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Abstract 

This report explores the fundamental characteristics of epitaxial thin films of mixed 

ionic electronic conducting GdBaCo2O5.5±δ (GBCO) material with layered perovskite 

structure, relevant for use as an active electrode for the oxygen reduction and 

evolution reactions in electrochemical devices. Time-resolved X-raydiffraction in 

combination with voltage step chrono-amperometric measurements in a solid state 

electrochemical cell provide a deeper insight into the chemical expansion 

mechanism in GBCO electrode. The chemical expansion coefficient along c-axis, 

αc, shows a negative value upon the compound oxidation contrary to standard 

perovskite materials with disordered oxygen vacancies. Chemical expansion also 

shows a remarkable asymmetry from αc= -0.037 to -0.014 at δ<0 and δ>0, 

respectively . This change in chemical expansion is an indication of a different 

mechanism of the structure changes associated with the variable Co cation 

oxidation state from Co2+Co3+Co4+. Since the redox reactions are dominated by 

the oxygen surface exchange between the GBCO electrode and gas atmosphere, 

monitoring the time response of the structure changes allows for direct 

determination of oxygen reduction and evolution reaction kinetics. The reaction 



 

 

kinetics are progressively slowed down upon reduction in the δ<0 oxygen 

stoichiometry region, while they maintain a high catalytic activity in the δ>0 region, 

in agreement with the structural changes and the electronic carrier delocalization 

when crossing δ=0. This work validates the time-resolved 

XRD technique for fast and reversible measurements of electrode activity in a wide 

range of oxygen non-stoichiometry in a solid-state electrochemical cell operating 

under realistic working conditions. 

 

Introduction 

 
In electrochemical devices like solid oxide fuel cells (SOFCs) and oxygen 

permeation membranes the kinetics of the Oxygen Reduction Reaction 

(ORR), related to the oxygen surface exchange between the gas atmosphere 

and the electrode materials, often limits the overall performance of the 

device.1,2  Large activation energies of these reactions at the SOFC cathodes 

cause large polarization losses when reducing operating temperatures below 

800 °C.3 Therefore, gaining a deeper knowledge of ORR mechanisms and 

rates of cathode materials has been a major challenge in the development of 

competitive intermediate-temperature SOFC technology.4,5 To this end, a 

variety of cathode materials have been proposed from composite materials6-8 

to mixed ionic-electronic materials.9-13  

Studies of oxygen surface exchange in cathode materials are generally 

performed by electrochemical impedance spectroscopy,14 conductivity 

relaxation15,16 or isotopic exchange depth profiling combined with SIMS or 

LEIS analysis.17-21 Recently, time-resolved X-ray diffraction,22-27 wafer 

curvature relaxation monitoring28 as well as optical absorption experiments,29 

have emerged as powerful methods to determine surface exchange kinetics 

in thin film electrodes through monitoring subtle crystal structure and optical 

transient changes in the material induced by oxide stoichiometry changes 

when exposed to sudden changes in the pO2 gas atmosphere. Other external 

stimuli, such as the application of an electric field between the electrode 



 

 

material and a solid electrolyte, typically Yttria-stabilized zirconia (YSZ) 

material, can also cause a perturbation from the equilibrium changing the 

oxygen stoichiometry 

 

