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The electrode kinetics of oxidation and reduction of H2/H2O and 
CO/CO2 at the metal/yttria stabilized zirconia (YSZ) interface were 
studied using model metal wire electrodes contacting polished 
YSZ pellets.  The intent was to probe the reaction mechanisms by 
comparing the same reactions using different metals (Ag, Au, Cu, 
Ni, Pd, and Pt) under identical conditions relevant to fuel cell and 
electrolysis cell operation (e.g. including 50% H2/H2O and 50% 
CO/CO2).  Impedance spectra were measured at open-circuit 
voltage and under polarization, and polarization sweeps were 
performed.  The gas composition and temperature were varied to 
examine how the electrochemical measurements varied, to 
facilitate identifying the electrode rate-limiting processes.  Possible 
mechanisms that may explain these and other details are discussed. 
 

 
Introduction 

 
The solid oxide cell (SOC) appears to have an important role to play in a sustainable 

energy future; as a fuel cell it can provide clean electricity from fossil energy resources 
and as an electrolysis cell it can store renewable and nuclear energy as clean portable 
fuels. While significant progress has been made in improving the efficiency and 
durability of both types of SOCs, a better understanding of the electrode reaction 
mechanisms would help in identifying ways to improve them further, both from the 
standpoints of designing new electrodes and of understanding the mechanisms by which 
the cells degrade.   
 

The present work focuses on the reaction mechanisms at the negative-electrode.  The 
negative electrode most often used is a porous ceramic-metal (cermet) composite 
composed of an interpenetrating network of nickel and yttria-stabilized zirconia (Ni/YSZ) 
particles.  The electrochemical performance of this material is excellent for both fuel cell 
(H2 and CO oxidation) and electrolysis (H2O and CO2 reduction) operation.  To 
characterize the reaction mechanisms that take place at the Ni/YSZ interface, 
geometrically simplified model electrodes such as point-contact and pattern or felt 
electrodes, which are thought to act as single particle interfaces in a porous cermet 
electrode, can be employed (1).  Many workers have studied H2 oxidation at Ni/YSZ by 
performing electrochemical impedance spectroscopy and/or polarization sweeps at a 
variety of conditions, systematically varying the supplied gas composition and the 
operating temperature and observing how the electrochemical response varies. 

 
Despite all the work that has been done, the detailed kinetics of the electrode 

reactions are not well known (2).  Little work has been done comparing the same 
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reactions using different metals, even though this may be a good way to examine the 
kinetics of reactions occurring at the metal/YSZ interface. This work makes a 
comparative characterization of the electrode kinetics of several metals (Ag, Au, Cu, Ni, 
Pd, and Pt) under identical conditions, using model wire electrodes contacting a YSZ 
pellet electrolyte.   
 

In comparison to studies with model negative-electrodes using some of the same 
metals (a brief review follows), this study examines the electrochemical behavior of the 
metals at open circuit and under polarization, in systematically varied temperatures and 
gas compositions, including H2O- and CO2-rich gas atmospheres relevant to high reactant 
conversion during electrolysis or fuel cell operation.  By including the metal as another 
variable, the aim is to gain a better understanding of the reaction mechanisms for 
oxidation and reduction of H2/H2O and CO/CO2 at metal-YSZ interfaces.   
 
Prior Work 
 

A number of studies, using a variety of cell geometries, have been carried out with 
the intention of elucidating the reaction mechanisms.  Point-contact electrodes are often a 
metal wire, either bent or melted to a ball-shaped end.  Primarily Ni (3-15), but also 
sometimes Pt (6, 10, 12, 13), Au (6, 10), and Ag (6), have been used.  Others have 
investigated Ni (16-20) and Pt (21) pattern electrodes and the differences between 
multiple geometries including patterns, meshes, and porous (all-metal; not cermet) Ni 
electrodes (16, 22-25).  Many different metals (Au, Co, Fe, Mn, Ni, Pd, Pr, Rh, and Ru) 
were included in one study that used porous metal electrodes (26).   
 

The reaction mechanisms have proven very difficult to determine.  A number of 
possibilities have been proposed to explain experimental findings (2, 5).  Attempts have 
also been made to derive impedance models from chemical rate equations (9, 12, 16) and 
fit them to the data.  One reason that it may be difficult to put together a clear picture is 
the lack of consistency in the reported data: contradictory results have been reported for a 
given geometry and for different geometries.  For example, the number of impedance 
processes that have been identified for simple Ni point electrodes at similar temperature 
ranges varies from 1 to 3. The polarization resistance normalized to the three-phase 
boundary (TPB; the Ni/YSZ/gas interface) length has been reported to vary by 2 orders of 
magnitude (11).  In some cases Ni and Pt were found to have nearly the same 
electrochemical activity (6) while in others they were very different (21).  Finally, 
oxidation of H2 on Ni has been reported as several times faster than CO oxidation in 
some Ni electrode studies (27), while in others they have been reported as nearly equal 
(28).  While different electrode geometries and test set-ups might be able to explain some 
cases, it has become clear that impurities may be playing a large role in the 
inconsistencies, by complicating the interpretation of data and even by changing the 
reaction mechanism (2, 14, 29-32).  Specific relevant points from electrode kinetics 
literature will be further addressed below. 
 

