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Details on oxygen surface exchange mechanism over 
Pr1.6Ca0.4Ni1−yCuyO4+δ solid oxide fuel cell/electrolyzer air 

electrodes 
 

Vladislav Sadykov a, Ekaterina Sadovskaya a, Nikita Eremeev a *, 

Elena Pikalova b 
 

In the design of solid oxide fuel cell/electrolyzer air electrodes, the oxygen mobility and surface reactivity 

are of paramount importance. In this study, the oxygen surface heteroexchange rate is examined for a series 

of promising electrode materials, Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4). The investigation encompasses the 

relationship between this rate and the structural, surface, and electrochemical properties. Single-phase 

materials synthesized by a nitrate combustion technique using glycerol as a fuel possess an orthorhombic 

structure. The oxygen surface reactivity is studied by the temperature-programmed isotope exchange of 

oxygen with 18O2 in a flow reactor. The values of the oxygen heteroexchange rate (𝑅∗) and surface exchange 

constant (𝑘∗) are acquired using mathematical modeling. The isotope exchange between the gas oxygen and 

the sample surface occurs primarily via the 𝑅2-type of exchange mechanism, i.e., the simultaneous exchange 

of two atoms of the oxygen molecule with two atoms of oxygen in the sample surface. The process is limited 

by surface exchange of oxygen characterized by high values of surface exchange constant (up to ~ 10–5 cm/s 

at 700 °C). The best characteristics are achieved for the Pr1.6Ca0.4Ni1−yCuyO4+δ samples, y = 0.0–0.2. There 

is a correlation of the oxygen exchange kinetic parameters (surface exchange constant, tracer diffusion 

coefficient) with the electrochemical properties of the electrodes according to the Adler–Lane–Steele model. 

keywords: solid oxide fuel cells, solid oxide electrolyzers, layered nickelates, oxygen surface exchange, 

isotope exchange of oxygen 
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1. Introduction 

First-order Ruddlesden–Popper (RP) phases 

Ln2MO4+δ (Ln = La, Pr, Nd, etc.; M = Co, Ni, Cu, etc.) 

have attracted considerable attention due to their efficient 

application in solid oxide fuel cells (SOFCs) and 

electrolyzers (SOEs) as air [1–7] and fuel [2, 5, 8–10] 

electrodes, oxygen separation membranes [11–13], and 

components of catalysts for hydrogen and syngas 

production [11, 14]. They have also demonstrated promise 

in a variety of other applications [15, 16]. Their high 

performances in such applications are provided by the 

distinguishable features of these materials due to a layered 

structure comprising alternating perovskite and rock-salt 

layers. Among their advances are high mixed ionic-

electronic conductivity, oxygen mobility and surface 

reactivity, moderate thermal expansion coefficients and 

chemical stability under operating conditions (except for 

Pr2NiO4+δ). In particular, achieving a high level of oxygen 

mobility and surface reactivity is imperative to ensure the 

effective operation of the SOFC/SOE air electrodes. In 

this case, the electrode reaction (oxygen 

reduction/evolution reactions, ORR/OER) is not limited 

by a triple-phase boundary (gas – electrode – electrolyte), 

but occurs on a double-phase boundary (gas–electrode) as 

well [3–5, 7, 17–19]. There has been an Adler–Lane–Steele 

(ALS) model, in which the mixed ion-electron conducting 

(MIEC) electrode performance correlates with the oxygen 

self-diffusion coefficient and surface exchange constant 

values of the electrode material as well as the 

microstructure features [19–21]. 

Excellent oxygen transport properties of first-order 

RP phases, including Ln nickelates, are attributed to a 

cooperative mechanism of oxygen migration involving 

both regular and highly mobile interstitial oxygen 
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presented in a high excess [3, 7, 12, 19, 22–27]. This 

mechanism (known also as an interstitial mechanism) 

involves the movement of interstitial oxygen in a rock salt 

layer across the Ln3 triangle into the apical position of 

NiO6 octahedra in a perovskite layer, and this apical 

oxygen is displaced across the neighboring Ln3 triangle 

into the interstitial position. Such a mechanism provides 

high values of the oxygen self-diffusion coefficient (up to 

~ 10–8–10−7 cm2/s at 700 °C). The doping of A- and B-sites 

with various cations has been demonstrated to exert a 

substantial influence on the cooperative mechanism and, 

consequently, on the oxygen mobility of the RP phases 

[22, 24–30]. This is related to the interstitial oxygen 

content, the size of the dopant cation, as well as other 

structural and defect features. 

Another salient feature pertains to oxygen surface 

reactivity, given that surface exchange of oxygen in the 

oxide and in the gas phase constitutes a pivotal process in 

ORR/OER [31–33]. Interstitial oxygen in the rock salt 

layers and regular oxygen in the perovskite layers have 

been demonstrated to be two major active centers for 

ORR and OER. The governing factors have been 

demonstrated to be oxygen adsorption and 

incorporation. Ln nickelates have been shown to exhibit 

high values of the oxygen surface exchange constant (up 

to ~ 10−7–10−6 cm/s at 700 °C) [26, 28, 29, 32, 34–36]. 

