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Impedance spectroscopy study of Au electrodes on Gd-doped CeO2 (GDC) – 
Molten Li2CO3+Na2CO3 (LNC) composite electrolytes 
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H I G H L I G H T S  

• No interface contribution to ionic conduction in molten carbonate GDC composites. 
• GDC is catalytic to Au electrode in molten carbonate in O2, but not in presence of CO2. 
• CO2 adsorbs on and blocks GDC surfaces, but not LiAlO2 surfaces. 
• No benefit of GDC composite over traditional MCFC LiAlO2 composite and NiO cathode. 
• Two-step O2 reduction and mass transport by peroxide (in O2) or oxycarbonate (in CO2).  
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A B S T R A C T   

We herein report an impedance spectroscopy study of Au electrodes on Gd-doped CeO2 (GDC) – molten 
Li2CO3+Na2CO3 (LNC) composite electrolytes in O2 and O2+CO2 atmospheres. Complementary measurements of 
Au on GDC alone are provided for supporting insight. We find that the adsorption of CO2 on GDC in O2+CO2 
atmospheres effectively blocks oxygen adsorption and severely slows oxygen reduction kinetics. The conductivity 
of the composite is dominated by the GDC phase in the solid-solid temperature region, while the LNC phase 
dominates above its melting point, and no further enhancement e.g. by interfacial effects are found. The 
incorporation of LNC melt into GDC results in a significant reduction in the polarisation resistance of Au elec-
trodes in O2 atmospheres, as the melt mediates the reaction by a peroxide mechanism. In O2+CO2 atmospheres, 
however, the polarisation resistance of Au electrodes on GDC-LNC membranes is significantly higher, higher 
even than that on GDC. This we assign again to the blocking adsorption of CO2 (or carbonate) on the surfaces of 
ceria and the sluggish transport and reactions now mediated by carbonate-carried oxide species (CO4

2− ) instead 
of peroxide species.   

1. Introduction 

Composite electrolytes comprising an oxide ion conducting doped 
ceria frame impregnated with a mixture of alkaline carbonates show 
conductivities above 0.1 S cm− 1 at 600 ◦C and are suggested candidates 
for what is referred to as molten carbonate fuel cells (MCFCs) or inter-
mediate temperature solid oxide fuel cells (ITSOFCs) [1,2]. 

In MCFCs, the cathode side is fed with a mixture of O2 and CO2 and 
the oxide ions (O2− ) formed in the cathodic reaction combine with CO2 
to form carbonate ions, which migrate to the anode side [3]. At the 
anode side, the oxidation of fuel (say H2) to H2O occurs by means of the 
carbonate ions, with regeneration and need for recycling of CO2. 

The molten carbonate phase supports conductivity by carbonate ions 
and alkali metal ions, with minor additional contributions from other 
ionic species like oxide and hydroxide ions dissolved in equilibrium with 
O2 and H2O in the gas phase. The introduction of oxide ion conductors 
like GDC instead of the traditional LiAlO2 ceramic phase aims to increase 
the oxide ion conductivity to increase the overall electrolyte conduc-
tivity, to speed up electrode kinetics, or achieve mixed carbonate and 
oxide ion conductivity for use in CO2-permeable membranes. In addition 
to transport in the oxide phase and the molten phase, some researchers 
have proposed enhanced transport, including the existence of highly 
conducting space-charge layers (“superionic highways”) at the solid 
oxide - molten carbonate interface, embraced in many publications to 
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justify the high conductivity of solid oxide - molten carbonate composite 
electrolytes [4–9]. Other studies, however, have shown similar con-
ductivities for CeO2-LNC and GDC-LNC as for LiAlO2-LNC (LNC =
Li2CO3/Na2CO3 eutectic) [10,11], Discrepancies may to some extent be 
ascribed to the neglect of the instability of the carbonate phase in 
CO2-free atmospheres. 

The complexity of the reduction of O2 at the cathode generally de-
termines the overall performance of MCFCs and “ITSOFCs” based on 
molten carbonate composites [12–15]. Still, electrode reactions on 
composite electrolytes comprising oxide ion conducting ceramics and 
molten carbonate have so far not been studied experimentally in a sys-
tematic fashion. 