Experimental 
 

Cells with a metal wire electrode contacting an 8 mol% YSZ electrolyte pellet 
(approximately 8 mm diameter and 3 mm thick) with a porous Pt-paste counter electrode 
were assembled in a single-atmosphere custom test rig.  The test set-up was similar to 
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that used in (15).  A pseudo-three-electrode set-up was used, with the relatively large 
counter electrode expected to contribute negligible resistance and therefore serving as 
reference electrode.   

 
The YSZ pellets were fabricated from Tosoh TZ-8Y powder.  The powder was used 

as-received and uniaxially pressed (187 MPa) followed by cold isostatic pressing (250 
MPa) for 30 s each.  The resulting pellets were sintered at 1550°C for 2 h in air.  One side 
of the pellets were then ground and polished in several steps, ending with 1 µm diamond 
paste.  Finer polishing was also tried on 2 pellets and this showed no effect on the 
impedance data; the measurements were reproducible with or without the extra polishing.  
AFM scans of the surface showed a smooth topography with a small concentration of 
holes.  The other side of each pellet was lightly ground.  The pellets were cleaned in 
ethanol in an ultrasonic bath.  The unpolished side was then painted with Pt paste. 

 
The metal wires had the following diameters and purity: Ni, 0.5 mm, 99.999% 

(Puratronic, Johnson Matthey); Cu, 0.5 mm, 99.999% (Puratronic, Johnson Matthey); Ag, 
0.3 mm, purity unknown; Au, 0.3 mm, purity unknown; Pd, 0.5 mm, 99.95%; Pt, 0.5 mm, 
99.95% (Ögussa).  The wires were cut and bent approximately 1 cm from the end, to 
form a round tip.  Some Ni wires were annealed and electropolished as described in ref. 
(15).  These wires had a smooth surface.  However, Ni wires used without the 
electropolishing step showed similar impedance.  Therefore, and since it would be 
difficult to similarly smoothen the other metals by electropolishing, all metals were 
simply heat-treated in a reducing atmosphere at 600°C after bending, to clean the surface 
of organic material.  The bent tip was examined in SEM or optical microscope.  The 
metal wires were then cleaned ultrasonically in ethanol. 

 
The test rig was first cleaned of any stray particles by carefully applying compressed 

air.  Four cells were assembled in the test rig in a laminar air flow chamber to try to avoid 
contamination.  Weights of 200-210 g were applied to each cell to make a stable contact 
(33).  The rig was then heated to an initial temperature of 1000°C or 850°C (for the tests 
that included silver, to stay below the melting point of silver) in 9% H2 / 91% N2 and 
switched to 3.6% H2O / 96.4% H2 upon arriving at the initial temperature.  The gas flows 
during this time and during the gas variations were set such that the total was 4.6 L/h.  
Impedance spectra (IS) were then continuously measured at open-circuit voltage (OCV) 
for each of the 4 cells.  IS measurements used 9 to 13 points per decade, from 1 MHz to 5 
or 100 mHz, with an AC RMS amplitude of 30 mV, using a Solartron 1255B+1287 or a 
Gamry Reference 600.  The series resistance (RS; the high-frequency intercept with the 
real axis) was monitored during and after heat-up to the initial temperature, while the 
contact area expanded due to the metal creep. 

 
Electrochemical impedance spectroscopy at OCV at varying temperature (700-

1000°C) and gas composition (CO/CO2/Ar and H2/H2O/Ar) was employed to 
“fingerprint” the electrochemical performance of the metal-YSZ interfaces.  Time was 
allowed for the cells to stabilize at each condition, measuring impedance spectra at OCV 
during the stabilization times.  Since it was found that the electrodes degrade over time, 
the temperature variation at 50% H2O/H2 and 50% CO2/CO was performed first, before 
the other gas variations, for the latter half of the cells tested.  Potential sweeps were then 
performed, as well as impedance under polarization.  Before each IS measurement under 
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polarization, the desired polarization was first held for 5 minutes of DC bias 
chronoamperometrically.  

 
After the test, the cells were disassembled and the electrode was lifted off the 

electrolyte surface.  Both surfaces were examined in the SEM to obtain the final contact 
area and perimeter (TPB length). 