The surface exchange of oxygen for RP phases typically 

occurs via 𝑅1 and 𝑅2 type of exchange mechanisms 

according to the Muzykantov’s classification [37, 38], i.e., 

the simultaneous exchange of one or two oxygen atoms 

from the oxygen molecule with one or two oxygen atoms 

from the oxide surface, respectively. The rate-determining 

steps in this process are believed to be either oxygen 

dissociative adsorption and incorporation, or both stages 

may be competing depending on the sample composition 

and synthesis technique. It has been demonstrated that 

interstitial oxygen plays an important role in the 

incorporation of adsorbed oxygen [26, 32, 33, 35]. The 

oxygen surface exchange process is influenced by the 

dopant nature and content due to the effects of surface 

properties, defects, the rate-determining step, the affinity 

of oxygen to A- and B-site cations, and the surface 

diffusion energy barrier [27–29, 33–36]. 

In several recent works performed jointly in IHTE UB 

RAS, UrFU and BIC SB RAS [39–41], the physicochemical 

properties of Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) 

materials perspective for air electrodes in various 

electrochemical devices have been studied. The materials 

have demonstrated a moderate level of the total 

conductivity (𝜎𝑡𝑜𝑡, 155–90 S/cm at 700 °C depending on 

the Cu content) and the thermal expansion coefficient 

(TEC, 13.5–13.7 × 10–6 K–1 in the range of 100–900 °C). 

They exhibit excellent phase stability and chemical and 

thermomechanical compatibility with CeO2- and 

BaCe(Zr)O3-based electrolytes. Moreover, Cu-doping was 

found to enhance the electrochemical activity of the 

related electrodes. For instance, the polarization 

resistance of the Pr1.6Ca0.4Ni0.8Cu0.2O4+δ electrode is in the 

range of 0.19–0.27 Ω · cm2 (at 700 °C) depending on the 

electrolyte substrate [39]. According to the data obtained 

using temperature-programmed isotope exchange of 

oxygen (TPIE) with C18O2 in a flow reactor, the highest 𝐷∗ 

value for Ofast, moving via the cooperative mechanism, 

was demonstrated for Pr1.6Ca0.4Ni0.8Cu0.2O4+δ equal to 

9.4 · 10–8 cm2/s at 700 °C [41]. To complement these 

findings, in the present work, the surface exchange 

properties of these materials have been studied by TPIE 

with 18O2. The correlation of the electrode performance 

with oxygen surface heteroexchange rate and diffusion 

coefficient values according to the ALS model has been 

demonstrated. 

2. Experimental 

The materials of the Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–

0.4, PCNO, PCNCO01–PCNCO04) series were 

synthesized by nitrate combustion using glycerol as a fuel, 

as described in detail in the works [39, 41]. 

The structural properties of the materials were 

examined after the final step by powder X-ray diffraction 

(XRD) analysis using a Shimadzu XRD-7000 

diffractometer (Japan) with a graphite monochromator 

with Cu Kα1 radiation at room temperature in air. The 

XRD patterns were obtained over the angle range of 

10 < 2θ < 90 with a step size of 0.02 ° and an exposure 

time of 5 s at each point. 

A Brunauer–Emmett–Teller (BET) method was 

employed to determine the specific surface area values, 

utilizing a SORBI N.4.1 analyzer (Meta, Russia). 

The oxygen surface reactivity of the samples was 

studied by the temperature-programmed isotope 

exchange (TPIE) of oxygen with 18O2 in a flow reactor. The 

samples (0.25–0.5 mm fraction, 50 mg weight) were 

loaded into a quartz tubular reactor (inner diameter of 

3 mm). Pretreatment was carried out at 700 °C during 

0.5 h in a flow of 1 % O2 + He (flow rate of 25 ml/min) 

followed by cooling. The TPIE experiments were carried 

out in 1 % 18O2 + He (flow rate of 25 ml/min) while 

heating from 50 °C to 800 °C with a ramp of 5 °C/min. 

The gas phase composition at the reactor outlet was 

analyzed by a UGA 200 mass spectrometer (Stanford 

Research Systems, USA). The dependencies of the 18O 

atomic fraction (𝛼) and the 16O18O molecular fraction (𝑓34) 

in the gas phase were used for calculations of isotope 
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exchange kinetic parameters via mathematical modeling 

[29, 42, 43]. 

