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Abstract

PrNio.sCoo.sCUg (PNC) exhibits adequate total electrical conductivity (-300 S/cm at 400-600°C) 

and moisture has no significant effect on it. The thermal expansion coefficient of PNC is 

17.6><10'6/K by dilatometry and 18.43><10'6/K by in situ XRD. PNC also demonstrates chemical 

stability against H20 and C02. However, PNC symmetrical cell over proton-conducting 

BaZro.Ceo.f'fo.iYbo.iCUs (BZCYYb4411) electrolyte shows significant H20 and C02 poisoning 

when those are introduced into 02-N2 mixture. In comparison, symmetrical cells with PNC 

electrode over the oxygen ion conducting Ceo.gGdo.iCL.g (GDC) electrolyte show no H20 and
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C02 poisoning under similar conditions. It is hypothesized that poisoning from H20 and C02 of 

the PNC proton conducting symmetrical cell is caused by their adsorption on the BZCYYb4411 

electrolyte instead of PNC electrode. Such a hypothesis is supported by the H20 and C02 

adsorption behaviors on PNC and BZCYYb4411 powder surfaces, as measured by temperature 

programmed desorption (TPD).

Keywords: Protonic Ceramic Electrochemical Cells; Oxygen Electrode; Electrochemical 

Behavior; C02; H20; Temperature Programmed Desorption

1. Introduction

Intermediate temperature (400-600°C) ceramic electrochemical cells are now considered a 

potential source for clean power generation (as fuel cells) and electrolytic fuel production (as 

electrolysis cells).1-2 For these electrochemical systems, proton conducting oxides are often used 

as the electrolyte because they have a lower activation energy for ion conduction than oxygen- 

ion conducting electrolytes and offer higher ionic conductivity at intermediate temperature.3 8 

Comparing with conventional ceramic electrochemical cells, intermediate temperature 

(400-600°C) protonic ceramic electrochemical cells (IT-PCEC) may offer advantages such as 

cheaper/easier sealing and interconnect, higher thermodynamic efficiency, no fuel dilution, and 

decent coking/sulfur resistance.2-5-7-9-10 Earlier studies have shown that acceptor doped barium 

zirconium cerium oxides can show very high proton conductivity at intermediate temperature, 

and one promising example is BaZro.iCco.vYo.iYbo.iOg.g (BZCYYb 1711 ).3-5-711 However, 

following studies have shown that BZCYYM711 still reacts with C02 under certain 

conditions.12-13 In comparison, recent studies have shown that BaZro^Ceo^YoiYbo.iOg.g 

(BZCYYb4411) is stable against 100% C02 and enables high-power density at intermediate
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temperatures.14

On the other hand, the oxygen reduction reaction and its reverse reaction at the oxygen 

electrode is often claimed to be the rate-limiting step for IT-PCEC (especially fuel cells) because 

of slower electrode kinetics at intermediate temperature. For oxygen electrode materials such as 

Lao.6Sro.4Coo.8Feo.2O3 (LSCF), electrode reaction happens at the triple phase boundary (TPB) 

between electrolyte, electrode, and gas at intermediate temperature.1516 To enable faster oxygen 

electrode kinetics for IT-PCEC, some proposed that it would be beneficial to make the whole 

oxygen electrode surface active by adopting triple conducting electrodes that conduct electron, 

oxygen ion, and proton (e", VG", (OH)0) at the same time.17-18 Triple conducting oxygen 

electrodes for IT-PCEC (especially fuel cells) are mostly rare earth or early transition metal 

doped perovskites (AB03) or double perovskites (A2BB’06) containing A-site alkaline earth 

elements such as Ba or Sr. Examples reported in the literature include BaCeo.5Bio.5O3j 

(BCB)1^, PrBao.sSro.sCozOs+g (PBSCf, BaZro.5Pro.3Yo.2O3j (BZPYf, Bao.5Sro.5Coo.8Feo.2O3j 

(BSCF)15, BaZro.6Coo.4O34; (BZCf, NdBao.sSro.sCoi.sFeo.sOs+g (NBSCF)24, 

BaCoo.4Feo.4Zro.1Yo.1O3j (BCFZY0.1)25, PrBao.sSro.sCoi.sFeo.sOs+g (PBSCF)2627, 

Pro.sBaoXCoo.vFeoosWo.osXXs (PBCFW)28. In addition, there are composite electrodes such as 