 
Analysis of IS employed the method of condensing the impedance data by 

representing it with an equivalent circuit model.  Transformation of the data to a 
distribution function of relaxation times (DRT) (34) was first performed to facilitate 
identifying the number of processes, and after fitting the data to the equivalent circuit 
model the simulated spectra from the fitted model was also transformed to a DRT and 
compared with the DRT of the original data.  This enabled a more directed approach 
towards deciding on the model and then checking that the summit frequencies of the 
circuit elements corresponded to DRT peaks for the fit.  Simple equivalent circuits 
composed of serial RQ elements were used, where R is a resistor and Q is a constant 
phase element. 
 

Results and Discussion 
Initial Stabilization 
 

During the first 50 hours at the, initial temperature (850–1000°C), RS decreased 
logarithmically for each cell and stabilized to within 15% of the final value that was 
measured after 200-700 hours.  This was observed for each metal, as has been observed 
for Ni in the literature (31).  The Newman relation (35) 

r
1

4 σ⋅ RS⋅
 

has been shown to approximate the contact radius for point-contact electrodes on solid 
electrolytes with dimensions on the same order of magnitude as those used in these tests.  
Therefore, the creep of the metal wires which resulted in the initial growth of the contact 
area was mostly complete by hour 50.  Most metals continued to creep slowly during the 
remainder of the tests.  Pt crept relatively little compared to the rest.   
 
Data Normalization and Reproducibility 
 

Since the reaction sites have been linked to the TPB (4, 19, 22), the TPB length 
(TPBL) may be a useful metric to normalize resistances (6).  Whereas the contact area 
has a different meaning than the nominal area usually discussed in regards to porous 
electrodes, it is a useful metric to handle capacitance across the metal-YSZ contact.  The 
contact area and perimeter (TPBL) measured from SEM micrographs of the flattened area 
of the metal wire ( 

Figure 1) agreed with the areas on the YSZ surface that exhibited differences in 
topography relative to the smooth surface outside the contact area (11, 14, 29-31).  Areas 
and perimeters calculated using the Newman relation with the final RS value from a test 
were lower than the SEM-measured values.  The perimeter was often rough and 
significantly longer than that corresponding to a perfect circle.  Correction factors were 
developed and used to estimate the contact area and perimeter during the test.  The details 
of this procedure will appear in a full paper about this work.  
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Using these normalizations and corrections, the length-specific polarization 

resistances (LSRP) of the cells were found to be reproducible, e.g. the relative standard 
deviation of LSRP between electrodes of the same material was less than 20% for 5 Ni 
electrodes (including both electropolished and rough Ni electrodes) and less than 5% for 
2 Cu electrodes. 
 

 

 
 
Figure 1. SEM micrographs of the flattened contact areas of representative wires of each 
metal. The scale bar shown in each is 100 microns.  The smooth electropolished Ni wires 
are not shown.  Large pieces of YSZ electrolyte were sometimes attached (not shown).  
The 3 lowest melting point metals (Cu, Ag, Au) crept the most, resulting in the largest 
contact areas.  Both Pd wires formed a crack when bent, which did not heal, resulting in 2 
separated contact areas. 
 
 
Impedance Spectroscopy at OCV 
 

The procedure for fitting the impedance spectra demanded a circuit model composed 
of 3 serially-connected RQ elements, LR(RQ)1(RQ)2(RQ)3, to achieve a fit with minimal 
error.  The inductance L, usually associated to artifacts of the set-up, was minor in 
comparison to the magnitudes of the cell impedance, so most fits were performed without 
L and by discarding the high frequency range at which L contributed (which was much 
higher than any contributions from the cell response).  For the Ni electrodes at 1000 °C, 
the high-frequency arc 1 had n-values (for the constant phase element) close to unity 
(>0.97).  For the mid-frequency arc 2, n was around 0.95.  For the low-frequency arc 3, n 
was around 0.73.  The n-values were therefore constrained to these values during the fits 
presented in  

Figure 2.  Sometimes a fourth small high-frequency arc was found (visible in  
Figure 2b), which contributed <1% to the total impedance.  This can likely be 

ascribed to the porous Pt counter electrode: a symmetrical cell with this electrode painted 
on both sides of an 8YSZ pellet was tested and the magnitudes and summit frequency of 
the impedance response agrees well with this minor arc.  The fitted data was compared to 
the distribution of relaxation times of the original data ( 

Ni 

Cu 

Pd

Ag

Pt

Au
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Figure 2c) as described earlier.  The fitted data represent the distribution well, 
supporting the validity of the fit. 
 

 
Figure 2. Various impedance spectra fitted to the equivalent circuit model, for cell Ni 1 at 
1000°C at various conditions (a-e) and on cell Cu 1 at 1000°C in one condition (f). 