3. Theory 

3.1. Dissociative adsorption-desorption and three types of 

exchange mechanisms 

The surface exchange of oxygen in the molecular 

oxygen – solid oxide systems is known to occur via the 

Muzykantov–Boreskov mechanism, or the dissociative 

adsorption-desorption mechanism [26, 29, 35, 36, 44–

46], which includes the steps of: 

• physical adsorption; 

• chemisorption of an oxygen molecule with its 

dissociation (Equations 1–3): 

O2 (𝑔) + 2( )𝑎 = 2(O)𝑎, (1) 

O2 (𝑔) + ( )𝑎 + [ ]𝑆 = (O)𝑎 + [O]𝑆, (2) 

O2 (𝑔) + 2[ ]𝑆 = 2[O]𝑆, (3) 

where ( )𝑎 and [ ]𝑆 are the adsorption site and oxygen 

vacancy on the surface, respectively, (O)𝑎 and [O]𝑆 are 

the adsorbed (weakly bound, capable of surface diffusion) 

and surface (strongly bound with oxygen vacancy) 

oxygen species, respectively; 

• incorporation (Equation 4): 

(O)𝑎 + [ ]𝑆 = ( )𝑎 + [O]𝑆. (4) 

For isotope exchange with 18O2 (as well as other 

molecules containing two identical atoms), according to 

the Muzykantov’s classification [37, 38], there are three 

types of exchange mechanism: 

• Homoexchange 

• 𝑅0-type (0-atomic type, I type, Equation 5): 

O2
18 + O2

16 = 2 O16 O18 ; (5) 

• Heteroexchange 

• 𝑅1-type (1-atomic type, II type, Equations 6 and 7): 

O2
18 + [ O16 ] = O16 O18 + [ O18 ], (6) 

O16 O18 + [ O16 ] = O2
16 + [ O18 ]; (7) 

• 𝑅2-type (2-atomic type, III type, Equations 8–10): 

O2
18 + 2[ O16 ] = O2

16 + 2[ O18 ], (8) 

O2
18 + [ O16 ] + [ O18 ] = O16 O18 + 2[ O18 ], (9) 

O16 O18 + 2[ O16 ] = O2
16 + [ O16 ] + [ O18 ]. (10) 

3.2. Mathematical models for description of TPIE 18O2 

data 

There are two models applied in this work for the 

description of isotope exchange data: 

• Model 1 (Equations 11–17) considering a direct 

exchange of molecular oxygen with the oxygen of the 

oxide surface [29]; 

• Model 2 (two-step model, Equations 18–25) 

considering the exchange of the molecular oxygen with 

the chemisorbed oxygen atoms (O2
𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆, as formed 

according to the Equations 1–3) followed by the exchange 

of the chemisorbed oxygen atoms with the surface oxygen 

of the oxide surface (O𝐴𝐷𝑆 ↔ O𝑆, Equation 4). 

Model 1 

𝜕𝛼𝐺

𝜕𝑡
+

1

𝜏

𝜕𝛼𝐺

𝜕𝜉
=

𝑁𝑆

𝑁𝐺
𝑅(𝛼𝑆 − 𝛼𝐺) (11) 

𝜕𝛼𝑆

𝜕𝑡
= 𝑅(𝛼𝐺 − 𝛼𝑆) −

𝑁𝐵𝑈𝐿𝐾

𝑁𝑆

𝐷

ℎ2

𝜕𝛼𝐵𝑈𝐿𝐾

𝜕𝜂
|

𝜂=0

 (12) 

𝜕𝛼𝐵𝑈𝐿𝐾

𝜕𝑡
=

𝐷

ℎ2

𝜕2𝛼𝐵𝑈𝐿𝐾

𝜕𝜂2
 (13) 

In the case of 𝑅0-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝑆

𝑁𝐺
𝑅0(2𝛼𝐺(1 − 𝛼𝐺) − 𝑓34) (14) 

In the case of 𝑅1-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝑆

𝑁𝐺
(𝑅1(𝛼𝐺(1 − 𝛼𝑆) +  

+ 2𝛼𝑆(1 − 𝛼𝐺) − 𝑓34), 𝑅1 = 2𝑅 

(15) 

In the case of 𝑅2-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝑆

𝑁𝐺
(𝑅2(2𝛼𝑆(1 − 𝛼𝑆) − 𝑓34), 

𝑅2 = 𝑅 

(16) 

Initial and boundary conditions: 

𝑡 = 0: 𝛼 = 𝛼𝑂𝑋 = 𝑓34 = 0  

𝜉 = 0: 𝛼 = 𝛼𝑖𝑛𝑝𝑢𝑡, 𝑓34 = 𝑓34
𝑖𝑛𝑝𝑢𝑡

  
(17) 

Here, 𝑁𝐺 , 𝑁𝑆 and 𝑁𝐵𝑈𝐿𝐾 are the numbers of atoms in 

the gas phase, on the surface and in the bulk of the oxide, 

respectively; 𝑅1 and 𝑅2 are the exchange rates via 𝑅1- and 
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𝑅2-types of mechanism, respectively, 𝐷 is the tracer 

diffusion coefficient, ℎ is the characteristic size of the 

oxide particle; 𝜂 is a dimensionless distance from the oxide 

surface; 𝛼𝐺, 𝛼𝑂𝑋, 𝛼𝑆 and 𝛼𝐵𝑈𝐿𝐾 are 18O fractions in the gas 

phase, in the oxide, on the surface and in the bulk of the 

oxide, respectively; 𝑡 is time; 𝜏 is the contact time; 𝜉 is 

dimensionless length of the sample layer in the reactor. 