Smo.sSro.sCoO)j -SmBaCo^Os+g (SSC-SBC)2* and LaNio.gFeo.4O3 j-Smo.sSro.sCoO) j (LNF-SSCf 

showing decent electrochemical performances for IT-PCEC. However, there are concerns with 

these electrodes because alkaline earth elements of Ba and Sr have high affinity towards C02, 

which may lead to poisoning by C02 adsorption or even bulk reactions.31 34 For instance, earlier 

study has shown that C02 adsorption on BSCF electrode may cause severe degradation in the 

cell performance.35 In comparison, PrNio.5Coo.5O3j (PNC) is reported as a new promising triple 

conducting oxygen electrode.17-18 However, how PNC would interact with C02 as well as 

moisture is not clear. In addition, earlier studies have shown that the electrical conductivity of
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triple conducting materials of BCB, BSCF, BZC is lower than common oxygen electrodes like 

LSCF,19-23-36 but the electrical conductivity of PNC electrode has not been investigated yet. 

Meanwhile the thermal expansion property of PNC is also unknown.

In this paper, the stability of PNC against H20 and C02 is reported. The effect of H20 and 

C02 on electrochemical behaviors of PNC oxygen electrode over BZCYYb4411 electrolyte is 

also studied and compared with PNC over Ceo.9Gdo.i02_s (GDC) oxygen ion conducting 

electrolyte. Furthermore, H20 and C02 adsorption behaviors on PNC oxygen electrode are 

studied by temperature-programmed desorption (TPD). In addition, other properties such as the 

total electrical conductivity and thermal expansion coefficient of PNC are reported in this paper 

to obtain a comprehensive understanding of the properties of this new electrode material.

2. Experimental

2.1. Powder synthesis

Both BZCYYb4411 and PNC powders were synthesized by Pechini method.37 For 

BZCYYb4411, at first metal salts including Ba(N03)2 (#A11305, Alfa Aesar, 99%), 

Zr0(N03)2*xH20 (x=12 determined by calcination at 700°C in air for 2 h, #43224, Alfa Aesar, 

99.9%), Ce(N03)3'6H20 (#11329, Alfa Aesar, 99.5%), Y(N03)3'6H20 (#12898, Alfa Aesar, 

99.9%), Yb(N03)3*xH20 (x=6 determined by calcination at 700°C in air for 2 h, #12901, Alfa 

Aesar, 99.9%) were dissolved in DI water according to stoichimetry ratio (100 ml water for 0.02 

mole of target BZCYYb4411 electrolyte powder). Then polyethylene glycol (#25322-68-3, 

Scientific Polymer Products, Inc) and citric acid monohydrate (#22869, Alfa Aesar, 99.5%, 

Hygroscopic) were added to the salt solution with the ethylene glycol : citric acid : total metal 

ions molar ratio of 1.5:1.5:1. After that the solution was heat treated in a 2 L Pyrex glass beaker 

on a hotplate set temperature of ~540°C. A polymerized yellow gel was produced after water
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was completely evaporated. Then the gel was continously heated on the hotplate for ~15 min and 

turned into a yellow porous mass. The product was cooled and hand ground to powder, which 

was then heat treated at 1300°C to form the phase. PNC powders were synthesized by the same 

technique. For PNC, the metal salts are Pr(N03)3*xH20 (x=6 determined by calcination at 700°C 

in air for 2 h, #12909, Alfa Aesar, 99.9%), Ni(N03)2*6Fl20 (#A15540, Alfa Aesar, 98%), and 

Co(N03)2*6H20 (#239267, Sigma Aldrich, >= 98%). After the heating on the hot plate, 

calcination was carried out at 1000°C for 2 h to obtain the desired phase. In addition, 

Ceo.gGdo.iCC.g (GDC) powder was synthesized by the glycine nitrate process (GNP). 0.0135 mole 

of Ce(N03)3*6H20 (#11329, Alfa Aesar, 99.5%) and 0.0015 mole of Gd(N03)3*6H20 (#12917, 

Alfa Aesar, 99.9%) metal salts and 0.025 mole of glycine (C2H5NO2, #G8898, Sigma Aldrich, 

>=99+ %) were first dissolved in 30 g DI water. Then the solution was heat treated in a 2 L 

pyrex glass beaker on a hotplate set at ~540°C. After water was completely evaporated, auto­

ignition occurred, and the light yellow fluffy powder obtained was calcined at 600°C for 2 h in a 

box furnace.