 The study of the transient structure changes by in-situ XRD after electrical 

stimuli have also proven to be an effective method to explore redox reaction 

mechanisms in SrCoOx films30 and to determine kinetics of oxygen surface 

exchange reactions in classical perovskite electrode materials such as La1-

xSrxCo1-yFeyO3-δ.22-24  

The present study focuses on the determination of the mechanisms of 

chemical strain and oxygen surface exchange rate in a less conventional 

double perovskite material: GdBaCo2O5.5±δ (GBCO). GBCO compound, as the 

rest of the members of the A-site ordered LnBaCo2O5+δ family (Ln: La, Pr, Nd, 

Sm, Gd, Y), have attracted much attention because of their mixed ionic and 

electronicconductivity and high temperature stability as well as catalytic 

activity for oxygen reduction and evolution reactions, which make them 

interesting candidates as cathode materials in intermediate temperature solid 

oxide fuel cells (IT-SOFC). 19, 31-34 GBCO material suffers from large thermal 

expansion compared to compatible electrolytes, which makes it difficult to use 

in SOFC stacks.32 In oxygen permeation membranes LnBaCo2O5+δ ceramics 

have exhibited reduced oxygen permeation.35 However, the fact that these 

compounds could show a reduced chemical expansion compared to classical 

perovskites, still makes them ideal attractive for oxygen permeation 

membranes, where large chemical potential gradients often cause 

mechanical failure by crack formation or delamination during operation. 36,37 

GdBaCo2O5.5±δ compound has a layered perovskite structure with GdO and 

BaO layers alternating in the A-sites of the perovskite structure along c-axis 

direction. This produces a doubling of the cell parameter.38 Stoichiometric 

compound GdBaCo2O5.5 with δ=0 holds a large oxygen non-stoichiometry 

compared with a fully occupied perovskite structure with 

50% of oxygen vacancies at the oxygen sites of GdO0.5 planes maintaining 

full occupancy of oxygen sites in BaO and CoO2 planes. These oxygen 

vacancies order along b-axis forming alternating fully occupied and vacant 



 

 

rows parallel to a-axis, thus also doubling b-axis parameter. This forms the so 

called 1x2x2 orthorhombic structure. Related to this particular layered 

structure, GBCO, as the rest of LnBaCo2O5+δ compounds, shows anisotropic 

chemical expansion enlarging the c-axis parameter and contracting along a, 

b-axis upon oxidation,39,40 behaving similarly to La2NiO4+δ layered compound 

with K2NiF4 structure, which incorporates oxygen interstitials as dominant 

oxide defects in the 0<δ<0.15 range. 41,42 In a polycrystalline material the c-

axis expansion is compensated by the a,b-axes compression and therefore 

the overall cell volume expansion is considerably reduced. The use of 

epitaxial thin films allows exploring the chemical strain behaviour in a defined 

crystallographic direction. At the same time in epitaxial films the surface 

exchange reactions are related to characteristic crystal planes at the thin film 

surface, which allow for a closer correlation of catalytic activity with theoretical 

models.43,44 This study makes use of the time-resolved XRD technique in an 

electrochemical cell with different applied voltage to address both chemical 

strain and oxygen surface exchange rates in a wide range of oxygen non-

stoichiometry, without changing the PO2 atmosphere. 

 

2. Experimental section  

 

A 200 nm GdBaCo2O5.5 (GBCO) thin film was grown on a yttria-stabilised 

zirconia (YSZ) single crystal substrate (5 x 5 x 0.5 mm3) with (001) orientation 

(from Crystec, GmbH) by using pulsed laser deposition (PLD). Deposition 

conditions for epitaxial c-axis oriented GBCO where previously optimised 

(substrate temperature Ts= 850 °C, laser energy fluence of 1.5 J/cm2, laser 

repetition rate=10Hz, and oxygen partial pressure PO2= 60 mTorr).19 A thin 

layer of Ce0.8Gd0.2O2 material (CGO) was PLD deposited between GBCO and 

YSZ to avoid the typical chemical reaction, forming BaZrO3 at the same 

conditions as for GBCO.45 The complete GBCO/CGO/YSZ heterostructure 

was analysed by X-ray diffraction (XRD) to assess the quality of the epitaxial 

growth. High resolution transmission electron microscopy (HRTEM) was used 



 

 

to observe cross section images of the deposited hereostructure in a FEI 

Tecnai G2 F20 microscope with a field emission gun working at 200kV.  

 

For the electrochemical characterisation a Pt top electrode (50 nm thick) was 

deposited on the GBCO film surface over 0.4 mm∗ 0.5 mm area by using the 

PLD technique through a hard mask. Special care was taken to avoid 

deposition of Pt on the sides of the GBCO/CGO/YSZ cell in order to prevent 

current leakage during the electrical measurements. For the electrochemical 

cell characterisation Ag paste was used to 

paint a porous electrode covering all the bottom side of the YSZ crystal. Top 

and bottom electrodes were contacted with thin Ag wires. In order to perform 

in-situ combined X-ray diffraction and electrochemical characterisation the 

thin film heterostructure was placed in a PANalytical X’Pert Pro MRD lab 

diffractometer equipped with a DHS 900 domed heating chamber from Anton 

Paar. The chamber allows for the control of the gas atmosphere and was 

adapted to feed through the electrical connections. The full experimental set 

up is depicted in Fig.  1. 

  

The sample was heated up to 350 °C in 1 atm of synthetic air flow (21% O2 

and 79% N2 pure gases mixture) in order to have sufficient oxide ion 

conductivity in the YSZ electrolyte (at 350 °C expected YSZ conductivity is 

about 10-5 S/cm)46. This also guarantees the achievement of sufficient oxygen 

exchange at the interface between the top GBCO and bottom Ag electrodes 

and the gas atmosphere, which is also necessary for the electrochemical 

stabilisation of a current flow.    