The molten carbonate phase has been shown to facilitate the 
cathodic oxygen reduction reaction (ORR) when present in 
La0.8Sr0.2MnO3+δ+Ce0.8Gd0.2O2-δ (LSM + GDC) [16] and La0.6Sr0.4-

Fe0.8Co0.2O3-δ+Gd0.2Ce0.8O1.9 (LSCF +GDC) [17] composite cathodes in 
CO2-free atmospheres. It was suggested that this relies on fast oxygen 
transport through the molten carbonate phase by a cooperative 
“cogwheel” (or “paddle wheel”) type mechanism of oxygen atoms 
forming CO4

2− species with – and jumping between – CO3
2− ions. 

Computational studies support the thermodynamic stability of CO4
2− in 

CO2-free atmosphere and the cooperative ‘cogwheel’ type O transfer in 
oxide-carbonate composite electrolytes [4,18,19]. One of these studies 
suggested that the O cogwheel transport in yttria-stabilized zirconia 
(YSZ) − Li2CO3+K2CO3 composites could be faster through the 
oxide-carbonate interphase than through the bulk carbonate phase [4]. 
However, Chen et al. [20] showed by in situ Raman spectroscopy that 
peroxide (O2

2− ) is the only stable oxygen species in Li2CO3+K2CO3 
melts in CO2-free atmospheres. In O2+CO2 atmospheres, however, only 
CO4

2− or C2O6
2− species were identified, no peroxide [21]. Following 

the spectroscopic results of Chen et al. and seeing that CO4
2− and C2O6

2−

are not present in CO2-free atmosphere, the lower polarisation resistance 
(Rp) for ORR when molten carbonate is added to LSM + GDC or LSCF +
GDC cathodes must be explained by peroxides – and not CO4

2− – as the 
active oxygen species. 

The present work is to our knowledge the first attempt of an exper-
imental study of the electrode kinetics and mechanism on oxide-molten 
carbonate composite membranes. We use gold (Au) as a model electron 
conductor, and compare its behavior on GDC-LNC composite mem-
branes with that on simple GDC and composite LiAlO2-LNC membranes. 

2. Experimental methods 

2.1. Preparation of composite membrane 

GDC nanopowder (Ce0.8Gd0.2O2-δ, Sigma Aldrich, <100 nm) was 
coarsened at 1500 ◦C for 1 h. The coarsened powder was ground with a 
binder (20 drops g− 1) in a mortar into a fine powder. The binder used 
was 5 wt% PARALOID B-60 + 5 wt% PARALOID B-72 + 90 wt% ethyl 
acetate. The powder was pressed into disks (20 mm diameter and 2.5 
mm thickness) at a force of 7 tons for 3 min. The pellets were then 
sintered at 1500 ◦C for 4 h, to a relative density of 70 ± 2%. A mixture of 
Na2CO3 (Sigma Aldrich) and Li2CO3 (Sigma Aldrich) in the eutectic 
composition (48:52 M ratio) was melted in an alumina crucible at 700 ◦C 
by using a split vertical tube furnace. The sintered GDC pellet, sus-
pended at the end of a platinum wire, was preheated just above the 
crucible with the molten carbonate eutectic for 30 min and then dipped 
into and fully immersed in the melt for 90 min. The impregnated pellet 
was pulled out of the melt and further out through the column of the 
furnace very slowly to avoid pellet breakage. The composition of pellets 
was typically ~70 vol%, GDC, ~30 vol% LNC, and <3 vol% porosity. 

Precursors for the preparation of LiAlO2-LNC composite membranes 
(LiAlO2 (Sigma Aldrich), Na2CO3 (Sigma Aldrich), and Li2CO3 (Sigma 
Aldrich)) were mixed ~70 vol% LiAlO2 and ~30 vol% LNC and finely 
grinded by using mortar and pestle. The powder was pressed into disks 
(20 mm diameter and 2.5 mm thickness) at a pressure of 7 tons for 3 min. 

The GDC-LNC and LiAlO2-LNC pellets were finally polished with a fine 
emery paper. 