2.2. Symmetrical cells fabrication and electrochemical test

To fabricate proton conducting PNC/BZCYYb4411/PNC symmetrical cells, at first 0.2 g of 

BZCYYb4411 electrolyte powder with 0.5 wt.% NiO as sintering aid was dry pressed at 250 

MPa into 10 mm green pellet. Sintering was carried out at 1450°C for 10 h in air under protective 

sintering condition in a box furnace (Three pellets were stacked up and covered with loose 

BZCYYb4411 powder both at the top and the bottom to prevent unwanted reaction with the 

alumina crucible). The pellet after sintering was found to be dense as shown in supplementary 

Fig. SI (a). After that the electrode slurry, made by mixing PNC powder and polymer binder 

solution (7 wt.% PVA in water) at weight ratio of 1:1, was manually brush painted onto both
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sides of the BZCYYb4411 electrolyte followed by calcination at 1200°C for 2 h at the ramp rate 

of 2.5°C/min. The obtained electrolyte thickness was 0.58 mm, and the electrode area was 0.16 

cm2. The thickness of the electrode is ~35 pm. (The thickness of the electrode can be controlled 

by the slurry solid content and the number of layers of brush painting on the electrolyte.) 

Similarly, to fabricate oxygen ion conducting PNC/GDC/PNC symmetrical cells, GDC 

electrolyte was sintered at 1550°C for 5 h in air. The pellet after sintering was found to be dense 

as shown in supplementary Fig. Sl(b). After sintering the PNC electrode was painted and fired 

also at 1200°C for 2 h. A PNC-GDC/GDC/PNC-GDC composite electrode symmetrical cell was 

also prepared in the same way. The weight ratio of PNC and GDC in the composite electrode is 

70:30.

For electrochemical impedance spectroscopy (EIS) test of the symmetrical cells, silver 

paste was brush painted onto the electrodes of the symmetrical cells for current collection. The 

cell was placed into a sealed tube furnace (OTF-1200) to collect EIS from 650 to 450°C using a 

potentiostat (Gamry Interface 1000) with zero DC bias in frequency range of 106- 0.01 Hz. The 

AC amplitude is 1mA. Before taking EIS, all symmetrical cells were heated to 750°C in air and 

held for 12 h to stabilize them. After that EIS was taken in cylinder simulated air (Ultra Zero 

Grade, Airgas, <5 ppm H20 and C02 by volume) at 650°C. To test the effect of H20, 3% H20 

(by volume; all gas compositions are by volume in this study) was introduced at 650°C by 

passing air through the water bubbler. After holding for 2-4 h to stabilize the system, EIS for the 

symmetrical cells was collected. To test the effect of both H20 and C02, 5% C02 (controlled by 

mass flow controllers) were introduced to the simulated air after humidification at 650°C and 

held for 2 h. The testing sequence was similar for EIS measurements for 550 to 450°C. Note that 

for each of the temperature from 550 to 450°C, the symmetrical cells were always heated back up 

to 750°C in dry simulated air and held for 12 h or more to fully dehydrate the cells and remove
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C02 adsorption. To test the effect of air dilution, 5% N2 was added to the 3% humidified air at 

450°C and held for 2 h for PNC/BZCYYb4411/PNC symmetrical cells and EIS was collected 

before and after air dilution by 5% N2.

2.3. Materials characterization

Phase identification of the materials including as-synthesized BZCYYb4411 and PNC as 

well as those powders after exposure in simulated air with addition of 3% H20 and 5% C02 for 

46 h was carried out using different techniques such as X-ray diffraction (XRD, Siemens D5000 

and Rigaku BD700535-01, Cu-Ka radiation, X = 1.541874 A), Raman spectroscopy 

(spectrometer Holo Spec f/1.8i, Kaiser Optical System; air-cooled Ar ion laser by Spectra Physics 

Model 177, 514 nm, 400 mW, spot size 10 pm), and Fourier Transform Infrared Spectroscopy 

(FTIR, Jasco ft/ir 4100). Density of the sintered pellets was determined by both dimension and 

Archimedes method. Microstructure and elemental composition of powders and sintered pellets 

were analyzed by a scanning electron microscope (SEM JEOL JSM-F100) fitted with energy 

dispersive X-ray spectroscopy (EDS).

