in a continuum independent of the size
of the domains. Whether each sulfonic acid group defines
spherical domains 1 nm apart, or if there are spherical clus-
ters of 100 sulfonic acid groups spaced 5 nm apart, the per-
colation threshold is only dependent on the critical volume
fraction of the hydrophilic domains. The percolation

FIGURE 5 Proton conductivities of 1100 EW Nafion and 555 EW

SPEEK at 60 and 80 (C as functions of hydrophilic volume frac-

tion. The onset of the quadratic rise with volume fraction is

identified as the critical fraction for percolation. The solid lines

are fits to the data r ¼ r0(fþ & (f_)c)
2. Values of r0 and (fþ)c

are listed in Table 2.

TABLE 2 Proton Conductivity Parameters for 555 EW SPEEK

and 1100 EW Nafion

Ionomer Temperature ((C) r0 (S/cm) (fþ)c

1100 Nafion 60 1.3 0.1

1100 Nafion 80 2 0.1

555 SPEEK 60 0.12 0.3

555 SPEEK 80 0.26 0.3

WWW.POLYMERPHYSICS.ORG FULL PAPER
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saturated-vapor reservoir is significantly lower than that in a liquid–water
reservoir. This is an important issue since fuel cells are often operated with
humidified gases, resulting in situations where there is liquid water on the
cathodic side of the membrane and only water vapor on the anodic side.
With this introduction,one can now dissect the isotherm and relate it to the
membrane microstructure.

The general structure of Nafion®, and ionomers in general, as a function
of water content has been the source of many studies, as recently reviewed
by Mauritz and Moore [22] and Kreuer et al. [4]. The experimental data show
that a hydrated membrane phase segregates into ionic and matrix or nonionic
phases. The ionic phase is associated with the hydrated sulfonic acid groups,
and the matrix phase with the polymer backbone. Thus, water is associated
with the hydrophilic ionic phase and not the hydrophobic matrix phase. The
actual way in which the phases segregate within the polymer depends on the
water content and other factors including pretreatment procedures, operating
temperature, side-chain length, and equivalent weight, to name a few. Finally,
based on various experimental data, all species transported through the mem-
brane move by way of the ionic phase [10,23,24]. Therefore, the nonionic
fluorocarbon matrix can be taken as inert. Its roles are to add mechanical
strength and hydrophobicity, thus aiding in the membrane microstructure
and preventing dissolution.

Starting from the dry-membrane case, water initially hydrates the sulfonic
acid sites and allows them to dissociate partially. This first water is very tightly
bound and hard to move. The next few water molecules serve to hydrate the
sulfonic acid sites further beyond their primary shell. This allows for a reor-
ganization of the membrane microstructure into ionic and nonionic domains.
Consequently, the conductivity of the membrane greatly increases when this
occurs (λ ! 2) [25]. As the membrane continues to take up water, the ionic
domains continue to organize and enlarge. The ideal picture of this phase
segregation is known as the cluster-network model first proposed by Hsu
and Gierke [24]. In this idealized picture, the water is contained in a spherical

54 Adam Z. Weber and John Newman
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Figure 2.4 Water-uptake isotherm at 25°C showing the effect of Schröder’s paradox.
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(left) Conductivity of Nafion is sensitive to pre-treatment, water uptake, and tem-
perature, but generally exceeds that of other ionic conducting membranes.
(right) Water uptake of Nafion increases with ambient RH, and is discontinuous
from saturated vapor to liquid water.
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Catalyst Layer

!!

Carbon support material forms agglomerates (left) which are interpenetrated by
ionomer material (right).
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Platinum Catalyst

!