2.2. Electrochemical studies 

The composite pellets were painted with gold paste (1 cm2) on both 
sides, dried at 120 ◦C in air, and sintered in air for 1 h at 600 ◦C. The 
pellets were contacted with Pt current collectors in a 2-point, 4-wire 
configuration and mounted in a ProboStatTM sample holder cell (NOR-
ECS, Norway) with alumina support tube. Gas mixtures similar to the 
ones described in the literature were used to control the atmosphere in 
the cell [22]. The GasMix program 0.7.1 (NORECS, Norway) was used to 
calculate the flowmeter levels required to generate a particular gas 
composition. 

EIS was done on the symmetrical cells at open circuit potential by a 
Solartron SI 1260 Impedance/Gain-phase analyzer at 1 MHz - 0.01 Hz 
with an oscillation voltage of 50 mV RMS. Impedances for Nyquist plots 
and derived electrode polarisation parameters are obtained by division 
by 2 and taking the electrode area into account to obtain area specific 
parameters per electrode. The impedance data were fitted by using the 
Zview software (Scribner Associates Inc.). 

3. Results and discussion 

3.1. Electrolyte conductivity 

Fig. 1 compares the impedance spectra in O2 and O2+CO2 atmo-
spheres of Au electrodes on GDC, GDC-LNC, and LiAlO2-LNC membranes 
at 600 ◦C. The electrolyte resistances – obtained from the high- 
frequency intercept with the real axis – are much lower for the solid 
GDC-molten carbonate composites than for the solid GDC membrane, 
showing that the molten carbonate phase dominates the electrolyte 
conductivity. GDC-LNC and LiAlO2-LNC composite membranes have the 
same electrolyte conductivity within experimental error at this and all 
other temperatures investigated, showing that there is no significant 
contribution from interfacial conduction between the GDC and the 
molten carbonate, in contradiction to claims in certain literature [8]. 

3.2. Membranes influence Rp differently in O2 and O2+CO2 atmospheres 

Fig. 1A shows that the overall Rp of Au electrodes on the molten 
carbonate impregnated membranes in O2 atmospheres are significantly 
lower than that of Au on unimpregnated GDC membranes. It agrees with 
reports [16,17] showing a catalytic effect of molten carbonates for the 
ORR. The overall Rp of Au on GDC-LNC and LiAlO2-LNC composite 
membranes in O2 atmospheres were comparable. This shows that the 
solid oxide phase does not influence the electrode reaction on these 
membranes in O2 atmospheres, and that the molten carbonate phase 
alone is responsible for the enhanced ORR rate. 

Fig. 1B shows that the trend of Rp in O2+CO2 atmospheres is entirely 
different from that in O2 atmospheres. The Rp values of Au on oxide- 
carbonate membranes are now higher than that on the GDC mem-
brane, which in turn is increased from CO2-free atmosphere despite 
increased partial pressure of O2 (pO2 ) in O2+CO2 atmospheres. Inter-
estingly, the GDC-LNC membrane, which has an oxide ion conducting 
ceramic phase, shows significantly higher Rp than LiAlO2-LNC. Thus, 
GDC inhibits – or LiAlO2 promotes – the electrode reaction involving 
CO2. As CO2 in the feed gas to the cathode side of MCFCs is indispens-
able, these observations suggest that GDC as the solid phase in molten 
carbonate membranes has no advantage for MCFCs. 

The Raman spectroscopic studies by Chen et al. showed peroxide and 
CO4

2− as the oxygen species formed in the melt in O2 and O2+CO2 at-
mospheres, respectively [20,21]. The ORR by peroxides (CO2-free at-
mosphere) can therefore as a first approximation be seen as faster than 
the ORR by CO4

2− (O2+CO2 atmosphere). 
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3.3. GDC interacts with CO2 

Fig. 2 compares the electrode impedance behavior of the Au elec-
trode on the solid GDC electrolyte in O2 and O2+CO2 atmospheres at 
625 ◦C. The overall Rp on the GDC membrane is significantly higher in 
O2+CO2 atmospheres than in O2 atmospheres. While basic (electron- 
rich) gas molecules react with the acidic surface cation sites of CeO2, 
acidic (electron-poor) molecules such as CO2 react with surface O2−

sites, forming carbonate species according to DFT calculations and 
experimental studies [23–27]. Such strong adsorption and desorption of 
CO2 on CeO2 at low and high temperatures have suggested use of CeO2 
for CO2 capture from emission sources [28,29]. Moreover, the adsorbed 
CO2 in a bent anionic configuration is in an activated state facilitating 
subsequent reactions such as CO2 dissociation [25]. 