 
  
On the Ni electrode, it appears that an increase in pH2O causes a decrease in the 

impedance of the lower-frequency RQ elements, so much so that one process becomes 
negligible ( 

Figure 2d).  A change to a gas composition of 50% CO2/CO seems to enlarge all three 
processes ( 

Figure 2e).  These changes are also apparent in the frequency domain (not shown).  In 
some conditions, the three processes appear more separated ( 

Figure 2f). 
 
The decrease in RP with increasing pH2O might be due to gas concentration 

resistances associated with the set-up, although such contributions are expected to be 
negligible for point electrode tests (36, 37).  Such processes should not be thermally 
activated, but all three processes appear to have a strong and similar temperature 
dependence (Figure 3c).  Other observations further support the conclusion that gas 

pH2O = pH2 = 0.50 

pCO2 = pCO = 0.50 

(a) 

(b)

(c) 

(d)

(e) 

pH2O = 0.036, pH2 = 0.964

(f) 
Cu 1 

pH2O = 0.50, pH2 = 0.03, pAr = 0.47 
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concentration processes are not represented in the arcs.  The arcs might correspond to 
charge transfer, adsorption of the reactants and surface diffusion.  Adsorption and surface 
diffusion would likely be affected by the gas composition and the metal.  The pH2O 
observations suggest that for Ni some of these processes are activated by H2O, as has 
been reported (3, 4, 7, 23).  

 

  
Figure 3. Arrhenius plots of LSR (a) and quasi-equivalent capacitances (b) associated 
with the fitted impedance processes which contribute to RP for cell Ni 1, in 3.6% H2O/H2.  
The activation energy (Ea) of RP and the contributing processes is ~1.6 eV, which agrees 
with literature for coarse simplified geometries in this temperature range (7, 22).  
 

Figure 4. Comparison of impedance spectra recorded under the same conditions for Ni 
and Pd (a-b) and for Ni and Cu (c-d).  For Cu, the fluctuations are not measurement noise. 
 

Pd exhibits the opposite behavior: RP increases with an increase in pH2O.  The 
impedance reponse of Ni and Pd are compared in Figure 4a-b.  As with Ni, RP decreases 
for the Cu electrode with a change from ~4% H2O/H2 to 50% H2O/H2.  However, another 
gas variation that holds pH2O at 0.5 and increasingly dilutes the balance H2 with argon 

b) a) 

(a) Ni 
     850 °C 

(b) Pd 
      850 °C 

(c) Ni 
     1000 °C 

(d) Cu 
     1000 °C 
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increases RP significantly for Ni but decreases for Cu (Figure 4c-d).  The activation 
energies of RP differ for the different metals, and sometimes depend on the gas 
composition (Figure 5).  Clearly, impedance data show that the behavior of the different 
metals is very different in the same conditions, suggesting different reaction mechanisms.  
Then, the electrocatalytic activities may be more complicated than a single correlated 
property of the metals could describe (26, 38).  

  
Figure 5. Arrhenius plots of the total RP for various metals in 3.6% H2O/H2 (a) and 50% 
H2O/H2 and 50% CO2/CO (b).  The relative performance of the metals differs 
considerably from that reported by refs. (6) and (26), possibly due to different gas 
atmospheres or effects of different amounts of impurities.  
 
Potential Sweeps 
 
 Like the AC measurements, DC polarizations revealed interesting and different 
behavior between the metal electrodes (Figure 6).  Cu and Ni gave similar curve shapes 
(Ni achieving superior current density for both anodic and cathodic polarization), 
whereas Pd gave a uniquely shaped curve with greater cathodic activity than anodic 
activity for both H2/H2O and CO/CO2.  In H2/H2O, the OCV measurements described 
above which showed that RP was lower for lower pH2O for Pd may explain why the 
activity would increase moreso during cathodic than anodic polarization.  Normalized to 
TPB length, the Pd electrode was more active cathodically than Ni, suggesting that Pd 
might work well as part of an electrolysis cell cathode for splitting H2O and CO2.  
 

Conclusions and Future Work 
 
Several metal wires were systematically characterized as model electrodes for solid 

oxide cells.  Some notable preliminary results and interesting electrochemical phenomena 
unique to certain metals were summarized.  Further analysis to identify the electrode rate-
limiting processes and link them to reaction mechanisms is ongoing.  The methods and 
results described appear promising to make progress towards determining the 
mechanisms of H2/H2O and CO/CO2 oxidation/reduction reactions at metal-YSZ 
interfaces. 
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Figure 6. Potential sweeps of the Ni, Cu, and Pd electrodes in H2O/H2 and CO2/CO 
atmospheres, at 850°C and 1-2 mV/s. 
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