Model 2 

𝜕𝛼𝐺

𝜕𝑡
+

1

𝜏

𝜕𝛼𝐺

𝜕𝜉
=

𝑁𝐴𝐷𝑆

𝑁𝐺
𝑅(𝛼𝐴𝐷𝑆 − 𝛼𝐺) (18) 

𝜕𝛼𝐴𝐷𝑆

𝜕𝑡
= 𝑅(𝛼𝐺 − 𝛼𝐴𝐷𝑆) −

𝑁𝑆

𝑁𝐴𝐷𝑆

(𝛼𝑆 − 𝛼𝐴𝐷𝑆) (19) 

𝜕𝛼𝑆

𝜕𝑡
= 𝑅(𝛼𝐴𝐷𝑆 − 𝛼𝑆) −

𝑁𝐵𝑈𝐿𝐾

𝑁𝑆

𝐷

ℎ2

𝜕𝛼𝐵𝑈𝐿𝐾

𝜕𝜂
|

𝜂=0

 (20) 

𝜕𝛼𝐵𝑈𝐿𝐾

𝜕𝑡
=

𝐷

ℎ2

𝜕2𝛼𝐵𝑈𝐿𝐾

𝜕𝜂2
 (21) 

In the case of 𝑅0-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝐴𝐷𝑆

𝑁𝐺
𝑅0(2𝛼𝐺(1 − 𝛼𝐺) − 𝑓34) (22) 

In the case of 𝑅1-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝐴𝐷𝑆

𝑁𝐺
(𝑅1(𝛼𝐺(1 − 𝛼𝐴𝐷𝑆) +  

+ 𝛼𝐴𝐷𝑆(1 − 𝛼𝐺) − 𝑓34), 𝑅1 = 2𝑅 

(23) 

In the case of 𝑅2-type of exchange mechanism: 

𝜕𝑓34

𝜕𝑡
+

1

𝜏

𝜕𝑓34

𝜕𝜉
=

𝑁𝐴𝐷𝑆

𝑁𝐺
𝑅2(2𝛼𝐴𝐷𝑆(1 − 𝛼𝐴𝐷𝑆) −  

−𝑓34), 
𝑅2 = 𝑅 

(24) 

Initial and boundary conditions: 

𝑡 = 0: 𝛼𝐺 = 𝛼𝐴𝐷𝑆 = 𝛼𝑆 = 𝛼𝐵𝑈𝐿𝐾 = 𝑓34 = 0  

𝜉 = 0: 𝛼𝐺 = 𝛼𝑖𝑛𝑝𝑢𝑡, 𝑓34 = 𝑓34
𝑖𝑛𝑝𝑢𝑡

  
(25) 

Here, 𝛼𝐴𝐷𝑆 is 18O fraction of the adsorbed oxygen, 

𝑁𝐴𝐷𝑆 is the number of adsorbed oxygen atoms. 

3.3. Adler–Lane–Steele model 

For elucidation of the correlations of the 

electrochemical performance of electrodes with the 

oxygen exchange and diffusion rates, the ALS model 

(Equation 26) is applied [20, 21, 28, 47]: 

𝑅𝑝 =
𝑅𝑇

4𝐹 √
𝜋𝑡𝑜𝑟𝑡

(1 − 𝜋𝑝𝑜𝑟)4𝑆𝑠𝑝𝐶𝑂𝐷𝑜𝑣𝑒𝑟
∗ 𝑘∗

, (26) 

where 𝑅𝑝 is the polarization resistance of the electrode; 𝐹 

is the Faraday constant; 𝜋𝑡𝑜𝑟𝑡 and 𝜋𝑝𝑜𝑟 are the electrode 

tortuosity and porosity, respectively; 𝑆𝑠𝑝 is the specific 

surface area of the electrode; 𝐶𝑂 is the molar 

concentration of oxide anions in the oxide; 𝐷𝑜𝑣𝑒𝑟
∗  is the 

mean integral oxygen tracer diffusion coefficient; 𝑘∗ is the 

oxygen surface exchange constant. 

Hence, the correlations between 𝑅𝑝 and (𝐷𝑜𝑣𝑒𝑟
∗ 𝑘∗)0.5 

can be considered. 𝐷𝑜𝑣𝑒𝑟
∗  can be calculated considering the 

diffusion coefficients of various oxygen forms. 𝑘∗ can be 

calculated as being proportional to the oxygen surface 

heteroexchange rate [35, 48]. 

4. Results and discussion 

4.1. Structural features and oxygen content 

According to the XRD data (Figure 1), all 

Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) samples are single-

phase and possess an orthorhombic structure with the 

Bmab space group. The refinement of unit cell parameters 

was carried out using the Rietveld full-profile analysis 

method with the FullProf Suite software (presented in 

Table 1). The unit cell parameter c increases with 

increasing Cu content in the series, whereas the a and b 

parameters decrease, which can be related to the tendency 

of Jahn–Teller Cu2+ ions to form elongated CuO6 

octahedra [49, 50]. These multidirectional changes result 

in an increase in the unit cell volume. More detailed data 

on the structural characterization of samples are 

presented in the authors’ previous works [39, 41]. 