Fig. 2 (inset A & B) shows a sharp increase in the overall Rp when CO2 
is added to Ar in the gas mixture. We conclude from this that the CO2/CO 
redox reaction is slow on the Au-GDC electrode (does not contribute) 
and that CO2 adsorbs and blocks the O2/O2− redox reaction, which is 
believed to occur by traces of oxygen in the Ar/CO2 atmosphere. At 
625 ◦C, the high overall Rp does not show any variation with increasing 
the partial pressure of CO2 (pCO2 ) from 0.37 to 0.77 atm, indicating a 
saturation of adsorbed CO2 (Fig. 2 (inset A)), in agreement with ambient 
pressure XPS studies of CO2 adsorption at 500 ◦C by Feng et al. [30], 

while the overall Rp increased with increasing pCO2 at higher tempera-
tures (Fig. 2 (inset B)), in line with partial CO2 coverage. 

3.4. Au on GDC in O2 atmosphere 

Fig. 3 shows the electrode impedance behavior of Au on the GDC 
membrane in CO2-free Ar + O2 atmospheres. The overall Rp decreases 
with increasing pO2 . Fig. 3 (inset) shows the equivalent circuit used for 
the impedance data fitting, comprising the ohmic resistance Rb, and 
parasitic inductance, L. The high-frequency polarisation resistance Rhf 
can be related to charge transfer at the electrode/electrolyte interface, 
coupled over the double layer capacitance (modelled with a constant 
phase element CPE1 with characteristic area-specific capacitances 
around 4 × 10− 6 F cm− 2). The low-frequency polarisation resistance Rlf 
is coupled over a chemical capacitance (CPE2, around 2 × 10− 2 F cm− 2) 
and can be associated with a mass transfer process, such as reaction 
kinetics [31]. Gas diffusion impedance is not anticipated to play a role 
based on 1) the moderate capacitance, 2) the Au electrode had a coarse 
microstructure and the GDC was sintered and coarsened at 1500 ◦C still 
with 30% open porosity, 3) the gas compositions are not very dilute, and 
4) oscillation voltages are limited to 50 mV rms. 

A theoretical discussion of reaction models for the oxygen reduction 
at the Au,O2(g)/YSZ interface shows that mixed control by charge and 
mass transfer results in a second capacitive response (arc) in addition to 

Fig. 1. Impedance spectra of the Au electrode on GDC, GDC-LNC, and LiAlO2-LNC membranes at 600 ◦C. A: O2 atmosphere, B: O2+CO2 atmosphere.  

Fig. 2. Complex impedance of the Au electrode on GDC in O2 and O2+CO2 
atmospheres at 625 ◦C. Insets show the electrode reaction impedance under 
different pCO2 at A: 625 ◦C and B: 675 ◦C. 

Fig. 3. The electrode reaction impedance of Au on GDC at 625 ◦C in Ar + O2 
with different pO2 . Inset: Equivalent circuit and fitted spectrum. 
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that related to charge transfer in parallel with the double layer capaci-
tance [32], like we see in the impedance spectra in Fig. 3. Arrhenius 
plots (Fig. 4A) show that the reaction step corresponding to the charge 
transfer high-frequency arc has an activation energy of around 1.37 eV, 
while the mass transfer low-frequency arc has an activation energy of 
around 1.06 eV. 

The overall ORR occurring at the interface of an electrode and an 
oxide ion conducting electrolyte can be represented as 

O2(g) + 4e− + 2v0
o→2O2−

o (1) 

where v0
o and O2−

o , respectively, represent oxygen vacancies and 
oxide ions in the electrolyte. This overall reaction can involve a series of 
consecutive steps, each of which can be the rate-determining step (rds). 
The overall ORR is made up of two essential parts. The first part rep-
resented as O2(g)→2(Oad(CTS)) includes the reaction steps bringing ox-
ygen to the charge transfer site (CTS). The second part includes charge 
transfer steps, and can be represented as Oad(CTS) + 2e− + V0

o→ O2−
o(GDC). 