The electrical conductivity of the PNC was measured by four probe method. To obtain 

the sample, at first PNC powder (2.1 g) was dry pressed at 125 MPa into a 10 mm green pellet. 

Sintering was carried out at 1100°C for 12h in air with the pellet buried in PNC loose powder. 

After that a rectangular bar was cut from the sintered PNC pellet by a diamond saw. The PNC 

bar was wrapped around by four silver wires. Silver paste was applied at the junction of silver 

wires and the bar followed by infrared lamp drying. The distance between two outer and two 

inner silver wires is ~6.1 mm and ~2.7 mm, respectively. The average width and height of the 

bar is ~1.3 mm and -1.5 mm, respectively. Resistance between the two inner silver wires was 

measured by a potentiostat, with current passing through the outer wires and the voltage drop
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measured across the two inner wires. The conductivity measurement was carried out in simulated 

air at temperature from 250 to 750°C. The relative density of the sintered sample is 78% by 

Archimedes method (-54% by the measurement of thickness and diameter). The bulk 

conductivity of the sample is calculated from the measured conductivity om and total porosity e 

using the following equation38:

(1)

In addition, to observe the effect of moisture on conductivity, a constant DC current of 50 mA 

was passed between two outer wires through the PNC bar at 450°C and the voltage was 

monitored with respect to time as moisture was introduced into and later removed from the 

simulated air.

The thermal expansion coefficient (TEC) measurement of PNC was carried out by both 

dilatometry and in situ XRD. For dilatometry, at first a PNC pellet was sintered at 1100°C for 12 

h in air. After that experiment was carried out in a dilatometer (DIL801L) from room 

temperature to 800°C at the heating rate of 5°C/min in stagnant air. For in situ XRD, the 

experiment was carried out by Bruker AXS (Mo-Ka radiation, X = 0.71073 A) from room 

temperature to 900°C. A photo of the in situ XRD set up is given in Supplementary Fig. S2 

where a thermocouple was touching the PNC powder encapsulated in thin (inside diameter of-1 

mm) quartz tube and the sample was heat treated by two halogen lamps. After the in-situ 

experiment, the diffraction patterns were plotted with respect to Mo-Ka radiation.

To analyze the H20 and C02 adsorption behavior on PNC electrode and BZCYYb4411 

electrolyte, at first the two powders were each exposed in simulated air with addition of 3% H20 

and 5% C02 at 450°C for 46 h. After that temperature programmed desorption (TPD) was carried 

out in an Omni Star gas analysis system (GSD 320). Before each experiment, each sample (-0.2
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g) was flushed with dry argon at the flow rate of 20 cc/min at room temperature for 1 h to 

remove weakly adsorbed surface impurities. After that TPD was carried out from room 

temperature to 800°C at the heating rate of 5°C/min with the argon flow rate of 20 cc/min. The 

peaks (signals) were monitored with a quadruple mass spectrometer (MS, QMG 220).

3. Results and discussions 

3.1. Phase identification

Supplementary Fig. S3 (a) shows the diffraction patterns of BZCYYb4411 powders 

synthesized by Pechini method before and after calcination at 1300°C. As mentioned in 

experimental, before calcination, BZCYYb4411 is heat treated on a hotplate set at nominal 

temperature of 540°C to obtain BaC03 (PDF-04-015-3211) and doped ceria, as shown in 

Supplementary Fig. S3 (a)-without calcination. (The real sample temperature should be somewhat 

lower.) After calcination at 1300°C, the diffraction patterns match with previous reports.14-39 Its 

crystal structure can be indexed as cubic (Pmm) with a lattice parameter of 4.311 A from XRD 

Rietveld refinement, as shown in Supplementary Fig. S3(b).

Fig. 1(a) shows the diffraction patterns of PNC powders also synthesized by Pechini 

method before and after calcination at 1000°C. Similar to the BZCYYb4411 electrolyte, before 

calcination, PNC is heat treated on a hotplate set at 540°C to obtain the sample that contains NiO 

(PDF-00-044-1159), Pr6On (PDF-00-042-1121), Pr2Ni04+5 (PDF-04-016-4323) and partially 

formed PNC. After subsequent heat treatment at 1000°C, different phases react to form the PNC 

and the diffraction pattern matches with a previous report.17 Its crystal structure can be indexed 

as orthorhombic with unit cell parameters of a = 5.382 A, 6 = 7.624 A, c = 5.409 A from XRD 

Rietveld refinement, as shown in Fig. 1(b).