 

Figure 1 XRD patterns obtained at room temperature for the as-

synthesized Pr1.6Ca0.4Ni1−yCuyO4+δ materials. Reproduced from 

Ref. [41] under the CC BY 4.0 license.
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Table 1 – Structure parameters and oxygen content for the Pr1.6Ca0.4Ni1−yCuyO4+δ series [39, 41]. 

y 0.0 0.1 0.2 0.3 0.4 

Sample designation PCNO PCNCO01 PCNCO02 PCNCO03 PCNCO04 

a, [Å] 5.3537(1) 5.3441(2) 5.3340(3) 5.3270(1) 5.3220(2) 

b, [Å] 5.3726(2) 5.3686(3) 5.3626(3) 5.3580(1) 5.3560(2) 

c, [Å] 12.3706(3) 12.4166(3) 12.4659(3) 12.5051(4) 12.5521(4) 

V, [Å3] 355.82(2) 356.24(1) 356.58(1) 356.98(2) 357.8(2) 

4+δ 4.12 4.09 4.02 3.97 4.00 

The oxygen content according to the TGA data 

[39, 41] is given in Table 1. The examples of temperature 

dependencies of oxygen overstoichiometry according to 

the TGA data in air are given in Figure 2. The overall 

oxygen content decreases with increasing temperature 

due to the oxygen desorption, which is typical for first-

order RP phases. More detailed data on the oxygen 

content of the samples are presented in the authors’ 

previous works [39, 41]. 

 

Figure 2 Total oxygen content in the materials of the 

Pr1.6Ca0.4Ni1−yCuyO4+δ series, as defined via TGA data in air. 

Reproduced from Ref. [41] under the CC BY 4.0 license. 

4.2. Oxygen surface reactivity 

Figure 3 (upper image) demonstrates the 

dependencies for the 18O atomic fractions in the gas phase 

oxygen (𝛼𝐺) acquired for the Pr1.6Ca0.4Ni1−yCuyO4+δ 

samples during TPIE run. The variation of 𝛼𝐺 depends on 

both surface exchange rates and bulk diffusion of oxygen. 

The higher the total rate of O2 exchange with the oxide 

oxygen – the lower the temperature at which a significant 

decrease in 𝛼𝐺 is observed. As illustrated in Figure 3, the 

𝛼𝐺(𝑇) dependencies for the PCNO and PCNCO01 

samples are highly analogous. A slight decrease in the 

observed exchange rate for the PCNCO01 sample is most 

likely related to the higher specific surface area (𝑆𝑠𝑝 is 

1.5 m2/g and 2.1 m2/g for the PCNO and PCNCO01 

samples, respectively). The oxygen surface exchange rate 

demonstrates a substantial decline when the Cu content is  

 

Figure 3 Temperature-programmed isotope exchange of 

oxygen with 18O2 in the flow reactor for the 

Pr1.6Ca0.4Ni1−yCuyO4+δ samples. Points – experiment, lines – 

modeling. 

elevated from y = 0.1 to 0.3 (PCNCO01–03). However, a 

subsequent increase in the Cu content to y = 0.4 

(PNCNO04) results in an increase in the oxygen surface 

exchange rate. 

The potential causes of the decrease in the oxygen 

surface exchange rate with increasing the Cu content in 

the Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.3) are evident. It has 

been established that CuO exhibits an oxygen surface 

heteroexchange rate with 18O2 that is approximately one 

order of magnitude lower than that of NiO [51]. 

Pr2CuO4+δ exhibits reduced activity in the isotope 

exchange of oxygen in comparison with Pr2NiO4+δ [52]. 

However, Miyoshi et al. [53] have shown that the 

substitution of Ni with Cu has a significant impact on both 

mixed conductivity and oxygen diffusion. Specifically, 

two compositions of Pr2Ni0.8Cu0.2O4+δ and 

Pr2Ni0.75Cu0.25O4+δ showed considerably higher oxygen 

permeation rates of 60 and 100 μmol · min–1 · cm–2 at 
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1000 °C through a membrane with a thickness of 0.5 mm 

than that of the other B-site doped (with Co, Fe, Mn, Zn, 

Al, Ga, Mg) Pr2NiO4+δ oxides. 

Yashima et al. [54], using Density Functional Theory 

calculations, have shown that in the Pr2Ni1−xCuxO4+δ 

crystal structure the degeneracy in molecular or ionic 

complexes with electronically degenerate states can be 

removed by a distortion where the Cu–O bond length in 

the direction perpendicular to the perovskite layer (bonds 

between Cu2+ and apical oxygen ions), increases. Due to 

the distortion, the bonds between Cu2+ and the apical 

oxygen ions are weaker than the bonds between Cu2+ and 

the equatorial oxygen ions. Thereby, the apical ion can 

contribute to oxygen ion diffusion by moving into the 

interstitial site. This creates a vacancy at the apical site 

while simultaneously increasing the number of ionic 

charge carriers. 