The current (i) – overpotential (η) relationship takes the form of the 
Butler-Volmer relation [33]. 

i= i0[exp(αaf η) − exp(− αcf η)] (2) 

where i0 is exchange current density, αa and αc anodic and cathodic 
charge transfer coefficients, and f = F/RT (F Faraday constant, R gas 
constant, T absolute temperature). We can get information about the 
sequence of elementary steps and the type of species involved in the rds 
from the n-value in relation 3 that expresses the dependence of i0 (from 
equation (2)) on pO2 . For small overpotentials, the exchange current 
density (i0) is inversely proportional to Rp, so, 

i0 ∝
1

RP
∝pn

O2
(3) 

The polarisation study by Wang and Nowick of Au electrodes on 
doped ceria electrolytes showed an n-value of 3/8 with αa =

3
2 and αc =

1
2 

[34]. They explained it by proposing an ORR mechanism that involves 
diffusion of atomic oxygen along the two-phase electrode/electrolyte 
contact followed by charge transfer as the rate-limiting process. A 
similar explanation has been given for the n-value of 3/8 for Pt on doped 
ceria electrolytes [35]. 

Fig. 4B shows the dependence of 1/Rlf and 1/Rhf on pO2 . The process 
corresponding to Rlf showed a 1/Rlf∝p∼1/2

O2 
dependence, which indicates 

that the rate determining step for mass transfer is limited by availability 
of atomic oxygen [36]. The charge transfer process corresponding to Rhf 

exhibited a 1/Rhf∝p∼3/8
O2 

dependence, in agreement with the findings in 

literature referred to above [33–35,37]. Based on these n values, we 
suggest an electrode reaction mechanism that involves i) dissociative 
adsorption of oxygen on GDC, ii) diffusion of atomic oxygen to the 
electron transfer sites at the Au/GDC interface, iii) first electron charge 
transfer, and iv) second electron transfer, with theoretical dependences 
of 1/Rp on pO2 under given assumptions derived in the literature [33]. 

 O2(g)⇋2O ad(GDC) ; i0 ∝p1
O2

(i)  

Oad(GDC) ⇋Oad(Au/GDC) ; i0∝p1/2
O2

(ii)  

Oad(Au/GDC) + e− ⇋O−
ad(Au/GDC); i0∝p3/8

O2
(iii)  

O−
ad(Au/GDC) + e− + v0

o⇋O2−
O(GDC) ; i0∝ p1/8

O2
(iv) 

Fig. 5 gives a schematic representation of the ORR mechanism of Au 
on GDC. 

The rate limiting steps are diffusion of atomic oxygen along the two- 
phase electrode/electrolyte contact followed by the first charge transfer. 
This is similar to that proposed by Wang and Nowick [34]. While the site 
for O adsorption whether on GDC or Au was not specified by Wang and 
Nowick, we suggest oxygen adatom formation on the GDC surface based 
on the results of the study of the electrode reaction on GDC in O2+CO2 

Fig. 4. (A) Arrhenius plot of 1/Rp for the rate-limiting electrode reaction processes of Au on GDC under different pO2 ; (B) the dependence of 1/Rp on pO2 for the 
electrode reaction process corresponding to Rlf and Rhf at the Au electrode on the GDC membrane in O2 atmospheres. 

Fig. 5. The electrode reaction of oxygen for Au on GDC.  
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atmospheres (section 3.5). 

3.5. Au on GDC in O2+CO2 atmosphere 

As mentioned above, we experienced considerable adsorption of CO2 
on GDC, depending on pCO2 and temperature. Therefore, the electrode 
reaction impedances on GDC-based membranes in CO2-containing at-
mospheres were hard to interpret as a function of pCO2 or temperature. 
However, the impedance spectra obtained as a function of pO2 at a fixed 
pCO2 and temperature were reproducible and allowed us to determine n- 
values from 1/Rp versus pO2 plots at a fixed pCO2 at different constant 
temperatures. 

The overall Rp decreased with increasing pO2 at a fixed pCO2 (Fig. 6A). 
The equivalent circuit model used for the impedance data fitting for O2 
atmospheres, also shown in Fig. 6A, was unsuccessful for O2+CO2 at-
mospheres at temperatures lower than 700 ◦C, and also other simple 
circuit models were unsuccessful, possibly due to the blocking effect of 
the full coverage of adsorbed CO2. However, the circuit model used for 
O2 atmospheres gave good fitting for O2+CO2 atmospheres at higher 
temperatures, giving capacitance values corresponding to CPE1 and 
CPE2 in the range of 10− 6 and 10− 2 F cm− 2, respectively. 

