
Mechanical, Thermal, and Electrochemical Properties of Pr 
Doped Ceria from Wafer Curvature Measurements

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-07-2018-004802.R2

Article Type: Paper

Date Submitted by the 
Author: 16-Oct-2018

Complete List of Authors: Ma, Yuxi; Michigan State University, Chemical Engineering and Materials 
Science Department
Nicholas, Jason; Michigan State University, Chemical Engineering and 
Materials Science Department

 

Physical Chemistry Chemical Physics



Journal Name

ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1 

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Mechanical, Thermal, and Electrochemical Properties of Pr Doped 
Ceria from Wafer Curvature Measurements
Yuxi Ma a and Jason D. Nicholas*a 

This work demonstrates, for the first time, that a variety of disparate and technologically-relevent thermal, mechanical, and 
electrochemical oxygen-exchange material properties can all be obtained from in situ, current-collector-free wafer curvature 
measurements.  Specifically, temperature or oxygen partial pressure induced changes in the curvature of 230 nm thick (100)-
oriented Pr0.1Ce0.9O1.95-x (10PCO) films atop 200 µm thick single crystal yttria stabilized zirconia or magnesium oxide 
substrates were used to measure the biaxial modulus, Young’s Modulus, thermal expansion coefficient, thermo-chemical 
expansion coefficient, oxygen nonstoichiometry, chemical oxygen surface exchange coefficient, oxygen surface exchange 
resistance, thermal stress, chemical stress, thermal strain, and chemical strain of the model mixed ionic electronic 
conducting material 10PCO. The (100)-oriented thin film 10PCO thermal expansion coefficient, thermo-chemical expansion 
coefficient, oxygen nonstoichiometry and Young’s Modulus (which is essentially constant, at ~200 MPa, over the entire 280-
700oC temperature range in air) measured here were similar to those from other bulk and thin film 10PCO studies. In 
addition, the measured PCO10 oxygen surface coefficients were in agreement with those reported by other in situ, current-
collector-free techniques. Taken together, this work highlights the advantages of using a sample’s mechanical response, 
instead of the more traditional electrical response, to probe the electrochemical properties of the ion-exchange materials 
used in solid oxide fuel cell, solid oxide electrolysis cell, gas-sensing, battery, emission control, water splitting, water 
purification, and other electrochemically-active devices.

1. Introduction
A variety of materials, including those used in batteries,1, 2 fuel 

cells,3-7 electrolysis cells,8-11 oxide memristors,12, 13 electrostrictive 
actuators,14, 15 gas separation units,16 chemical sensors,17 
electrochromic windows,18 catalytic converters,19 etc., obtain 
their functionality from a high concentration of ionic point 
defects.  Since point defect concentration changes typically result 
in lattice parameter changes,6, 20, 21 a coupling exists between the 
mechanical and electrochemical states of most high performance 
mixed ionic electronic conducting (MIEC) materials.22  In 
traditional (i.e. non thin film) batteries, solid oxide fuel cells 
(SOFCs), solid oxide electrolysis cells (SOECs) and other 
electrochemical devices utilizing bulk (i.e. >> 100 nm) particles, 
this mechano-chemical coupling is problematic because it 
produces stress gradients that crack and mechanically pulverize 

the material when these MIEC material experience compositional 
changes during device operation.23-25  However, the higher 
fracture toughness’s and higher Griffiths critical cracking stresses 
exhibited by thin film materials26 have spurred interest in using 
externally applied stress to intentionally increase the point defect 
concentrations and electrochemical performance of thin film 
MIEC devices.27-33 

For either situation, knowledge of a material’s in situ / in 
operando mechanical, thermal and electrochemical properties is 
critical for engineering the stress profiles that help determine 
device performance and durability.  Unfortunately, such data is 
scarce in the existing literature, especially at the elevated 
temperatures often encountered during device operation.  
Further, significant variation exists in the measured values, as 
evidenced by the 2, 3, and 4 order of magnitude differences in the 
650oC chemical oxygen surface exchange coefficients of the 
common SOFC materials Ce0.9Gd0.1O1.95-δ,34 La0.6Sr0.4Fe0.8Co0.2O3-

δ,35, 36 and La0.6Sr0.4FeO3-δ
,37-40 respectively.  Complicating matters, 

individual techniques capable of performing in situ or in operando 
measurements on such a disparate set of material properties (i.e. 
the mechanical, thermal, and electrochemical properties) have 
been absent from the literature. 