Positive and negative voltage bias steps from 0, ±100, ±200 and ±300 mV 

were applied to the electrodes and the electrical current transients were 

monitored continuously. Special care was taken to avoid sample heating by 

Joule effect at large voltages, which could add a thermal expansion 

contribution to the chemical expansion. This is the reason why the voltage 

was limited only to ±300mV. Voltage was first changed from 0V to +100mV 

and maintained for 20-30 min until a stationary regime was established. The 

applied voltage was then reset back to 0V for 20-30 min. A subsequent cycle 



 

 

at -100mV was set with the same time span. This procedure was followed for 

increasing voltages of ±200 mV and ±300mV. 

Simultaneously, the structure cell parameters of the GBCO material (c-axis 

parameter) were continuously monitored by XRD by following the angular 

shift of one particular diffraction peak (004) in fast 2θ static scans every 10 

sec making use of a multichannel X-ray detector (PIXcel from Panalytical). 

For the best accuracy of the cell parameter determination we used a 2 x 

Ge(220) monochromator to use only CuKα1 radiation. A complete description 

of the time-resolved X-ray diffraction procedure has been previously 

described in.25-27 

 

 

3. Results and Discussion  

 

Fig.  2 corresponds to a TEM cross section of the GBCO/CGO/YSZ thin film 

heterostructure in low magnification (Fig. 2a), as well as a high resolution 

detail around the CGO buffer layer, showing the high quality of the 

GBCO/CGO and CGO/YSZ interfaces and the perfect c-axis oriented growth 

of the GBCO layer (Fig. 2b). FFT images in Fig. 2c are obtained from 

selected areas of the GBCO and CGO layers. They show their relative 

orientations with [001]GBCO//[001]CGO//[001]YSZ along the film growth 

direction (vertical) and [110]GBCO//[100]CGO//[100]YSZ along the in-plane 

direction (horizontal). In respect of the contrast in the GBCO image along the 

film growth direction, every two perovskite blocks correspond to the GdO-BaO 

alternate arrangement of the double perovskite structure parallel to c-axis.     

Fig.  3a shows the room temperature X-ray diffraction pattern of the 

GBCO/CGO/YSZ (001) heterostructure. The observation of intense 00L 

reflections from GBCO indicates the full c-axis orientation of the epitaxial film. 

Reflections 004 and 008 corresponding to the CGO buffer layer were also 

observed close to the intense 00L peaks from YSZ single crystal substrate. 

There is no indication of any chemical reaction at the interface forming 

BaZrO3 (typically appearing as a peak at 2θ=43°). For comparison the figure 



 

 

also shows the XRD pattern of a GBCO/YSZ heterostructure deposited under 

the same conditions but without the CGO interlayer, which showed the 

formation of the BaZrO3. This proves the effectiveness of the CGO layer to 

prevent the reaction, as well as preserving the epitaxial growth of GBCO. The 

XRD reciprocal space map in Fig 3b corresponds to an area containing -204 

YSZ, -204 CGO and -116 GBCO asymmetric reflections. The different values 

of Qx in-plane component for CGO and GBCO compared to YSZ indicate that 

there is no substantial epitaxial strain in the heterostructure. Room 

temperature cell parameters of GBCO were estimated from these 

measurements as follows: out-of-plane c = 7.546 Å and in-plane a= b/2= 

3.928 Å (estimated from -116 GBCO reflection along [110] direction is an 

average of a, b/2 cell parameters) very close to reported bulk values a= b/2= 

3.897 Å and c= 7.572 Å.40 

 

A.  Current intensity changes 

Fig.  4 shows the current measurements after the different voltage steps 

measured at T= 350 °C in 1 atm air atmosphere (pO2= 0.21 atm). In the first 

voltage step a change from 0 V to +100 mV the current produced an 

instantaneous increase to about 18.1 µA. It then displayed a transient 

behaviour following an exponentially decay in about 20 min to a current of 

15.6 µA. This stabilization should correspond to the time it takes to equilibrate 

the oxygen exchange rates at the film electrode/air surface and at the film 

electrode/electrolyte interface before reaching a steady state, as described in 

ref [22]. When resetting the voltage to 0V the current dropped to a negative 

value -3.1 µA and exponentially went to zero recovering the initial state. 