9 | P a g e



x Obs
-------Cal

-------dif

Without Calcination

• ▲;

SO 20
2 Theta (degree) 2 Theta (degree)

Figure 1: (a) Diffraction pattern of PNC powders synthesized by Pechini method before and after 

calcination at 1000°C for 2 h (b) XRD Rietveld refinement of PNC powder indexed to a Pnmci 

orthorhombic structure with unit cell parameters of a = 5.382 A, b = 7.624 A, c = 5.409 A.

3.2. Electrical conductivity of PNC

Fig. 2(a) shows the total conductivity at different temperatures (plotted in log scale vs 1000/T) 

for PNC in simulated air. PNC exhibits semiconducting behavior with conductivity increases 

from 210 S/cm at 250°C to 370 S/cm at 750°C. It shows a good linear relationship between 

ln(oT) and inverse temperature (see supplementary Fig.S4) between 250 and 750°C and the fitted 

activation energy is 10.9 kJ/mol or 0.11 eV. The measured conductivity is comparable to 

conventional oxygen electrodes such as Pr2Ni04+s, La0.8Sr0.2MnO3_g (LSM), 

Lao.eSro^Coo.gFeooOj-g (LSCF), Lao.gSrooFco.gNiooCXg, and Lao.gSrooFco.gNio.oOg.g (in the range of 

100-500 S/cm at intermediate temperature 400-600°C) and much higher than several triple 

conducting electrodes such as BaCeo.sBio.sOg.g, BaZr0.6Co0.4O3_g, BaZr0.iCeo.7Yo.2-xCox03„g, 

BaCoo.7Feo.7Nbo.! 03„5 (e g., 0.1-10 S/cm at 600°C). 19.23.36.40.41^11 these suggest PNC has 

adequate conductivity as an oxygen electrode for IT-PCEC.
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Figure 2: (a) Total electrical conductivity of PNC with respect to temperature in simulated air. 

(b) Voltage vs time for PNC sample bar at constant DC current of 50 mA at 450°C in simulated 

air when 3% moisture is introduced into and later removed from the air.

To understand the effect of moisture on electrical conductivity for PNC, a constant 

current of 50 mA is passed through the PNC sample bar at 450°C in simulated air. Fig. 2(b) 

shows the measured voltage (between the two inner electrodes on the sample bar) vs. time when 

3% moisture is introduced into and later removed from the air. There is a slight increase of 

(-0.16%) of voltage when 3% moisture is introduced into the air. It seems reversible when the 

moisture is later removed. It’s known for proton conductors such as BZCYYb4411, there are 

significant concentration of oxygen vacancy in the dry state. With moisture introduction, the 

oxygen vacancy gets filled up to form protons as below

HoO + Vo" + (V ^ 2(OH)o' (2)

Because protons have higher mobility and lower activation energy than oxygen ions, 

conductivity often increases for proton conducting electrolytes upon hydration. The observation 

of slight increase in resistance and recovery for PNC when moisture is introduced indicates the
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underlying defect reaction may not be filling up vacancy to form proton. Instead, it might be

H20 + 200x + 2h*= 20H0* + 1/2 02 (3)

The mobility of proton OH0* might be lower than electron holes, leading to the slight reduction 

in conductivity with the introduction of 3% H20 at 450°C. Such a hypothesis will be verified in 

future using techniques such as XPS or titration that can detect the valence state for the metal 

ions.

3.3. Thermal expansion co efficient of PNC

Fig. 3(a) shows the thermal expansion curve obtained from dilatometry of a sintered PNC 

pellet from 100 to 800°C in air. From 100-800°C, the curve is linear with an average TEC of 

~17.6><10'6/K, which is high as an electrode material.42 On the other hand, Fig. 4 shows the in 

situ XRD patterns of PNC powder from room temperature to 900°C. It shows the same 

diffraction pattern indicating no bulk phase change in that temperature range. The peaks are 

shifted towards lower angles at higher temperatures indicating lattice thermal expansion of PNC. 