The present work demonstrates for the first time that the 
biaxial modulus ( ), Young’s Modulus ( ), thermal expansion 𝑀 𝐸
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coefficient ( ), thermo-chemical expansion coefficient ( ), 𝛼𝑡 𝛼𝑡𝑐 

oxygen nonstoichiometry ( ), chemical oxygen surface exchange 𝛿
coefficient ( ), and oxygen surface exchange resistance ( ) of a 𝑘 𝑅𝑆
single material (in this case Pr0.1Ce0.9O1.95 (10PCO)) can all be 
obtained as a function of simultaneously measured total stress (

), thermal stress ( ), chemical stress ( ), total strain (𝜎𝑇𝑜𝑡𝑎𝑙 𝜎𝑡 𝜎𝑐 𝜀𝑇𝑜𝑡𝑎𝑙

), thermal strain ( ), chemical strain ( ), temperature ( ), and 𝜀𝑐 𝜀𝑐 𝑇
oxygen partial pressure ( ) conditions using in situ, non-contact, 𝑝𝑂2

current-collector-free wafer curvature measurements.  Doped 
ceria was chosen for this study due to its importance as a catalytic 
converter oxidation catalyst,19, 41 oxygen sensor material,42 water-
splitting/alternative fuel production catalyst,11,43 and SOFC/SOEC 
material.44-46  10PCO in particular was chosen because of its 
conveniently large chemical expansion coefficient,47 easily 
accessible mechano-chemically active state (it is mechano-
chemically active in air above ~380),48 well-established point 
defect model,49 and status as a model material. 49

2. Mechanics Theory
2.1 Wafer Curvature to Measure In Situ Film Stress

Mechanics theory indicates that the biaxial stress ( ) 𝜎𝑇𝑜𝑡𝑎𝑙

within a dense thin film atop a dense thick substrate (such that 
the film thickness ( ) to substrate thickness ( ) ratio is less than ℎ𝑓 ℎ𝑠

0.001) can be extracted from the wafer curvature ( ) (without 𝜅
knowledge of the film elastic properties) using Stoney’s Equation:

                                [1]𝜎𝑇𝑜𝑡𝑎𝑙 = 𝜅
𝑀𝑆ℎ2

𝑆

6ℎ𝑓

where  is the substrate biaxial modulus defined as𝑀𝑆

                                     [2]𝑀𝑠 =
𝐸𝑠

(1 ― 𝑣𝑠)

where  is the substrate Young’s modulus, and  is the substrate 𝐸𝑆 𝜐𝑆

Poisson’s Ratio.50-52  Hence, Equation 1 was used to extract the in 
situ film stress from the wafer curvature using the procedures 
described in the Experimental Methods of Section 3. 

2.2 Dual Substrate Stress-Temperature Measurements to Determine 
Film Elastic and Expansion Coefficients

Previous studies have shown that the stress-temperature 
behaviour of electrochemically inactive thin films atop multiple 
substrates can be used to determine thin film elastic constants 
and thermal expansion coefficients.53-55  Here, this approach was 
extended, for the first time, to also measure the thin film thermo-
chemical expansion coefficients of mechano-chemically active 

materials.  Specifically, the stress-temperature derivatives  of (∂𝜎
∂𝑇)

10PCO thin films atop two mechano-chemically inactive 
substrates with different thermal expansion coefficients (i.e. 
(Y2O3)0.095(ZrO2)0.905 (YSZ) and MgO with average 280-700oC 
thermal expansion coefficient ( ) values of 9.5 and 14.3 ppm/oC, 𝛼𝑡
respectively) were measured and related to the film biaxial 
modulus ( ), the substrate thermal expansion coefficients (  𝑀𝑓 𝛼1
and ), and the film thermo-chemical expansion coefficient  𝛼2 (𝛼𝑡𝑐)
using the relationships:

                               [3]
∂𝜎1

∂𝑇 = 𝑀𝑓(𝛼1 ― 𝛼𝑡𝑐)
and

                                  [4]
∂𝜎2

∂𝑇 = 𝑀𝑓(𝛼2 ― 𝛼𝑡𝑐)
Application of temperature-dependent substrate thermal 
expansion data calculated from the literature56, 57 (shown in 
Figure S1 of the Supplemental Materials) to Equations 3 and 4, 
allowed  and  to be determined by solving these two 𝑀𝑓 𝛼𝑡𝑐

equations (both with two unknowns) simultaneously.  For those 
temperatures where mechano-chemical coupling was inactive as 
indicated by previous 10PCO oxygen nonstoichiometry 
measurements (i.e. below ~380oC),48, 49, 58-61 the thermo-chemical 
expansion coefficient was treated as simply representing the 
thermal expansion coefficient.

The film Young’s modulus ( ) was then determined from the 𝐸𝑓

measured  data using the definition of the biaxial modulus 𝑀𝑓

(shown in Equation 2) by assuming a 10PCO film Poisson’s ratio (𝑣𝑓

) of 0.33 (a common value for isotropic solids), as has been done 
previously in the literature for 10PCO.62, 63 (Note,  could also 𝑣𝑓

have been measured directly by performing experiments on 
anisotropic substrates, as has been done in the literature,64 but 
this was not attempted here based, in part, on the minor 
temperature variation in Poisson’s Ratio observed for most 
materials, even as they encounter oxygen nonstoichiometries 
greater than those encountered here65, 66). 

2.3 Extraction of the Film Strains, Oxygen Nonstoichiometry, and 
Film Stresses from Dual Substrate Stress-Temperature 
Measurements

The total film strain (  was extracted from the measured 𝜀𝑇𝑜𝑡𝑎𝑙)
film stress ( ) by assuming the film and substrate behaved as 𝜎𝑇𝑜𝑡𝑎𝑙

elastic solids and applying the thin film version of Hooke’s Law:51

                                 [5]𝜀𝑇𝑜𝑡𝑎𝑙 = 𝜎𝑇𝑜𝑡𝑎𝑙/𝑀
The ceria, YSZ, and MgO in this study were elastic over the entire 
280-700oC temperature range evaluated here as demonstrated by 
the reproducible stress-curvature trajectories in in Figure S2 of 
the Supplemental Materials.  This is consistent with the 
disappearance of ceria’s oxygen-vacancy-induced elastic dipole 
anelasticity15 above ~250oC.67

Since literature studies have shown that 10PCO exhibits 
essentially no oxygen nonstoichiometry below 380oC, 48, 49, 58-61 
and60

                                           [6]𝜀𝑇𝑜𝑡𝑎𝑙 = 𝜀𝑡 + 𝜀𝑐

the 280-380oC chemical strain ( ) was assumed to be zero such 𝜀𝑐

that the 280-380oC  represented only the thermal strain ( ).  𝜀𝑇𝑜𝑡𝑎𝑙 𝜀𝑡

A similar argument was made for the 280-380oC chemical, 
thermal, and total stress.  As a rough approximation, the 280-
380oC  was assumed to vary linearly with temperature, in 𝜀𝑡

keeping with previous reports of the near-linear thermal 
expansion of 10PCO,58, 68 doped ceria,69, 70 8YSZ69 and MgO71 over 
the 280-700oC temperature range. As shown in Figure S3 of the 
Supplemental Materials,  was then extrapolated to 𝜀𝑡
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temperatures > 380oC using this linear fit so that  could be 𝜀𝑐

extracted from  via Equation 6.  A similar treatment was 𝜀𝑇𝑜𝑡𝑎𝑙

given to the 380-700oC thermal and chemical stress data.
With knowledge of , the thin film 10PCO oxygen 𝜀𝐶

nonstoichiometry ( ) was determined using the relationship:20, 60, 𝛿
72 

                                  [7]𝜀𝐶 =
Δ𝑙
𝑙 |

𝑇
= 𝛼𝐶∆𝛿

using a (100) oriented 10PCO chemical expansion coefficient (  𝛼𝐶)
of 0.06715 and a  below 380oC (as has been assumed in other 𝛿 = 0
studies60, 61).  Use of a constant  was warranted over the 280-𝛼𝐶