!
At the anodeH2 is catalyzed intoH+, which is conducted by the ionomer and e−

which travels through the Pt and carbon support.
At the cathode H+ from the ionomer, e− from the external circuit, and O2 from
the GDL meet on the Pt surface, completing the reaction.
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MEA and 3M Anode Catalyst

Approach: Cell Assemblies 
� Utilize various assemblies to elucidate governing and controlling phenomena 

 

 

 

 

 

 

 

Material Baseline Alternative 1 Alternative 2 

Membrane 3M 850 EW 

Catalyst layer NSTF PtCoMn Low-loaded traditional 

GDL MRC SGL  Freudenberg 

MPL Hydrophobic None 

Flow field Quad serpentine 

Bipolar plate Solid Hybrid (one WTP) 

6 

Cross-sectional view of Membrane-Electrode Assembly (MEA) showing the ionomer
flanked by the anode and cathode catalyst layers. The cathode catalyst is a tradi-
tional carbon-support/Pt agglomerate while the anode catalyst is the 3M Nano-
structured thin film (NSTF) from Pt-Ni alloy.
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Butler-Volmer Equations

Open Circuit Potential
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Over-potentials ηa and ηc describe non-equilbrium loss of voltage
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Cell Voltage– Polarization Curve
The membrane resistance is a function of membrane water content

Rm = Rm(λ),

The catalyst oxygen conc. is a function of current and water content (flooding)

CO(cat) = CO(ch)− Iδ.
The cell voltage is given by

U = Eo −Rm(λ)I − η(I, CO(ch)).
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Fuel Cell Power: 0.5 Watts/cm2 × 300 cm2 = 150 Watts/cellt
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Cathode Overpotential
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At non-zero currents the cathode over potential takes the form

ηc ≈

Tafel Slope︷ ︸︸ ︷
RT

αcF
ln

(
I

io,c

(
cO,ref

cO( ch )− δI

))
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1+1D Unit Cell Models – Quasi-Steady Along the Channel

0.5 − 1.0 meter

Water flux

mµ25−50 

mµ   250

m   250 µ

Oxidant

Fuel

Bipolar Plate −

Cathode GDL

Bipolar Plate +

Anode GDL

Membrane

Cathode Oxygen flux Qc,o(x)
Cathode Vapor flux Qc,v(x)
Cathode Nitrogen flux Qc,n(x)
Water cross-over/proton α(x) (An. 7→ Cath.)
Anode Hydrogen flux Qa,h

Anode Vapor flux Qa,v

Coolant Temp. Tcol

Reservoir Temp. Tr

Ignore build up of liquid water in channels.

Exploit aspect ratio: couple 1D, steady-state transport for gas phases in chan-
nel with time dependent, 1D transport through MEA and accumulation of heat
in coolant phase.
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Channel Equations at Equilibrium

The through-plane current I = I(x) drives the gas composition in channel
dQc,o
dx

= −I(x)Lw
4F

, Cc,o = Pc
RTc(x)

Qc,o
Qc,o+Qc,v+Qc,n

,
dQc,v
dx

= (1 + α(x))I(x)Lw
2F

, Cc,v = Min
{

Pc
RT (x)

Qc,v
Qc,o+Qc,v+Qc,n

, Psat(Tc)
RTc(x)

}
,

dQc,n
dx

= 0, Cc,n = Pc
RTc(x)

Qc,n
Qc,o+Qc,v+Qc,n

,
dQa,h
dx

= ±I(x)Lw
2F

, Ca,h = Pa
RTa(x)

Qc,h
Qa,h+Qa,v

,

dQa,v
dx

= ±αI(x)Lw
2F

, Ca,v = Min

{
Pa

RTa(x)

Qa,v

Qa,h +Qa,v
, Psat(Ta)
RTa(x)

}
,

The coolant temperature is transient and coupled to resevoir
∂

∂t
(ρcTcol) + ∂x (ρcTcolvg) = NTLw, Tcol(0, t) = Tr(t),

dTr

dt
= q(T out

col − Tr)− r(Tr − Tamb)
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GDL: Transient Multiphase flow

Degenerate transport of liquid water
Disparate time scales:

10−6s for pressure
103s for liquid flow

Co Oxygen Molar Conc. T Temperature
Cv Vapor Molar Conc. β Liquid Vol. Frac.
Cn Nitrogen Molar Conc. C Total Gas Conc.