When a negative voltage step from 0V to -100 mV was applied the current 

initially decreased to -17.0 µA and exponentially stabilized at -12.7 µA. The 

increase in the voltage produced a proportional increase in the initial current 

peak and subsequent current intensity decay.  At V= ±300 mV the current 

showed fluctuations of a large magnitude that precluded extraction of any 

reliable current value. However, the corresponding transient current values 

when switching off the voltage to 0V showed perfect exponential decays in 



 

 

the full voltage range from 100 to 300 mV. Their respective time responses 

were analysed by fitting simple exponential decay curves. 

 

B.  Cell parameter changes 

The corresponding cell parameter changes at 350 °C were monitored during 

the same voltage steps as shown in Fig. 5a. When applying a positive bias 

from 0V to +100mV (anodic potential) GBCO c-axis parameter increased from 

c= 7.5992 Å following an exponential curve until an almost constant value 

c=7.6008 Å was reached at +100mV. The increase in c-parameter in GBCO 

is explained by an increase in oxygen stoichiometry. This indicates that 

anodic potential causes an oxidation reaction injecting oxygen into the GBCO 

film. Despite the very small change in cell parameter of about ∆c/c= +0.021% 

the high accuracy in the XRD measurement of the relative cell parameter 

changes of about 10-4 Å allowed for chemical strain determination and curve 

fitting to extract a meaningful value of the oxygen exchange time response. 

When the potential was switched off from +100 mV to 0 V, the c-parameter 

decreased exponentially to the initial equilibrium value. This means that 

oxygen is released from the GBCO film lattice (reduction process) in a 

reversible way.  When applying a negative bias voltage step from 0V to -

100mV (cathodic potential) the reverse situation occurred and the GBCO c-

axis parameter shrank to 7.5975 Å, corresponding to a ∆c/c= -0.028%. Fig.  

5b depicts the measured ∆c/c relative change for the different bias voltage. 

As can be observed the c-parameter proportionally increases with anodic 

potential and it tends to saturate at +300 V where c-parameter changes reach 

∆c/c = +0.044% expansion. However, for the negative bias there is a much 

steeper reduction of the cell parameter reaching ∆c/c = -0.102% at V= -300 

mV, which is more than twice the cell parameter change at a positive bias of 

the same magnitude. This is an indication of a clear asymmetry in the GBCO 

cell expansion.   

The asymmetry in the chemical strain could be related to two possible 

causes:  i) either the change in oxygen stoichiometry ∆δ could be different for 

a given magnitude of the bias voltage depending on its sign, or ii) in the case 

of a similar oxygen stoichiometry change, the corresponding chemical 



 

 

expansion (or more generally the chemical strain, i.e. the relative change in 

cell volume per ∆δ) may not be exactly symmetric, corresponding to a 

different mechanism for oxidation and reduction.  

 

C.  Oxygen non-stoichiometry determination 

In order to differentiate between these two possibilities the 

chronoamperometry was used to analyse the oxygen stoichiometry changes, 

∆δ. The transient decay in the measured current when a voltage was set (or 

reset) is related to the injected charge into GBCO (electrons from the top Pt 

electrode or oxide ions from the YSZ electrolyte) as in a normal capacitor. 

However, the material stays electrically neutral because of redox reactions 

establishing charge compensation. A steady state is achieved when electrical 

current from the electrodes is balanced with the oxygen flow produced by the 

oxygen surface exchange between GBCO and air atmosphere. If one 

assumes, as a rough approximation, that the whole GBCO film achieves a 

homogeneous oxygen stoichiometry, the change in δ can be estimated simply 

by calculating the area under the current versus time curve between the initial 

and steady state values: 

  

              𝑄 = ∫ 𝐼(𝑡)𝑑𝑡                                          𝑡=∞
𝑡=0 (1) 

Therefore, the transported charge Q for the whole film volume will be directly 

related to the stoichiometry change ∆δ per unit cell volume: 

 

                            ∆δ= Q
n.e

 �Vunit cell
Vthin film

�                                                  (2)         

 

 

where n=2 is the number of electrons per oxygen O2- ion, and e is the 

electron charge.  

Note that it is still not possible to estimate the absolute value of the oxygen 

stoichiometry - only the relative change from the equilibrium state at 350 °C in 

air (PO2= 0.21 atm).           



 

 

As an example of the calculation, Fig.  6a shows a detail of the exponential 

current decay after applying a positive voltage bias step from 0V to +100mV. 

A transported charge of 864 µC was calculated after integration of the dashed 

area under the curve. As there are 2 electrons involved in the redox reaction 

for each O2- ion and the number of unit cells in the thin film are known 

parameters (number of unit cells = total film volume 5 x 5mm2 x 200 nm 

thickness / unit cell volume) the oxygen stoichiometry change corresponds in 

this case to ∆δ = +0.06 (assuming the double perovskite cell GdBaCo2O5.5±δ). 