700oC range because of the dilute nature of the oxygen vacancies 
encountered here ( ) and the fact that past ceria 𝛿 < 0.016
experimental60, 73-77 and modelling15, 20, 78 studies have shown that 
the lattice strain per oxygen vacancy (i.e. ) is constant for 𝛼𝐶

 and temperatures up to 1000oC (in particular, past 𝛿 < 0.03
studies on 10PCO have shown that  remains constant to at least 𝛼𝐶

).58, 60  A  value of 0.067 was chosen because that is 𝛿 = 0.055 𝛼𝐶

the DFT-predicted value for (100) oriented ceria15 and is 
consistent with the 650-800oC 10PCO  𝛼𝐶 = 0.064 ± 0.005
measured previously on YSZ supported (100) oriented 10PCO thin 
films77 (although convenient, a constant  is not required to 𝛼𝐶

reliably extract materials properties from wafer curvature 
measurements).

2.4 Wafer Curvature Relaxation Measurements to Determine 
Oxygen Surface Exchange Behaviour

500-600oC chemical oxygen surface exchange coefficient ( ) 𝑘
measurements were performed by fitting the wafer curvature 
response to a small, sudden change in  with the solution to 𝑝𝑂2

Fick’s Second Law for oxygen transfer into a surface controlled 
membrane:79

                          [8]
𝜅 ― 𝜅0

𝜅∞ ― 𝜅0
=

𝛿 ― 𝛿0

𝛿∞ ― 𝛿0
= 1 ― exp ( ―

𝑘𝑡
ℎ𝑓

)
where  is the wafer curvature at time ( ), a 0 subscript denotes 𝜅 𝑡
an initial value, an   subscript denotes a new-  equilibrated ∞ 𝑝𝑂2

value, and the other variables have their previously defined 
meanings.  This solution to Fick’s Second Law was justified 
because the 230 nm thick films examined here were >1000 times 
thinner than the 500-600oC 10PCO characteristic thickness,
                                                                       [9]𝐿𝐶 = 𝐷/𝑘
(where D is the chemical diffusivity for oxygen) reported 
previously in the literature.45

With knowledge of k and  in air and ten times diluted air, the 𝛿
oxygen surface exchange resistance (RS) (which is the area specific 
resistance for oxygen exchange into a dense material used in 
many SOFC electrode performance modelling studies80, 81) was 
determined using the relation:45, 82

                                            [10]𝑅𝑆 =
𝑅𝑇

4𝐹2𝑐𝑜𝑘𝑞

where R is the ideal gas constant, T is the absolute temperature, 
F is Faraday’s constant,  is the lattice oxygen concentration, and 𝑐𝑜

 is the electrical oxygen surface exchange coefficient.   was 𝑘𝑞 𝑐𝑜

calculated from  using the expression:𝛿

                                 [11]𝑐𝑜 =
4(2 ― 𝛿)

𝑎3 ∗ 𝑁𝐴

where  is Avogadro’s Number and  is the 10PCO lattice 𝑁𝐴 𝑎
constant at temperature T reported in the literature.58   was 𝑘𝑞

calculated from the chemical oxygen surface exchange 
coefficient, k, using Equation 6.102 from Reference 83:
                                               [12]𝑘𝑞 = 𝑘/(𝛾 ∗ 𝑡𝑒)
where the thermodynamic factor ( ) is defined as:𝛾

                          [13]𝛾 =
1
2 ∗ [ ∂ln (𝑝𝑂2)

∂ln (2 ― 𝛿)]
and calculated using the equilibrium  values obtained here for air 𝛿
and 10 times diluted air, and  is the electronic transference 𝑡𝑒

number obtained here from literature bulk 10PCO data.84

3. Experimental Methods
3.1 Sample Preparation

One-side polished, (100) oriented, circular, 200  thick, 25 𝜇𝑚
mm diameter (Y2O3)0.095(ZrO2)0.905 (YSZ) and magnesium oxide 
(MgO) single crystals (Crystec GmbH, Berlin, Germany) were used 
as PLD substrates.  Prior to deposition, all the substrates were 
annealed at 1450oC for 20 hours with a 5oC/min nominal heating 
and cooling rate to relieve any residual internal stress.  
Afterwards, the 25-700oC curvature changes of the uncoated 
substrates were measured to ensure that any substrate residual 
stresses capable of producing unwanted curvature changes 
during later film stress-temperature measurements were 
adequately removed.  Only substrates exhibiting 25-700oC bare 
wafer curvature changes less than 0.005 m-1 were used for 
subsequent Pulsed Laser PLD deposition.