The 1/Rlf∝p∼1
O2 

dependence in O2+CO2 atmospheres (Fig. 6B) shows 
that molecular oxygen is involved in this rate-limiting process, and we 
conclude that dissociative adsorption of O2 on GDC (step i) is the rds in 
the first part of the overall reaction: O2(g)→2(Oad(CTS)). The change of 
rds from step ii (O atom diffusion to CTS) in O2 atmospheres to step i 
(dissociative adsorption of O2 on GDC) in O2+CO2 atmospheres is 
clearly due to the blockage of O2 from the GDC surface by the adsorbed 
CO2. The higher electrode polarisation resistance on GDC membranes 
observed in O2+CO2 atmospheres than in O2 atmospheres (Fig. 2) is a 
direct consequence of the strong, blocking adsorption of CO2 on GDC. 
The reaction process corresponding to Rhf showed a 1/ Rhf∝ p∼3/8

O2 

dependence (Fig. 6B). It suggests that the second part of the reaction 
2(Oad(CTS) +2e− +v0

o →2O2−
o(GDC)) has a similar rds as in O2 atmospheres 

(i.e. step iii). 

3.6. Electrode reaction on the GDC-LNC composite 

Section 3.2 showed that the nature of the oxide phase in oxide- 
carbonate composite membranes influenced the overall Rp in O2+CO2 
atmospheres; but not in O2 atmospheres. Consistent with the Raman 
spectroscopic studies of Chen et al. [20,21], it suggests that CO4

2−

having interactions with the oxide phase at the melt-oxide phase inter-
face is the oxygen species in O2+CO2 atmospheres [4,18,19]. The 

experimental identification of n-values in CO2-free O2 atmospheres was 
unmanageable due to the chemical decomposition of the carbonate 
phase [38,39]. The peroxide ions are formed in O2 atmospheres by the 
following reaction steps: 

CO2−
3 ⇋O2− + CO2 (4)  

O2 + 2O2− ⇋2O2−
2 (5) 

Step (4) is the Flood and Førland acid-base self-dissociation equi-
librium of carbonate ions. The added CO2 in gas mixtures shifts this 
equilibrium towards the carbonate ion side, and reduces the concen-
tration of oxide ions, and hence peroxide formation (reaction (5)) be-
comes insignificant. The ORR can then only proceed through CO4

2−

whose formation, however, is slower than the peroxide formation in 
CO2-free O2 atmospheres. The inhibition of ORR rate on GDC-NLC 
membranes in O2+CO2 atmospheres – and not in CO2-free O2 atmo-
spheres – suggests that adsorption of CO4

2− , CO2, or both CO4
2− and CO2 

with the GDC surface retards the ORR. 
Fig. 7 shows the electrode impedance behavior of Au on GDC-LNC 

Fig. 6. (A) Complex impedance of the electrode reaction of Au on GDC under O2+CO2 atmospheres with different pO2 at a fixed pCO2 (inset: equivalent circuit used 
for data fitting); (B) the dependence of 1/Rp on pO2 for the electrode reaction processes corresponding to Rlf and Rhf at Au on GDC in O2+CO2 atmospheres. 

Fig. 7. Complex impedances of electrode polarisation of Au on GDC-LNC and 
LiAlO2-LNC under O2+CO2 atmospheres with different pO2 at a fixed pCO2 . Inset: 
Equivalent circuit, fitted spectrum, and a deconvolution highlighting the two 
contributions to the impedance. 
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and LiAlO2-LNC membranes in O2+CO2 atmospheres as a function of pO2 

at a fixed pCO2 . The overall Rp decreased with increasing pO2 for both 
membranes. Fig. 7 (inset) shows the equivalent circuit used for the 
impedance data fitting. The characteristic capacitance values corre-
sponding to CPE1 and CPE2 were both in the range 10− 5 - 10− 4 F cm− 2 

for Au electrodes on both GDC-LNC and LiAlO2-LNC composite elec-
trolytes. The capacitances are in the range between typical values for 
charge and mass transfer processes. 