It is established that highly mobile interstitial oxygen 

plays a crucial role in the surface exchange for RP phases 

[26, 32, 33, 35]. The observed decrease in the oxygen 

surface exchange rate in the row of Pr1.6Ca0.4Ni1−yCuyO4+δ 

(y = 0.0–0.3) (Figure 3) is in agreement with the decrease 

in the interstitial oxygen content (Table 1), as well as the 

decrease in the oxygen tracer diffusion coefficient values 

with increasing Cu content, as previously demonstrated 

by C18O2 TPIE [41]. 

The PCNCO04 sample exhibits slightly higher 

oxygen content (δ = 0.00) compared to PCNCO03 

(δ = –0.03, Table 1) [39, 41]. 

A higher surface reactivity for the PCNCO04 sample 

compared to the PCNCO03 one may also be related to 

the surface properties. As demonstrated in the work [39] 

by X-ray photoelectron spectroscopy (XPS), there are 

four forms of surface oxygen for the PCNCO samples 

with a binding energy of 528.8, 530.15, 531.2 and 532.6 eV 

(Table 2). The first two forms likely correspond to the 

structural oxygen associated with Ni and Pr [39]. The third 

form may correspond to the oxygen within (CO3)2– 

groups, as well as adsorbed oxygen and oxygen in the 

defect sites of the crystal lattice [39, 55, 56]. The peak at 

532.6 eV may be associated with adsorbed water [39, 54]. 

The PCNCO04 sample exhibits the greatest contribution 

of the surface oxygen linked to Pr (Table 2) [39]. All of 

these factors may be considered responsible for the higher 

oxygen surface exchange rate for the PCNCO04 sample 

compared to the PCNCO03 one. 

The effect of the diffusion retardation on the 

dynamics of exchange with 18O2 can be demonstrated 

qualitatively by comparing the dynamic extent of 

exchange (𝑋), defined as the amount of oxygen 

substituted at a given point in time divided by its total 

amount in the sample (Equation 27), during TPIE 18O2 and 

C18O2 [41] runs (Figure 4). 

𝑋 =
1

𝑁

2𝐶𝑂2
𝑈

𝛼𝑖𝑛𝑝𝑢𝑡𝑅𝑇
∫ (𝛼𝑖𝑛𝑝𝑢𝑡 − 𝛼𝐺)𝑑𝑇

𝑇𝑒𝑛𝑑

𝑇0

 (27) 

where 𝑁 is the total amount of oxygen atoms in the 

sample, 𝐶𝑂2
 is the oxygen concentration in the gas phase, 

𝑈 is the flow rate, 𝑅𝑇 is the heating ramp rate. 

As follows from Figure 4, the onset of isotope 

exchange with 18O2 is shifted by ~ 100 °C or more towards 

higher temperatures compared to the exchange with 

C18O2 for all samples. Therefore, the dynamics of 

exchange with 18O2 at low temperatures is limited by the 

exchange of oxygen in the gas phase with oxygen on the 

sample surface. While reaching 𝑋 = 20 % (i.e. 

approaching the minima of the 𝛼𝐺 curves), the extent of 

exchange with C18O2 for the PCNO and PCNCO01 

samples is ~ 60 %, while for other samples, this extent is 

significantly lower. This suggests that the limiting effect of 

bulk diffusion is negligible for the PCNO and PCNCO01 

samples, while it can be substantial for other samples, 

particularly PCNCO02. 

Based on the mathematical modeling employing 

Model 1 (Equations 11–17) a satisfactory description of the 

𝛼𝐺(𝑇) dependencies is obtained. The oxygen tracer 

diffusion coefficient values are derived from the TPIE 

C18O2 data acquired in the authors’ previous work [41]. 

The estimation errors for calculating the oxygen tracer 

diffusion coefficients and their effective activation 

energies do not exceed ± 15 % (if the other is not 

specified)  [41].  These  values  (Table 3)  are  then  used  in 

Table 2 – The contribution (in [%]) of the oxygen states peaks to the total O1s XPS spectra [39]. 

Sample 
528.8 eV 530.15 eV 531.2 eV 0.3 

Ni–O Pr–O (CO3)2− (H2O)ads 

PCNO 30.1 19.5 42.0 8.4 

PCNCO01 30.0 18.7 43.3 7.9 

PCNCO02 27.7 16.6 45.2 10.5 

PCNCO03 30.8 16.9 39.2 13.1 

PCNCO04 27.5 21.3 35.5 15.6 
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Figure 4 The dynamic extent of exchange for the Pr1.6Ca0.4Ni1−yCuyO4+δ samples during TPIE 18O2 (solid lines, this work) and C18O2 

(dashed lines, from Ref. [41]) runs. 