Targets for PLD deposition were produced by pressing and 
sintering Pr0.1Ce0.9O1.95-δ powders into dense pellets. These 
powders were produced using the glycine nitrate combustion 
method85 using 18.2 M  water (Millipore, Burlington, MA), Pyrex Ω
glassware (Sigma Aldrich, St. Louis, MO), Teflon coated stir bars 
(Fischer Scientific, Pittsburgh, PA), a stainless steel reaction vessel 
(Polar Ware, Kiel, WI), 99.9% pure praseodymium nitrate (Strem 
Chemicals, Newburyport, MA), 99.9% pure cerium nitrate (Strem 
Chemicals, Newburyport, MA), and 99% pure glycine (Sigma 
Aldrich, St. Louis, MO) with a 1:1 glycine to nitrate ratio. After 
synthesis, the powder was calcined in a 99.8% pure alumina 
crucible (CoorsTek, Golden, CO) at 1000oC in air using 5oC/min 
nominal heating and cooling rates.  Then, the powder was 
transferred to a 38 mm diameter stainless steel die (MTI Corp. 
Richmond, CA) and uniaxially compacted to ~63 MPa of pressure.  
The resulting porous pellet was then sintered at 1450oC for 20 hrs 
with a 3oC/min nominal heating and a 10oC/min nominal cooling 
rate to produce a 25 mm diameter 97% dense PLD target.

PLD was conducted with a XeF laser (Coherent, Santa Clara, 
CA) emitting at 353 nm.  The chamber was first pumped down to 
10-6 torr and then heated to a substrate temperature of ~580oC.  
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After the substrate temperature stabilized, the chamber was 
backfilled with oxygen until the pressure reached 9*10-3 torr.  
10PCO was then simultaneously deposited onto the previously 
described YSZ and MgO substrates for 20 minutes using a 350 mJ 
laser power, a 10 Hz pulse frequency, a ~50 rpm sample rotation, 
a ~50 rpm target rotation, and a sample to target distance of ~6 
cm. 

After removal from the PLD, the samples had their oxygen 
stoichiometry re-equilibrated in air under protective 99.9% 
alumina crucibles at 1000oC for 1 hour with 3oC/min nominal 
heating and cooling rates.  Given the known impact of surface 
impurities on the oxygen exchange properties of 10PCO,86 the 
10PCO|YSZ samples were then surface etched using standard 
cleanroom procedures.87  Specifically, the samples were placed in 
a 65oC 50% NaOH-50% H2O solution for 24 hours with a 100 rpm 
stirring speed.  As shown in Figure S4 of the Supplemental 
Materials, this procedure was capable of removing PLD-deposited 
Si surface impurities without significantly altering the 10PCO 
surface roughness.

3.2 Film Microstructure and Crystallographic Orientation 
Characterization

X-Ray diffraction (XRD) was conducted using a Rigaku 
SmartLab diffractometer with a 44 kV voltage and a 40 mA 
current. Scans were carried out between 20 and 80o with a 
0.01o/min scan rate and a 1 second dwell time. 

Scanning electron microscopy (SEM) imaging was conducted 
on fractured sample cross-sections coated with ~5 nm of Pt using 
a TESCAN MIRA3 Field Emission SEM (TESCAN Inc.) using a 20 kV 
beam voltage.

3.3 Dual Substrate Measurements

For “Dual Substrate” measurements, the curvature of both 
10PCO|YSZ and 10PCO|MgO samples were measured from 280 to 
700oC with 5oC/min heating and 0.2oC/min cooling rates in 25 
sccm of synthetic air (i.e. 20% O2-80% Ar).  Analysis temperatures 

280oC were chosen to avoid complications introduced by the ≥
potentially orientable elastic dipoles present in ceria below 
~250oC.67 Synthetic air was chosen to avoid stress changes caused 
by water adsorption.88 As shown in Figure S2 of the Supplemental 
Materials, multiple thermal cycles were conducted in synthetic air 
to ensure reproducibility, and the stress-temperature results 
were averaged together to produce the values reported here.  