Fig. 3(b) to (d) show the thermal expansion curves of lattice constants a, b and c for PNC from 

room temperature to 900°C. The fitted linear thermal expansion co-efficient of lattice constants 

a, b and c are found to be 18.5x10 23xl0"6 and 13.8xlO'6/K, respectively. If taking the average

of the three axes, the TEC from in situ XRD would be 18.43xlO"6/K, which is in good agreement 

with that of obtained by dilatometry. Nevertheless, due to the high TEC for PNC, there is a 

concern of delamination between electrolyte and electrode during thermal cycling especially to 

high temperatures since the TEC of barium cerate-based proton conducting electrolytes, such as 

BaCeo.4Zro.4Yo.203-(s, is 8.5-10.9 x 10 6 K-1.43 As a result, PNC electrode should be fabricated at 

a very slow heating and cooling rate such as 2.5°C/min.
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Figure 3: Thermal expansion curves of (a) sintered PNC pellet from 100 to 800°C in air obtained 

by dilatometry as well as lattice constants of (b) a, (c) b, and (d) c for PNC powder from room 

temperature to 900°C obtained by high temperature in situ XRD.
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Figure 4: In situ XRD patterns of PNC powder from room temperature to 900°C (note the 

diffraction patterns were plotted with respect to Mo-Ka radiation).

3.4. Effect of H20 and C02 on PNC electrode

3.4.1 Chemical stability of PNC and BZCYYb4411 against HzO and C02

Fig. 5(a) shows the XRD of PNC powder before and after exposure to simulated air with 

addition of 3% H20 and 5% C02. There is no change in XRD for the PNC powder after exposure 

indicating chemical stability against low percentage level of H20 and C02. The chemical 

stability is also confirmed by FTIR as shown in Fig. 5(b). Unfortunately, to the best of our 

knowledge, there is no reliable thermochemical data about PNC or other Praseodymium 

compounds such as carbonates. Therefore, the thermodynamic calculations are not carried out. 

Nevertheless, literature suggests Pr2(C03)3, even after it is formed, decompose in air at ~400°C, 

which matches with the observed chemical stability for the PNC.44 Similarly, BZCYYb4411 

electrolyte powder is chemically stable against low percentage level of H20 and C02, as shown 

in Fig. 5(c-d) and supplementary Fig. S5, respectively.
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Figure 5: XRD patterns (a & c) and FTIR spectra (b & d) of PNC (a & b) and BZCYYb4411 (c 

& d) powders before and after exposure in simulated air with addition of 3% H20 and 5% C02 at 

450°C for 46 h.

3.4.2 Electrochemical response of PNC electrode to H2Q and C02

Fig. 6(a)-(c) show the impedance spectra of the PNC/BZCYYb4411/PNC symmetrical 

cell in simulated air without or with H20/C02 from 650 to 450°C. Compared with simulated air 

(according to the vendor, containing <5ppm H20 and C02 by volume), ohmic resistance (Rq, the 

high frequency intercept in the impedance spectra) decreases when 3% H20 is introduced, 

especially for 650 and 550°C. This is due to hydration of the BZCYYb4411 electrolyte and 

formation of proton (OH)0* from oxygen vacancy, which leads to higher bulk conductivity for
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this proton conducting electrolyte. The low frequency loop becomes larger leading to the

increase

- Simulated Air ° 3% HzO * 3% HiO+5% COz» Simulated Air ° 3% HzO 1 3% H20+5% CO2

650°C

T 4 -

00000000(

' Simulated Air ° 3% HzO - 3% HzO+5% CO2 * Simulated Air ° 3%H20 □ 3%H20+5%N2

450°C

E 15 -

N 10 - S) 10 :

Figure 6: Plots of EIS for PNC/BZCYYb4411/PNC symmetrical cell in simulated air, 3% 

humidified air, and air with addition of 3% H20 and 5% C02 at (a) 650, (b) 550, (c) 450°C; (d) 

EIS for air dilution test by 5% nitrogen for the same symmetrical cell at 450°C.

of apparent electrode interfacial resistance, Rai (i.e., the direct difference between the high and 

low frequency intercept on the impedance spectra) by -40-60%. This is probably due to the 

adsorption of H20 molecules on the surface of either PNC electrode or BZCYY64411 electrolyte 

reducing the active sites for 02 adsorption and dissociation.
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When 5% C02 is introduced to the humidified air, there is very small change in R0. On 

the other hand, the high frequency loop remains the same, but the mid-to-low frequency loop 

gets larger leading to further increase of Rai. To verify the change in impedance when 5% C02 is 

introduced is not due to air dilution effect, a separate experiment is carried out in which 5% N2 

(instead of 5% C02) is introduced to humidified air. Fig. 6(d) shows air dilution by 5% nitrogen 

does not cause any change in impedance, meaning this additional increase of Rai with C02 

introduction is a poisoning type of behavior and it is likely due to adsorption of C02 on either 

PNC or BZCYYb4411.