Table 3 – The oxygen tracer diffusion coefficient (𝑫∗) values at 700 K and their effective activation energies (𝑬𝒂) for various 

oxygen forms (with the fraction of 𝜽) according to the TPIE C18O2 data modeling [41]. 

Sample 

Ofast Omiddle Oslow 

𝜽, [%] 
𝑫∗ · 1011, 

[cm2/s] 

𝑬𝒂, 

[kJ/mol] 
𝜽, [%] 

𝑫∗ · 1013, 

[cm2/s] 

𝑬𝒂, 

[kJ/mol] 
𝜽, [%] 

𝑫∗ · 1015, 

[cm2/s] 

𝑬𝒂, 

[kJ/mol] 

PCNO 77 3.6 160 23 0.6 160 0 – – 

PCNCO01 40 2.3 30 0.5 160 30 (0.1 ÷ 1) 160 

PCNCO02 15 4.2 25 (0.2 ÷ 2) 160 60 1.0 160 

PCNCO03 20 1.7 20 (0.1 ÷ 1) 160 60 0.7 160 

PCNCO04 13 0.7 7 (0.1 ÷ 1) 160 80 1.1 160 

 

subsequent calculations. On the other hand, the 𝛼𝐺(𝑇) 

dependencies for the PCNO and PCNCO01 samples can 

be described using a uniform model [29] with a single 

diffusion coefficient within the sample bulk. This suggests 

no limiting effect of oxygen diffusion for the PCNO and 

PCNCO01 samples. For other samples, the 𝛼𝐺(𝑇) 

dependencies cannot be described by a uniform model; 

therefore, oxygen bulk diffusion must be taken into 

account. The limiting effect of diffusion manifests 

exclusively at elevated isotope substitution extents for the 

PCNCO03 and PCNCO04 samples. In contrast, for the 

PCNCO02 sample, diffusion begins to limit the process 

almost immediately upon the onset of isotope exchange. 

Figure 5 demonstrates the dependencies of the 18O 

atomic (𝛼𝐺) and 16O18O molecular (𝑓34) fractions in O2 

acquired for the PCNO samples. The 𝑓34 dependence is 

determined not only by the surface exchange rate, but 

also by the exchange mechanism. Generally, there are two 

types of heteroexchange 𝑅1 (Equations 6 and 7) and 𝑅2 

(Equations 8–10) [26, 28, 29, 37, 38, 44–46]. As 

illustrated in Figure 5, Model 1 is incapable of explaining 

the 𝑓34 dependence, regardless of whether 𝑅1 or 𝑅2 is 

considered as the exchange mechanism. Employing the 

two-step model (Model 2, see Section 3.2 for details) 

allows a successful description of both 𝛼𝐺(𝑇) and 𝑓34(𝑇) 

dependencies using the 𝑅2-type of exchange mechanism 

for all samples (Figure 3, upper and lower images, 

respectively). 

The calculations demonstrated that the limiting effect 

of the O𝐴𝐷𝑆 ↔ O𝑆 step occurs only for the PCNO and 

PCNCO01 samples. In the case of PCNCO02 sample at the 

onset of isotope exchange, the O2
𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 step is 

limiting, then oxygen diffusion in the oxide bulk is 

limiting.  For the PCNCO03 and  PCNCO04 samples,  the  
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Figure 5 Temperature-programmed isotope exchange of 

oxygen with 18O2 in the flow reactor for the Pr1.6Ca0.4NiO4+δ 

sample. Points – experiment, lines – description using various 

models. 

O2
𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 step is mainly limiting, except for high 

oxygen isotope substitution extents. The calculated values 

of the surface exchange rates for the O2
𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 (𝑅2) 

and O𝐴𝐷𝑆 ↔ O𝑆 (𝐾) steps are given in Table 4 and 

Figure 6(a). It is noteworthy that the effective activation 

energy values for all Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) 

samples remain constant within the estimation error 

range, 180 kJ/mol (Table 4). The oxygen surface 

exchange rate is known to depend on various factors, 

including the frequency of exchange attempts, the surface 

coverage by adsorbed oxygen species, oxygen vacancies, 

and other oxygen forms; the enthalpies and entropies of 

oxygen adsorption, incorporation, and charge transfer 

[57–59]. The experimental findings suggest that the 

incorporation of Cu does not appear to exert a substantial 

influence on these enthalpies and entropies. However, it 

may have an impact on the contribution of the oxygen 

surface form, as evidenced by the XPS data (Table 2) [39]. 

Additionally, there is the possibility that the attempt 

frequency may be affected. 

In order to compare the samples studied with the 

other samples and make correlations according to the ALS 

model, the oxygen surface exchange values (𝑘∗) should be 

calculated. As follows from the calculations (Figure 6(b)), 

the samples possess high 𝑘∗ values (~ 10–7–10–5 cm/s at 

700 °C), which is comparable or even exceeding the values 

for other first-order RP phases [26, 28, 29, 32, 34–36]. 