There is a significant difference in Rp between Au on GDC-LNC and 
Au on LiAlO2-LNC. The smaller Rp for LiAlO2-LNC supports the inter-
pretation from above that adsorption of carbonates or CO2 on GDC 
impedes the ORR. Fig. 8 shows the dependence of 1/Rlf and 1/Rhf on pO2 

(fixed pCO2 = 0.34 atm) on GDC-LNC and LiAlO2-LNC at 600 ◦C. The 
reaction processes corresponding to Rhf and Rlf on LiAlO2-LNC exhibited 
dependences of 1/Rhf∝p∼1

O2 
and 1/Rlf∝p∼1/4

O2
, respectively, at different 

temperatures. Based on these n-values, we suggest an electrode reaction 
mechanism that involves v) formation of CO5

2− from reaction of O2 with 
CO3

2− , vi) formation of CO4
2− , vii) diffusion of CO4

2− to the first electron 
transfer site, viii) first electron charge transfer, ix) transfer of O− to the 
second electron transfer site, and x) second electron transfer, with 
theoretical dependences of 1/Rp on pO2 as follows: 

CO2−
3(LNC) +O2(g)⇋CO2−

5(LNC); i0∝p1
O2

(v)  

CO2−
5(LNC) +CO2−

3(LNC)⇋2CO2−
4(LNC); i0∝p1

O2
(vi)  

CO2−
4(LNC)⇋CO2−

4(FETS); i0∝p1/2
O2

(vii)  

CO2−
4(FETS) + e− ⇋CO2−

3(LNC) + O−
(FETS); i0∝p3/8

O2
(viii)  

O−
(FETS)⇋O−

(SETS); i0∝p1/4
O2

(ix)  

O−
(SETS) + e− + CO2⇋CO2−

3(LNC); i0∝p1/8
O2

(x) 

The overall reaction for steps (v) and (vi) is O2 + 2CO3
2− = 2CO4

2−

with n-value of 1. The 1/Rhf∝p∼1
O2 

dependence shows that this CO4
2−

formation process is an rds for the ORR of Au on LiAlO2-LNC membranes 
[36]. The reaction of the O2 molecule with CO3

2− (step (v)) is an 
interaction of the lone pair of the oxygen atom of CO3

2− with the π* 
antibonding orbital of the O2 molecule ([CO2–O]2- + O–O =

[CO2O–O–O]2-)[40]. The binding is favourably exothermic at -102 kJ 
mol− 1 for O2 + 2CO3

2− = 2CO4
2− , while the CO4

2− formation step (vi), 
which involves an O–O bond breaking and an O–O bond making 
([CO2O–O–O]2- + [CO2–O]2- = 2[CO2O–O]2-) is endothermic [40]. The 
(first) electron transfer to CO4

2− (step viii) is not an rds because the 
lowest unoccupied molecular orbital (LUMO) which receives electrons 
has considerably lower energy for CO4

2− than for even O2
2− [40]. 

The 1/Rlf∝p∼1/4
O2 

dependence is generally attributed to the transfer of 
O− from the first electron transfer site to another site such as a surface 
step or ledge before the second electron transfer (step (ix)) [34,37]. 
However, voltammetric studies of oxygen reduction on gold electrodes 
in LNC electrolytes, especially at pressures higher than atmospheric, 
have shown a reversible spike peak overlapping the oxygen reduction 
wave [41–43]. The spike peak is due to the redox reaction of adsorbed 
O− species on gold electrodes (Au-[O− ]) in O2+CO2 atmospheres. It 
makes us propose a mechanism which does not include the less 
convincing O− diffusion to a second electron transfer site. In this case, 
step (viii) changes to 

CO2−
4(FETS) + Au + e− ⇋CO2−

3(LNC) + Au − [O− ]; i0∝p3/8
O2

(viiia) 

The electrochemical reduction of Au-[O− ] is not feasible at potentials 
more positive than the spike peak potential, so it follows a reaction path 
that involves O2

2− formation by O− association. Therefore, steps (ix) and 
(x) change to: 

Au − [O− ] + Au − [O− ]⇋O2−
2 + 2Au; i0∝p1/4

O2
(ixa)  

O2−
2 + Au + e− + CO2⇋CO2−

3(LNC) + Au − [O− ]; i0∝p1/8
O2

(xa) 

The observed 1/Rlf∝p∼1/4
O2 

dependence is therefore attributed to step 
(ix a) for ORR on LiAlO2-LNC membranes. 