° 3% H]Q A 3% HzO+5% CO2 After CO2 removal
o Simulated Air, Ea = 1.05 eV 
o 3% H2O, Ea = 1.04 eV 
a 3% H2O+5V0 CO2, Ea = 1.05 eV

~ 10 ;
3 15 -

s 10 :a 1 :
^ 5 :

25 30 35 40 45 50 55 60 65 70 75
1000/T (1/K) Re Z (ti cm2)

Figure 7: (a) Plot showing total apparent electrode interfacial resistance (Rai) vs. inverse 

temperature for the PNC/BZCYYb4411 /PNC symmetrical cell in simulated air, 3% humidified 

air and in air with 3% H20 and 5% C02. The activation energy is also listed in the plot, (b) plot 

showing the reversible changes in EIS spectra when 5% C02 is introduced into and later removed 

from 3% humidified air for the PNC/BZCYYb4411/PNC symmetrical cell at 450°C.

Fig 7(a) shows the total apparent electrode interfacial resistance (Rai) of 

PNC/BZCYYb4411/PNC symmetrical cell in simulated air, 3% humidified air and in air with 

3% H20 and 5% C02. By fitting the Rai data into Arrhenius type equation, the activation energy
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is found for three different conditions, which turned out to be almost the same (-1.04 eV). This 

means poisoning by H20/C02 adsorption does not change the nature of the rate limiting step for 

the oxygen electrode reaction.

In addition, C02 poisoning of the symmetrical cell is found to be recoverable at 450°C as 

shown in Fig. 7(b). The observations of almost no change in R<, and the reversible C02 poisoning 

for the symmetrical cell are consistent with the observed chemical stability for both PNC and 

BZCYYb4411 against C02 (see previous section). All these indicate the observed C02 

poisoning is not caused by bulk reactions but also due to C02 adsorption on either PNC or 

BZCYYb4411.

To further distinguish if the poisoning by H20 and C02 is due to their adsorption on the 

PNC electrode or the BZCYYb4411 electrolyte, the impedance spectra of another PNC 

symmetrical cell with an oxygen ion conducting electrolyte GDC, i.e., PNC/GDC/PNC is tested 

in simulated air without or with H20/C02 from 650 to 450°C (Supplementary Fig. S6). It should 

be noted that the cell performance is quite low in simulated air with high interfacial resistance, 

probably due to the microstructure of the cell not being optimized. (According to literature, the 

electrode polarization resistance of a symmetrical cell based on PrNio.gCoo^Og-g electrode over an 

Ceo.gSmo.oOi.g (SDC) electrolyte was comparable to the current PNC/BZCYYb44ll/PNC 

symmetrical cell,45 indicating PrNio.sCoo.gOg.g (close in stoichiometry to PrNio.gCoo.-iOg.g) should 

be a decent electrode for oxygen ion-conducting electrochemical cells.) Nevertheless, at all three 

temperatures, when 3% H20 is introduced into the simulated air, there is no change of R(„ which 

is expected since there would be no hydration for the oxygen ion (V0“) conducting GDC 

electrolyte. Meanwhile, there is also no change of Rai from 650 to 450°C with 3% H20 

introduction. When 5% C02 is further introduced to 3% humidified air, there is also no change of
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R0 and Rai. Similarly, even when using PNC-GDC composite electrode over the GDC 

electrolyte, there is still no H20 and C02 poisoning for the PNC-GDC/GDC/PNC-GDC 

symmetrical cell as shown in Supplementary Fig. S7. All these observations indicate there is 

likely no obvious adsorption of H20 and C02 on PNC (as well as GDC).

As a result, it can be hypothesized that poisoning from H20 and C02 for 

PNC/BZCYYb4411/PNC proton conducting symmetrical cell is not caused by their adsorption 

on the PNC electrode. Instead, it is due to their adsorption on the BZCYYb4411 proton 

conducting electrolyte surface that blocks 02 adsorption and dissociation inhibiting the oxygen 

electrode reaction (02 + 4e“ + 4(OH)0* 200x + 2H20) at TPB as shown in Fig. 8.