Table 4 – The values of the oxygen surface exchange rates (𝑹𝟐, 

𝑲) at 700 K and their effective activation energies (𝑬𝒂(𝑹, 𝑲)) 

according to the TPIE 18O2 data modeling. 

Sample 
𝑹𝟐, 

[μmol/(m2 · s)] 

𝑲, 

[μmol/(m2 · s)] 

𝑬𝒂(𝑹, 𝑲), 

[kJ/mol] 

PCNO 0.8 0.3 180( ± 0.3) 

PCNCO01 0.8 

PCNCO02 0.1 Not limited 

PCNCO03 0.01 

PCNCO04 0.03 

  

Figure 6 Arrhenius plots for oxygen surface exchange rates (a) and constants (b) according to the TPIE 18O2 in the flow reactors for 

the Pr1.6Ca0.4Ni1−yCuyO4+δ samples, y = 0.0 (1), 0.1 (2), 0.2 (3), 0.3 (4) and 0.4 (5). 
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4.3. Correlation with electrochemical properties 

Electrochemical impedance measurements and 

detailed analysis of the electrode performance were 

carried out in the authors’ previous works [39, 40]. The 

polarization resistance values, 𝑅𝑝, for the single-layer 

Pr1.6Ca0.4Ni1−yCuyO4+δ electrodes on the SDC electrolyte 

were calculated as 1.88, 1.05, 1.54, 1.65 and 0.91 Ω · cm2 at 

700 °C for y = 0.0, 0.1, 0.2, 0.3 and 0.4, respectively. The 

effective activation energy values, found from the 

reciprocal 𝑅𝑝 temperature dependencies, are 130, 120, 120, 

120 and 90 kJ/mol for y = 0.0, 0.1, 0.2, 0.3 and 0.4 

(Figure 7). The variation of the effective activation energy 

of 𝑅𝑝 with the Cu content, while the effective activation 

energies of 𝐷∗and 𝑘∗ are almost constant (Tables 3 and 4) 

may be due to the variation of the oxygen content 

(Equation 26) with temperature as shown by the TGA 

data [39, 41] as well possible deviations from the ALS 

model [60–62]. 

While analyzing the correlations of polarization 

resistance with oxygen content, diffusion coefficient, and 

surface exchange constant within the framework of the 

ALS model [20, 21, 28, 34, 47], the trends of decreasing 

𝑅𝑝 with increasing the (𝐷∗𝑘∗)0.5 and δ values were 

observed (Figure 8). 

The 𝑅𝑝 and δ dependencies on the Cu content are 

non-monotonous, while (𝐷∗𝑘∗)0.5 gradually decreases 

with increasing the Cu content. Especially, there are 

correlations of 𝑅𝑝 with (𝐷∗𝑘∗)0.5 for 

Pr1.6Ca0.4Ni1−yCuyO4+δ, y = 0.1–0.3, and with δ for 

y = 0.1–0.4. There are deviations from direct correlations, 

which can be explained by the effect of microstructure 

and textural properties of the electrodes, and/or the 

variation of oxygen overstoichiometry with the 

temperature. 

 

Figure 7 Arrhenius plots for the reciprocal polarization 

resistance of the Pr1.6Ca0.4Ni1−yCuyO4+δ electrodes without 

collector layer, y = 0.0 (1), 0.1 (2), 0.2 (3), 0.3 (4) and 0.4 (5) 

[39]. 

  

Figure 8 Correlation of polarization resistance, oxygen overstoichiometry, tracer diffusion coefficient and surface exchange 

constant for the Pr1.6Ca0.4Ni1−yCuyO4+δ series (y = 0.0–0.4). 

5. Conclusions 

The present study demonstrates the effect of the Cu 

content in the Pr1.6Ca0.4Ni1−yCuyO4+δ series on the oxygen 

surface reactivity. The temperature-programmed isotope 

exchange with 18O2 studies demonstrate that the oxygen 

surface exchange occurs via the 𝑅2-type of mechanism, 

i.e., two-atomic heteroexchange. For some samples, the 

limiting effect of the adsorbed oxygen incorporation into 

the oxide surface is shown. The oxygen surface exchange 
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rate tends to decrease with increasing the Cu content, 

which can be explained by a decrease in the highly-mobile 

interstitial oxygen content and mobility. The exception 

for the Pr1.6Ca0.4Ni0.6Cu0.4O4+δ sample exhibiting higher 

oxygen surface exchange rate values compared to the 

Pr1.6Ca0.4Ni0.7Cu0.3O4+δ sample can be explained by the 

combined effect of the sample surface properties and/or 

the oxygen content. Nevertheless, all samples possess high 

oxygen surface exchange constant values 

(~ 10–7–10–5 cm/s at 700 °C) that are comparable or even 

exceeding the values for other first-order RP phases and is 

very attractive for practical application as SOFC/SOE air 

electrodes. The correlations of the electrode performance 

and materials’ oxygen kinetics are demonstrated. 
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