For a comparison of these values with those of other compounds, like 

fluorites or perovskites with different oxide concentration per unit volume, the 

oxygen stoichiometry change ∆δ should be normalized to the molar fraction of 

oxide ions in the stoichiometric compound, as described in ref [47]. Therefore, 

in this case it should be divided by 5.5, so the normalized ∆δN for the 

abovementioned case becomes ∆δN = +0.011. Since it is likely that there is an 

oxygen stoichiometry inhomogeneity in GBCO depending on the lateral 

distance from the top Pt electrical contact due to the GBCO sheet resistance 

causing an effective voltage decay along the film the calculated ∆δN can only 

be taken as an approximation for the qualitative comparison between the 

different voltages, provided the oxygen composition inhomogeneity is 

comparable for the various experimental conditions.     

Fig.  6b shows the calculated ∆δ values for the cathodic and anodic voltages 

for the on (0 to V) and off (V to 0) voltage step change. The values obtained 

for the on and off steps for a particular bias voltage are almost the same, 

which corresponds as expected to the reversibility of the oxidation and 

reduction process, and it proves the validity of the calculation. At the highest 

voltage values ±300 mV, either positive or negative, the ∆δ content seems to 

have reached a saturation level, particularly at negative bias voltage, where 

no increase in ∆δ is observed between -200 and -300 mV voltage steps. This 

is in contrast with the c-axis parameter values which still show a change in 

such higher voltages. The most remarkable result is that the ∆δ values 

attained for positive and negative bias voltages are very symmetric indicating 

that there is no substantial difference in the energy cost for the oxygen 

vacancies formation. A larger energy needed to fill (or to generate) an oxygen 



 

 

vacancy for positive bias voltage would make the oxygen non-stoichiometry 

change ∆δ to be lower than for a negative bias voltage of the same 

magnitude. In consequence, this observation rules out the hypothesis that the 

larger relative c-parameter change at negative bias depicted in Fig. 5b may 

be related to a larger non-stoichiometry compared to positive bias, and 

unambiguously points towards an asymmetric chemical expansion.  With the 

applied voltages of V= ±300mV at 350 °C the attained ∆δ reaches about 

±0.135. This oxygen non-stoichiometry relative change corresponds to an 

equivalent span in pO2 of about 6 orders of magnitude obtained for GBCO in 

a previous coulometric titration experiment at 900 °C.44 This proves the 

potential of the electrochemical method in comparison to gas phase 

stabilization for generating a non-stoichiometry in mixed valence oxide 

compounds at reduced temperatures. 

 

D.  Chemical expansion coefficient 

Taking advantage of the calculated oxygen stoichiometry changes Fig.  6c 

depicts the relative c-axis variations, the strain εc observed along the c-axis, 

as a function of the change in ∆δN. The slope represents the chemical 

expansion coefficient as defined in [47].  The most remarkable result is that in 

the whole stoichiometry range analysed from GBCO5.34 to GBCO5.64 the cell 

expands upon incorporation of oxygen as opposed to classical perovskites 

and fluorites where the increase in oxygen stoichiometry, and therefore the 

reduction of the oxygen vacancy concentration, causes the shrinkage of the 

cell. Since the chemical expansion coefficient αc is generally defined to be 

positive as the cell expands upon an increase in the concentration of oxide 

vacancies following 

 

                              ε = αc [VO¨]                                 (3) 

for the particular case of GBCO αc shows a negative value along c-axis. 

Negative values of αc have generally been observed in perovskite-related 

layered compounds with K2NiF4 structure, such as in La2NiO4+δ 49 or Nd2-

xSrxNiO4+δ 50 along c-axis where the dominating oxygen defects correspond to 



 

 

oxide intertitials [Oi
’’] which incorporate into rock salt layers sandwiched 

between perovskite block layers. The c-axis expansion is related to the 

coulomb repulsion between perovskite blocks when varying the relative 

charge of the rock salt layers. The reported value of the chemical expansion 

coefficient along c-axis in La2NiO4+δ is αc (ǁc)= -0.076 (being ∆δN normalized 

to the oxide molar concentration). Since in these materials the chemical 

expansion is rather anisotropic αc (ǁa)= +0.028, the overall chemical 

expansion is compensated αvol (average)= +0.002.49 These materials are 

therefore of special interest for electrochemical applications where the 

material is exposed to large differences in the oxygen chemical potential and 

large expansions can cause failure of the device, for example, in oxygen 

separation membranes or electrodes in solid oxide fuel cells and solid 

electrolysers.  

