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M+x

2
H2 ⇔ MHx + heat

ChemicalChemical (gas phase) Electro-chemicalElectro-chemical ( (alkaline 
media))

  M+xH2O + xe− ⇔ MHx + xOH−

Hydrogen sorption by metalsHydrogen sorption by metals

Schlapbach, Nature., 2001
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ThermodynamicThermodynamicss
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Thermodynamics of metal-HThermodynamics of metal-H  22 systems systems    

large hysteresis
in both cases

22 HPLn
F
TRE −=∆

T.B. Flanagan and F.A. Lexis, trans. Faraday Soc., 55 (1959) 1400-1409
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Kinetic analysisKinetic analysis
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Harmonic analysisHarmonic analysis
SLIT

Non-harmonic analysisNon-harmonic analysis

linear systems and reversible 
transformations

MethodologiesMethodologies
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EISEIS Experimental sectionExperimental section PISPIS
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non-harmonic EISnon-harmonic EIS
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non-harmonic PISnon-harmonic PIS
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H insertion mechanismsH insertion mechanisms
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physisorption
H2(g) <──>H2

surface

Dissociation
H2

surface   <──> 2Had
surface

Absorption
Had

surface <──> Hab
sub-surface   

Volume
Diffusion

Hab
sub-surface      <──> Hbulk

Phase
Transformation

Surface
diffusion

Gas phaseGas phase metalmetal

ChemicalChemical insertion of H insertion of H  22  
((mechanismmechanism))
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Comparison of insertion mechanismComparison of insertion mechanism
EIS single-phase domains

EIS two-phase domains

PIS single-phase domains

PIS two-phase domains
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Surface chemisorption of H2 into H

H+ reduction : formation of H adatoms
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Insertion mechanisms : only surface step differsInsertion mechanisms : only surface step differs
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Models for insertion inModels for insertion in
single-phase domainssingle-phase domains
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ElectricalElectrical model insertion of H model insertion of H  22
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ElectrochemicalElectrochemical ChemicalChemical
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ResultsResults
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NHEIS in single-phase domainsNHEIS in single-phase domains

electrochemical impedance diagrams
measured on Pd-H at 298 K at
E = +160 mV NHE.
(o) experimental harmonic;
(+) experimental non-harmonic with :
(f) Dt = 50 ms; (b) Dt = 25 ms;
(c) Dt = 2.5 ms; (─) model impedance

electrochemical impedance diagrams
measured on Pd-H at 298 K at
E = +60 mV NHE.
(o) experimental harmonic;
(+) experimental non-harmonic with :
(f) Dt = 50 ms; (b) Dt = 25 ms;
(c) Dt = 2.5 ms; (─) model impedance
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Comparison of EIS and PISComparison of EIS and PIS
E=+60mV PH2=9.82 mbar

22 HPLn
F
TRE −=∆
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Comparaison of rate parameters (298 K)Comparaison of rate parameters (298 K)

Rs/Rct = 333Rct/Rin = 5 Rs/Rin = 1667 

Comparison  of surface rates
 electrochemistryelectrochemistry chemistrychemistry

Electrochemical formation of surface
 H ad-atoms is much faster than 

the chemical process

High frequency time constant and sampling 
rate τc = Rs.C2 = 12400 sτc = Rct.Cdl = 3.65x10-3 s

fc = 10 kHz fc = 5x10-3 Hz

Chemical insertion of  H2  in palladium foil
is much slower than 

electrochemistry insertion. 

H+ + 1 e- <──> Had surface H2
surface   <──> 2Had

surface
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Conclusion and perspectivesConclusion and perspectives

 We are currently investigating the phase-transformation process in two-
phase domains using EIS and PIS

 Because of hysteresis, harmonic spectroscopies cannot be used to analyze
the hydriding kinetics of metals and intermetallic compounds

 Experimental electrochemical impedance diagrams have been obtained on Pd
using potential steps

 Experimental chemical impedance diagrams have been obtained on Pd
using PIS analysis

 Main kinetic differences between electrochemical and chemical processes
have been determined quantitatively

 We are also thinking about hyper-permeation from low-temperature
plasma experiments
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