Fig. 8 shows that Rlf makes a dominating contribution to the overall 
Rp on GDC-LNC membranes. It made the Rp on GDC-LNC membranes 
higher than that on LiAlO2-LNC membranes or even on GDC membranes. 
The 1/Rlf∝p∼1/2

O2 
dependence shows that the rds corresponding to Rlf is 

oxygen (O) transport (as CO4
2− ) to the electron transfer sites (step (vii)). 

Presumably, the GDC of GDC-LNC membranes has adsorbed carbonates 
ions at oxide ion vacancies and CO2 at oxide ion sites. The sluggish O 
transport in GDC-LNC membranes – and not in LiAlO2-LNC membranes – 
shows that O in CO4

2− has strong interactions with GDC, most likely by 
the frequent cogwheel type O transfer with adsorbed carbonates at melt- 
GDC interfaces. 

The dependence of 1/Rhf on pO2 for GDC-LNC membranes did not 
show linear behavior (Fig. 8 (inset)). Remarkably, 1/Rhf at lower pO2 

values decreased with increasing pO2 . The extent of this negative relation 
decreased at higher pO2 values, and 1/Rhf at high pO2 values started to 
rise with increasing pO2 at higher temperatures (650 ◦C). These obser-
vations indicate that increasing pO2 changes the rds corresponding to Rhf 
from a process that does not require externally supplied O2 to an ORR 
step. Wang and Nowick showed that electrolyte reduction occurs if the 
surface diffusion rate of O adatom to the interface of Au electrode and 
doped ceria is slower than the local rate of charge transfer for ORR [34]. 
Fig. 1B shows that the overall Rp on GDC-NLC membranes in O2+CO2 
atmospheres is much higher than that on GDC membranes. An extreme 
case of the diffusion limitation of oxygen species to the charge transfer 
sites resulted in this higher Rp on GDC-NLC membranes (Fig. 8). 
Therefore, the electrolyte reduction would be the rds corresponding to 
Rhf under O2+CO2 atmospheres containing low pO2 . The high pO2 in 
O2+CO2 atmospheres and high temperatures alleviate the diffusion 
limitation of oxygen species, and the rds shifts to an ORR step. 

4. Conclusions 

Electrode reactions at Au on GDC and GDC-LNC membranes were 
studied by EIS in CO2/O2 atmospheres. The diffusion of oxygen adatoms 

Fig. 8. The dependence of 1/Rp on pO2 for the electrode reaction process at Au 
electrodes corresponding to Rlf on GDC-LNC and LiAlO2-LNC membranes, and 
Rhf on LiAlO2-LNC membranes in O2+CO2 atmospheres. Inset: The dependence 
of 1/Rhf on pO2 for the electrode process at Au electrodes on GDC-LNC mem-
branes at different temperatures in O2+CO2 atmospheres. 
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from the GDC surface to the Au-GDC interface, followed by its reduction 
to O− ions, limits the overall ORR rate on GDC membranes in CO2-free 
atmospheres. The adsorption of CO2 on GDC inhibits the rate of oxygen 
adatom formation on GDC and makes the electrode polarisation resis-
tance on GDC membranes significantly higher in O2+CO2 atmospheres 
than in O2 atmospheres. The molten carbonate phase of GDC-LNC 
membranes significantly reduced the electrode polarisation resistance 
in O2 atmospheres, but this is attributed to the reaction mechanism 
going via peroxide formation in the melt rather than the influence of the 
GDC phase. LiAlO2-LNC membranes showed similar Rp as GDC-LNC in 
O2 atmospheres, supporting the independence of the ceramic phase for 
the peroxide reaction path. In O2+CO2 atmospheres, the electrode 
polarisation resistance on GDC-LNC membranes was significantly higher 
than that on single-phase GDC and LiAlO2-LNC membranes. The in-
teractions of oxygen species (CO4

2− ) with adsorbed carbonates on the 
GDC phase results in a sluggish transfer of O to the charge transfer sites, 
giving high Rp and making GDC-LNC membranes less suitable for MCFC 
applications. 
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