In the case of GBCO, the particular behaviour of the c-axis expansion upon 

increasing the oxygen composition in GBCO can be regarded as a 

competition between the [GdOδ] block expansion and [BaCoO] compression 

(at least in the range GBCO5.5±δ < 5.5).51 The incorporation of oxygen fills the 

oxygen vacancy sites in the [GdOδ] slabs and causes their expansion due to 

Coulomb repulsion. The oxygen sites in the [BaCoO] slabs are fully occupied, 

and therefore, no oxygen stoichiometry variations are expected in this slab. 

However, the charge generated by the incorporation of oxygen in the [GdOδ] 

slabs should be compensated by transferring two electrons per O ion coming 

from the mixed valence Co ions. Therefore, the oxidation state of Co 

increases, which implies a reduction of its ionic radius. This produces a 

compression of the [BaCoO] that opposes the [GdOδ] slab expansion. The 

same reasoning can be used for the reduction of the oxygen stoichiometry. 

The overall c-axis variation is a balance between the change in both the slabs 

and it seems to be dominated by the [GdOδ] expansion making the GBCO 

behave differently from typical oxygen vacancy disordered perovskites and 

more similarly to some layered oxides with K2NiF4 structure.  

Returning to the experimental results depicted in Fig.  6c, it is clear that the 

chemical expansion coefficient shows a nonlinear dependence in the oxygen 

stoichiometry range explored by the electrochemical reduction and oxidation. 



 

 

Qualitatively, it shows an average slope of αc = 0.014 at ∆δ>0, and a larger 

value αc = 0.037 at ∆δ<0. In the absence of clear phase transitions, the 

differences in the chemical expansion coefficient are expected to arise from 

changes in the oxygen vacancy concentrations, along with concomitant 

changes in the oxidation state of the transition metal cations, affecting its 

effective ionic radius. In this region, the chemical expansion is often referred 

to as stoichiometric expansion, as extensively described by Bishop et al.52 It 

cannot be ruled out that at larger values of ∆δ non-stoichiometry there are 

phase changes resulting from either a spin state transition, oxygen vacancies 

order-disorder transition, or charge order in Co2+/Co3+ or Co3+/Co4+. This fact 

would need a more accurate study of the cell structure variation. 

The asymmetry in the cell expansion magnitude observed for positive and 

negative voltage bias could be then related to some differences in the [GdOδ] 

and [BaCoO] chemical expansion counterbalance. As a first approximation a 

qualitative explanation can be inferred in terms of changes in the Co oxidation 

state. According to Shannon the Co ionic radii for the octahedral (VI-) 

coordination are53 

 
Oxidation state Co2+ Co3+ Co4+ 

Ionic radius* 

(crystal radius in Å) 

0.79 [LS] 

0.885 [HS] 

0.685 [LS] 

0.75 [HS] 

 

0.67 [HS] 

 

 

where HS and LS are high and low spin states, respectively. Although the 

coordination and spin state of the Co ions in the GBCO structure are far more 

complex that the compounds from which the ionic radii were extracted, this 

approach can still serve as a qualitative guide to estimate the changes in the 

ionic radii. In the GBCO films it can be assumed that the equilibrium oxygen 

stoichiometry is close to GdBaCo2O5.5 (δ∼0), which corresponds to a pure 

Co3+ oxidation state, in either LS or HS state. Then, a positive bias will favour 

the Co3+Co4+ oxidation, while a negative bias will cause Co3+Co2+. In the 

case that the change in Co ionic radius was the dominant effect in the overall 

cell expansion variations, and assuming the [GdOδ] expansion to behave 



 

 

uniformly in the whole ∆δ, any substantial change in the Co2+Co3+ or Co3+ 

Co4+ steps will produce a certain asymmetry between positive and negative 

bias. If we consider only the high spin values, the difference in the ionic radii 

between Co2+(HS)Co3+(HS) is -18%, while for Co3+(HS)Co4+(HS) it is -

11%. In this case, the oxidation causes a larger shrinkage of the [BaCoO] 

block, a factor of 1.6 times larger in the negative bias than for positive bias. 