The 10PCO|MgO samples went directly from the PLD chamber 
to the 1000oC reoxidation furnace to the XRD to the synthetic-air-
flushed Multibeam Optical Stress Sensor (MOSS) test rig in an 
attempt to minimize hydration of the MgO substrate.  The 
simultaneously-produced 10PCO|YSZ samples were stored in a 
CaCl2 containing desiccator for ~2 weeks (while the 10PCO|MgO 
samples were being MOSS tested) before analysis.

3.4 Chemical Strain Determinations
The   chemical stress data was determined by first 𝑝𝑂2 = 0.21

fitting the 10PCO|YSZ stress-temperature curve with a 3rd order 
polynomial equation over its entire 280-700oC range.  The low 
temperature (280-380oC) 10PCO|YSZ stress vs. temperature 
curve was then fitted with a linear equation.  The difference 
between the linear extrapolation and 3rd order polynomial at high 
temperature was used to measure the amount of temperature-
induced chemical stress.  The chemical strain was then calculated 
from the chemical stress using the temperature dependent biaxial 
moduli obtained from the Dual Substrate method of Section 2.2.  
The 10PCO|YSZ data was chosen instead of 10PCO|MgO data for 
this purpose because of its lower sample noise.

Since Dual Substrate measurements were not taken in 𝑝𝑂2

, the  chemical strain values were = 0.021 𝑝𝑂2 = 0.021
determined by combining the measured chemical stresses 
generated by switching from a  of 0.21 to 0.021 in the 𝑝𝑂2

curvature relaxation measurements with the temperature 
dependent biaxial moduli obtained from the Dual Substrate 
method of Section 2.2, and adding the result to the  𝑝𝑂2 = 0.21
chemical strain values.

3.5 Curvature Relaxation Measurements

Prior to high temperature curvature relaxation 
measurements, the 10PCO|YSZ samples were heated up to 500oC 
in synthetic air with a 5oC/min heating rate.  Curvature relaxation 
measurements were then conducted on 10PCO|YSZ samples from 
500 to 600oC at 25oC increments, following the procedures 
described previously.40, 89-91  Wafer curvature relaxations were 
triggered by switching between 100 sccm of synthetic air (20% O2-
80% Ar) and 100 sccm of 10% synthetic air-90% Ar (i.e. 10 times 
diluted air).  To minimize possible Si contamination from the fused 
quartz curvature relaxation test rig (which is a time-dependent 
process), only 1 reduction and 1 oxidation cycle were measured 
at each temperature between 500-575oC.  Multiple 
oxidation/reduction cycles were then tested at 600oC to 
determine if the curvature measurements were reproducible with 
redox cycling and/or experienced gradual sample drift with time 
due to Si contamination.

3.6 Electrical to Chemical Oxygen Surface Exchange Conversion

Equation 12 was used to convert the Si-free literature 10PCO 
thin film literature  values from Chen et al.45 into k values that 𝑘𝑞
could be compared with those measured here.  This was 
performed using Equation 13 and the oxygen nonstoichiometry 
data from Chen et al.61  

In an attempt to minimize sources of potential error, the RS 
values from Chen et al.45 used here for comparison were taken 
directly from Chen et al.45 and were not calculated from their 𝑘𝑞
values.
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4. Results and Discussion
Figure 1 shows representative X-ray Diffraction (XRD) scans of 

the oxygen re-equilibrated 10PCO films (some of which are 
pictured in Figure S5 of the Supplemental Materials.)  These 
results indicate that the 10PCO films were phase pure and highly-
crystalline on both (100) oriented MgO and (100) oriented YSZ 
substrates.  Further, the 10PCO films on both substrates had a 
similar, predominantly (100) preferred orientation.  Specifically, 
the 10PCO on YSZ films displayed only (100) orientation, while 
~97% of the 10PCO on MgO grains were (100) oriented while the 
rest were (111) oriented (based on the ~100:9 Figure 1a 10PCO 
(200):(111) intensity ratio and the 28.5:100 CeO2 JCPDS PDF #34-
394 (200):(111) intensity ratio92 for a randomly oriented 
polycrystal).  This grain orientation behaviour was identical to that 
reported in the literature for CeO2-x on (100) MgO,93 CeO2-x on 
(100) YSZ,93-96 and 10PCO on (100) YSZ.45, 97  A Scherrer Equation98 
analysis indicated that the average 10PCO grain size on the MgO 
and YSZ substrates was ~28 nm and ~21 nm, respectively (Note, 
the limited number of XRD peaks resulting from the 10PCO 
preferred orientation prevented a more accurate Williamson-
Hall99 grain size determination. Also note that these grain sizes are 
lower limits because peak broadening caused by the XRD itself 
was not accounted for). 