'2(g)

'2 (ads)

11,0''i*?'"?

\ 1
H20(ads) # 1^1

BZCYYb4411

(a)

e#

/
V

PNC

(0H)"o

(b)
'2(g)

H,0
2 (ads)

^ a
A $
isaJ/

\
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# e

PNC

BZCYYb4411 * (0H)"o

02 + 4e + 4(0H)o* O 20ox + 2H20

(c)

2 (ads)

BZCYYb4411

Figure 8: (a) Schematics showing oxygen electrode reaction at the TPB between PNC electrode, 

oxygen, and the BZCYYb4411 proton conducting electrolyte; (b and c) schematics showing 

preferred adsorption of (b) H20, and (c) C02 molecules over the BZCYYb4411 electrolyte, 

which would slow down the same electrode reaction at the TPB.

To prove this hypothesis, TPD has been carried out for both PNC and BZCYYb4411 

powders. As mentioned in the experimental section, before TPD, each of the two powders has 

been exposed to simulated air with addition of 3% H20 and 5% C02 at 450°C for 46 h to saturate
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the surface. TPD of PNC shows no desorption peak for H20 above 450°C and a very weak 

desorption peak for C02 at ~550°C as shown in Fig. 9(a) and (b). This indicates both H20 and 

C02 have very weak adsorption over PNC surface at the cell test temperature above ~ 450°C. 

This is consistent with the absence of poisoning for PNC symmetrical cell over the GDC 

electrolyte (see Supplementary Fig. S6 and S7).

In comparison, TPD of BZCYYb4411 shows a very strong desorption peak for H20 

extends to ~650°C as shown in Fig. 9(c). This is expected due to the nature of the proton 

conducting

------H,0

PNC PNC

Cl C2

BZCYYb4411BZCYYb4411

Temperature (°C)

Figure 9: TPD profiles of H20 (a and c) and C02 (b and d) for powders of PNC (a and b) and 

BZCYYb4411 (c and d), respectively. Note that before TPD, each of the two powders has been
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exposed to simulated air with addition of 3% H20 and 5% C02 at 450°C for 46 h to saturate the 

surface.

electrolyte. The strong adsorption of water over the electrolyte surface would inhibit the 

electrochemical half-cell reaction for oxygen electrode at the triple phase boundary, possibly by 

slowing down oxygen adsorption, dissociation, surface transport, and cause the observed 

increase in Rai for the PNC/BZCYYb4411/PNC proton conducting symmetrical cell, as 

illustrated in Fig. 8(b).

As to C02, TPD shows a broad desorption peak from 500 to ~700°C for the 

BZCYYb4411 electrolyte as shown in Fig. 9(d). This is consistent with the earlier TPD studies 

on these types of Ba based proton conducting electrolyte.4-46 Although this electrolyte has bulk 

stability against C02 (see section 3.4.1), the strong adsorption of C02 on the electrolyte surface 

above ~450°C explains the observed C02 poisoning behavior, as illustrated in Fig. 8(c).

4. Conclusions

This study shows PNC has adequate total electrical conductivity as an oxygen electrode 

and moisture does not have a significant effect on total electrical conductivity of PNC. 

Dilatometry and in situ XRD give similarly high TEC. While PNC is chemically stable against 

H20 and C02, PNC symmetrical cell over proton conducting BZCYYb4411 electrolyte shows 

significant H20 and C02 poisoning from 650 to 450°C. However, there is almost no H20 and 

C02 poisoning for symmetrical cells with PNC electrode as well as PNC-GDC composite 

electrode over the oxygen ion conducting GDC electrolyte. As a result, it is hypothesized that 

H20 and C02 poisoning for the PNC/BZCYYb4411/PNC symmetrical cell is caused by their 

adsorption on BZCYYb4411 proton conducting electrolyte, instead of adsorption on PNC. Such 

a hypothesis is supported by TPD. Future study aimed at detecting the metal valence state for
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PNC under different conditions and characterizing the poisoning effect for practical 

concentration of C02 (-400 ppm) need to be carried out to fully understand the behavior of PNC 

oxygen electrode for protonic ceramic electrochemical cells.
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