Since this change is opposite to the [GdOδ] block expansion, the overall 

contribution to the cell expansion would result in a smaller chemical strain 

coefficient for negative bias compared to positive bias, in contrast to the 

experimental observation. Therefore, a different combination of spin states 

should be considered. If one assumes Co2+(LS)Co3+(HS)Co4+(HS), the 

relative changes in ionic radii are -5.3% and -10.7%, respectively.  In this 

case, the oxidation will produce a larger contraction opposed to the [GdOδ] 

block expansion, which still remains dominant, but will therefore result in a 

smaller (still positive) chemical expansion coefficient, in agreement with the 

present observation. Although this relative change in the [BaCoO] 

compression of about a factor 2.0 approaches that observed in the 

experimental c-axis expansion, ((∆c)-0.2V/(∆c)+0.2V= 2.3) is still of a lower 

magnitude. Further analyses have to be performed to evaluate the spin state 

of the Co ions, in order to ascertain the correspondence with the chemical 

expansion coefficients. Additionally, an accurate structural characterisation in 

the 5.5+δ region will indicate whether the expansion mechanisms of the two 

separate [GdOδ] and [BaCoO] blocks still behave as in the reported 5.5-δ 

oxygen stoichiometry range.51 It cannot be ruled out that the [GdOδ] slabs 

induce an additional asymmetry because of the incorporation of oxygen into 

the empty oxygen column sites (parallel to a-direction) causing an oxygen 

vacancy site disorder that may affect the Gd-O coordination and have some 

impact onto the cell parameters.  Another contribution to consider is the 

possible change in charge localization. Most of the explanations argued to 

establish a simple correspondence between chemical expansion and ionic 

radii derive from a large degree of charge localization. In the presence of 

delocalization, the effective ionic radius is no longer related to that included in 

Shannon’s database and can induce a lower chemical expansion. This could 



 

 

be the case for GBCO in the 5.5+δ composition region where Co3+Co4+ 

induces more itinerant electronic carriers and larger electronic conductivity in 

comparison to the 5.5-δ composition region with Co3+Co2+.  

 

E.  Asymmetry in time response 

The analysis of the time response of current transients with different applied 

voltages also manifests a clear asymmetry between positive and negative 

bias. Fig.  7 depicts the different values of the time constants τ obtained from 

the transitory decay response fit to single exponential curves both for the 

current transients and for the simultaneous c-axis parameter changes for the 

OFF step voltage change (from ±V to 0V). In the current measurements for 

positive voltages, we measured similar time responses of τ ∼ 220 sec from 

+100mV, 200mV and +300mV, regardless of the on or off voltage step.  

However, for negative bias voltages, the time response increases linearly 

from τ ∼ 220 sec, to 295 sec and 350 sec, at -100V, -200mV and -300mV, 

respectively. The time responses obtained for the c-axis parameter change 

for the same voltage steps show slightly lower values, although they follow 

the same trend. Since the overall time response should be determined by the 

slowest process in a series of steps (rate determining step) one can assume 

that it is dominated by the variations in the oxygen surface exchange rate at 

the surface of the GBCO film, which is believed to be the slowest of the 

electrochemical processes involved. The characteristic length for oxygen 

diffusion in the GBCO film across c-axis is expected to be much larger than 

the film thickness and therefore the effect of oxide ionic diffusion on the 

transient current and cell expansion is negligible in the films. We also assume 

that oxygen exchange reactions at the bottom Ag/YSZ electrode and 

interfacial oxide ionic exchange between the GBCO film and the GDC/YSZ 

electrolyte are not rate limiting. Under these assumptions the Oxygen 

Reduction Reactions (ORR) at positive bias, and Oxygen Evolution Reactions 

(OER) under negative bias, at the GBCO surface determine the observed 

exchange rates. The ORR and incorporation into the lattice can be described 

by the following reactions: 

 



 

 

½ O2(g) + VO
•• +2e-   OO

x 

and    2Co(III)x  2Co(IV)• + 2e-  

or     2Co(III)x +2e-  2Co(II)’ 

depending on whether the Co3+ ions oxidize to Co4+ or reduce to Co2+.  

The exchange rate involves the availability of both oxygen vacancy sites and 

electronic charges. In this case, the remarkable change in the slope between 

the time response after the application of positive and negative bias should 

be induced by an important change in the defect chemistry. The equilibrium 

non-stoichiometry at the conditions of the experiment in air (PO2= 0.21 atm, 

350 °C, and 0 V) is expected to be close to GdBaCo2O5.5±δ (δ∼0). This 

corresponds to a dominant Co3+ oxidation state. However, it is generally 

assumed that in Co perovskite oxides the high electric conductivity observed 

at elevated temperature is dominated by the Co disproportionation reaction: 

 