Conservation of Energy and Mass: (Γ denotes liquid-vapor phase change rate)

∂
∂t

((1− β)C) + ∂y(

Ng︷ ︸︸ ︷
CUg) = −Γ,

∂
∂t

(ρcT ) + ∂y((

NT︷ ︸︸ ︷
ρcU)T − κ̃∂yT ) = hlgΓ,

∂
∂t

((1− β)Co) + ∂y(

No︷ ︸︸ ︷
CoUg + Jo) = 0,

∂
∂t

((1− β)Cv) + ∂y(

Nv︷ ︸︸ ︷
CvUg + Jv) = −Γ,

∂
∂t

(clβ) + ∂y(

Nl︷ ︸︸ ︷
βclUl) = Γ.
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Constitutive Relations:
Pg = CRT, Ideal Gas Law

Ug = −Kkrg(β)
µg

∂yPg, Darcy’s Law-Gas

Ul = −Kkrl(β)
µl

∂yPl, Darcy’s Law-Liquid

[Ji] = M−1[∂yCi] Maxwell Stefan Flux

Pc = Pg − Pl = L(β), Leveret-like Capillary Pressure.

Γ = H(β)(Cv − C sat (T )), Condensation-Saturation

Capillary pressure and relative per-
meability form nonlinear diffusivity

f(β) = βkrl(β)L′(β).

∂
∂t

(β)−D∂y(f(β)∂yβ) = Γ/cl

f(  )`

(Teflonated)
Hydrophobic

 Hydrophillic
 (sand)

`*̀

x 100
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Non-dimensional Form of GDL equations
Collect the fluxes and unknowns

~N = (Ng, NT , No, Nv, Nl)
t and ~V = (C, T, Co, Cv, β)t

The full problem can be written as(
M(~V )~V

)
τ

+
(
D(~V )∂y~V

)
y

= ~S Γ,

where ~S = (−1, 1, 0,−1, 1)t is the scaled stoichiometry vector for phase change
and the matrixD is given by

D = −


RgkrgTC RgkrgC

2 0 0 0
δlClgT 2 δlClgCT +RT 0 0 RcTf(β)(

RgkrgT − 1
C

)
Co RgkrgCCo 1 0 0(

RgkrgT − 1
C

)
Cv RgkrgCCv 0 1 0

Rlβkrl(β)T Rlβkrl(β)C 0 0 Rcf(β)/δl


The local current production I is the driving force: fluxes at membrane
proportional to I . A large charge flow is a small molar flux:

I = O(10−2)
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Membrane-Catalyst Layer Coupling (Boundary conditions)

!

Membrane equilibrium hydration levels func-
tion of GDL RH level r,

c∗(r) = 0.043+17.81r−39.85r2+36.0r3.

Flux out of membrane proportional to disequi-
librium

γ(cw)

disequilibrium︷ ︸︸ ︷
(c∗w,a − cw,a) =

Flux︷ ︸︸ ︷
JGDLw,a = Jmw,a +

I

F
,

γ(cw)(cw,c − c∗w,c) = JGDLw,c = Jmw,c +
3I

2F
.

γ � 1 controls membrane water loss.
Heat Production in Catalyst

Q heat =

(
Thrc

4F
+ ηc

)
Ic − hvγ(cT − c∗T (r)).
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Break PDE into Dry, Two-phase, and a Boundary Layer regimeO
(
I√
H

)
.

Exact solutions in Dry and Two-phase yield flux imbalance at wet-dry interface.
Leads to explicit ODE for slow front evolution.

K.P., J. Stockie, B. Wetton, Proc. Roy. Soc. London: Series A 462 (2006).
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Fuel Cell Stacks

A single 60cm×30cm cell, operating at 1 Amp/cm2 and 0.6 Volts produces about
a kilowatt in power. Automotive applications, which require almost a MegaWatt of
power require Stacks.
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Carbon Corrosion

Oxygen Reduction/Reverse Oxygen Reduction (o) O2 +4p++4e−
 2H2O,
Hydrogen Oxidation/Hydrogen Evolution (h) H2 
 2p++2e−,
Carbon Oxidation (c) C+2H2O⇀ 4p+ + 4e− + CO2