                               2Co(III)x  Co(II)’ + Co(IV) • 

 

thus, producing mobile e and h carriers.54 Since ∆δ=0 stoichiometry separates 

two regions with clearly different electric properties, at higher oxygen content 

(positive δ) the presence of Co3+/Co4+ provides the material with dominant p-

type electronic mobile charge carriers. However, at negative ∆δ the presence 

of Co2+/Co3+ turns it into n-type conductivity. The asymmetry observed in this 

work points towards a larger mobility of p-type carriers compared to n-type, 

possibly due to electron localization, therefore reducing the electrical 

conductivity at ∆δ<0. The slight difference in current and c-axis time response 

may arise from a slight difference in the surface reaction steps for ORR and 

OER at the position of the free exposed film (where the XRD measurements 

are centred, an average of the illuminated area of 1mm x 3mm) in comparison 

with the reactions taking place in the area below the Pt top electrode (which 

present a larger contribution to the current transient measurement). Smaller 

differences would be expected if XRD and current measurements where 

probing the exact same regions. This was not possible in the present 

experiment because of the large absorption of the X-rays through the 



 

 

deposited Pt electrode. A different geometry of the top Pt electrode, either 

thinner or porous, or mesh electrodes would be necessary to allow the same 

positioning for in-situ XRD and current measurements 

Conclusions 

In summary, in this work we have electrochemically oxidised and reduced 

epitaxial thin films of a complex mixed valence transition metal oxide, in a 

controlled and reversible way, making use of a solid-state electrochemical 

cell. This allowed in-situ analysis by XRD of very subtle associated structural 

changes, which led to an accurate study of the chemical strain mechanisms 

in GdBaCo2O5.5±δ epitaxial films, which showed a remarkable asymmetry in 

the chemical strain around δ=0. At the same time, coupled time-resolved XRD 

and potential step chronoamperometry experiments allowed obtaining the 

time response of the oxidation and reduction processes, associated with the 

oxygen surface exchange rates. The asymmetry of the chemical strain 

observed between oxidation and reduction was also reflected in the surface 

exchange rates, being faster for oxidation compared with reduction, where 

the exchange rates become progressively slower. Provided that thin films can 

be prepared on a YSZ solid electrolyte single crystal substrate, this method 

can be generalized for studying different complex solid state redox processes 

in a wide range of oxygen non-stoichiometry. 
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Figure captions 

 

 

Fig.  1. Experimental setup for the electrochemical cell characterization under 
controlled atmosphere inside the X-ray diffractometer temperature chamber.  

 

Fig.  2. TEM cross section image of the GBCO/CGO/YSZ epitaxial heterostructure 
in low magnification (A). High resolution TEM image around the CGO buffer layer 
showing the perfect arrangement of the GBCO epitaxial layer with c-axis 
perpendicular to film plane (B). FFT images of selected regions of GBCO and CGO 
showing the relative orientation of film and substrate, with zone axes [1-10]GBCO and 
[010]CGO, respectively. (C)  

 

Fig.  3. (a) X-ray diffraction 2θ/ω pattern of the GBCO/CGO/YSZ(001) and 
GBCO/YSZ(001) heterostructures showing epitaxial growth with full c-axis 
orientation of GBCO;  (b) Reciprocal space map around (-204)YSZ, (-204)CGO and 
(-116) GBCO reflections. 

 

Fig.  4. Potential step chronoamperometry curves (I versus time transients) 
measured during the anodic and cathodic potential step voltage changes. 

 

Fig.  5. (a) Variation of the GBCO c-axis parameter during the voltage changes as 
monitored by in-situ X-ray diffraction for the same voltages as in Fig.4.  (b) Relative 
variation of the steady c-parameter when cathodic and anodic bias is applied. Strain 
in c-parameter is almost twice under anodic bias (positive voltage) than under 
cathodic potential (negative voltage). The lines are a mere guide to the eye. 

 

Fig.  6. (a) Typical current intensity (I) transient used for the charge transfer 
measurement (corresponding to the anodic step voltage from 0 V to +100 mV); (b) 
corresponding oxide stoichiometry variations ∆δ for the different cathodic and 
anodic voltage steps; (c)  εc linear strain along c-axis for GBCO at the different 
oxide non-stoichiometry ∆δN normalized to the oxygen molar fraction (the labels 
correspond to the chemical strain coefficients αc as extracted from the slope of the 
curve).    

 



 

 

Fig.  7. Characteristic time responses (τ) obtained from the transient curves of 
current (I) and c-axis variations measured on the GBCO film for anodic (V > 0) and 
cathodic voltage (V<0) steps. The graph includes τ values for the OFF step (from V 
to 0). 
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