Common Electrode potential, for reaction r=o, h, c, at anode/cathode

Ea/c = Er,ref +Nr(Co, Ch) + ηr(ir),
Vcell = Ec − Ea −RΩI,

ir = ir,ref

{
exp

(
αrFηr
RT

)
− exp

(
−(1− αr)Fηr

RT

)}
,

Small current ir ≈ ηr/Rr,

Large current ηr ≈ RT
αrF ln ir

ir,ref

Each reaction competes to provide the local current I(x)

I(x) = ic(x) + io(x) + ih(x)

Oxidation reactions (producing electrons) i > 0 and η > 0,
Reduction reactions (consuming electrons) i < 0 and η < 0
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Kinetic Parameters

Reaction Nerst Eref iref αr
Carbon Ox. (c) - 0.207V 1.1 10−5 A

m2 0.324
Hydrogen Ev. (h) CrefH2

= 100mol
m3 0 ηh = Rhih Rh = 0.10Ω-cm2

Oxygen Red. (o) CrefO2
= 40.9mol

m3 1.28V 9.3 10−4 A
m2 1.0

Rev. Ox. Red. io > 0 - ηo = Roio Ro = 0.01Ω-cm2

Oxygen/Hydrogen cross over,A = 3× 10−3 m/s,

Jr = A(Cr,a − Cr,c)

Unknowns

Anode and Cathode catalyst layer conc. Co,a, Ch,a Co,c, Ch,c
Partial currents io,a, ih,a, ic,a io,c, ih,c, ic,c
Local current I(x) I(x)
Anode and Cathode potentials Ean Ecat
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Base case– Coflow
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ihc, approx 2.3 mA/cm2 
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An/Cat 2.2/2.0 barg, stoich=1.2/1.8, IT = 1 A/cm2, Vcell = 0.635V.
Small hydrogen oxidation current (2.3 mA/cm2) on cathode due to hydrogen
crossover. This current is present at open circuit and causes the drop in open
circuit voltage from 1.28 to 0.95V.
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Partial Anode Understoich (idle)
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An/Cat 2.2/2.0 barg, stoich=1.1/1.8, IT = 30 mA/cm2, Vcell = 0.845V.
Hydrogen cross-over drives cell to anode understoich. Oxygen reduction at
anode (from crossover) and Reverse Oxygen reduction at cathode. Elevated
cathode pot leads to sig. carbon corrosion. (1 mg of carbon/hour = 6×10−4A).
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Partial Anode Understoich (idle)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

channel length

vo
lta

ge

Electrochemical Potentials

Ec 

Ea 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2
x 10−4

channel length

ox
id

at
io

n 
cu

rre
nt

 A
/c

m
2

Cathode Carbon Oxidation Current

An/Cat 2.2/2.0 barg, stoich=1.1/1.8, IT = 30 mA/cm2, Vcell = 0.845V.
Hydrogen cross-over drives cell to anode understoich. Oxygen reduction at
anode (from crossover) and Reverse Oxygen reduction at cathode. Elevated
cathode pot leads to sig. carbon corrosion. (1 mg of carbon/hour = 6×10−4A).
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Anode Understoich – Coflow
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Anode Carbon Oxidation

An/Cat 2.2/2.0 barg, stoich=0.8/1.8, IT = 1 A/cm2, Vcell = −0.575V.
Current near inlet is limited only by hydrogen mass transfer on anode. On cath-
ode oxygen reduction (at mass transfer limit) plus hydrogen evolution. After
depletion of hydrogen, anode and cathode pot. rise, leading to reverse oxygen
reduction on anode, hydrogen oxidation and oxygen reduction on cathode.
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Fuel Cell Issues

Would like higher temperature operation to
avoidCO poisoning, reduce the Cheetah effect,
and improve the performance of non-precious
metal (cheaper) catalysts.

Requires the development of new (cheaper,
higher temperature) polymer electrolyte
membranes

Lower Pt loading (mg/cm2). Catalyst layers can
degrade when run at high voltage, mostly due to
understoich (Carbon Corrosion). Pt dissolution
is also a long-term degradation worry.

Liquid water builds up in catalyst layers and
clogs oxygen transport (Flooding). Also freeze-
thaw issues.
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