As indicated by the cross-sectional scanning electron 
microscopy (SEM) images of Figure S6 of the Supplemental 
Materials, the 10PCO films on MgO and YSZ were dense, laterally 
uniform, and 235 ± 2 nm and 230 ± 5 nm in thickness, respectively.  
Post analysis SEM and XRD scans (not shown) did not detect any 
changes in the crystallographic or microstructural character of the 
10PCO films caused by the 25-700oC thermal cycling,  cycling, 𝑝𝑂2

and elevated temperature holds encountered during wafer 
curvature testing.

Figure 2 shows representative stress-temperature curves for 
the 10PCO|MgO and 10PCO|YSZ samples taken with a 0.2oC/min 
cooling rate.  As demonstrated in Figure S7 of the Supplemental 
Materials, 0.2oC/min was slow enough to ensure that the samples 
remained in thermal equilibrium as the stress-temperature data 
was collected.  The initial increase in film stress with increasing 
temperature displayed by the Figure 2a 10PCO|MgO sample is 
consistent with the fact that from 280-500oC the 10PCO  (which 𝛼𝑡𝑐

ranges from 8 to 14 ppm/K)60 is less than the 280-500oC MgO  𝛼𝑡

(which ranges from 13 to 14 ppm/K).56  Similarly, the subsequent 
decrease in film stress with increasing temperature above ~500oC 
is consistent with the fact that the 500-700oC 10PCO  (which 𝛼𝑡𝑐

ranges from ~14 to 24 ppm/K)60 is greater than the 500-700oC 
MgO  (which ranges from 14 to 15),56 due to the onset of 𝛼𝑡

chemical expansion in 10PCO.  The constant increase in film stress 
with temperature for the 10PCO|YSZ sample of Figure 2b is 
consistent with the fact that the 280-700oC 10PCO  (which 𝛼𝑡𝑐

ranges from 8 to 24 ppm/K)60 is always larger than the 280-700oC 
YSZ  (which ranges from 9 to 10 ppm/K).57  It is interesting to 𝛼𝑡

note that these thermal-expansion-mismatch induced stresses 
were in addition to tensile ~580oC 10PCO growth stresses of ~300 

and ~250 MPa on MgO and YSZ, respectively (even larger 10PCO 
growth stresses have been observed in the literature77). Note, 
since the critical thickness for ceria epitaxy on YSZ is <1 nm,100 the 
film stresses here do not likely include epitaxy-induced stresses.

Figure 3 shows the temperature-dependent (100) Young’s 
Modulus values measured here in comparison to all the 10PCO E 
measurements presently available in the literature.   The slight dip 
in the Figure 3 E values is likely an artefact of the 10PCO|MgO 
~400-500oC fitting error shown in Figure 2a.  The  ~10% error ±
bars shown in Figure 3 were calculated using the procedures 
described in Section 2 of the Supplemental Materials and are 
similar in magnitude to those reported in other Dual Substrate 
studies.55 The ~200 GPa constancy of the 280-700oC 10PCO E is 
similar to that observed in Ce0.9Gd0.1O1.95-δ

101 and is likely the 
result of the small magnitude of the 10PCO  changes 𝛿
encountered here.

The E values obtained here agreed well with the 750oC MOSS 
stress/XRD stain determined (100) 10PCO E value from Sheth et 
al.63   However, they do not agree with the 600oC nano-
indentation determined E value from Swallow et al.62  This may 
result from the inherent difficulty in performing reliable high 
temperature nano-indentation experiments or the fact that unlike 
all the other studies in Figure 3 (which were performed on 
10PCO), Swallow et al.62 examined 20PCO.  Room temperature 
extrapolations of the E values obtained here agree with the fast, 
but not the slow, 25oC 10PCO nano-indentation measurements in 
the literature.62, 102  This is consistent with the idea that nano-
indentation-determined E values taken too quickly to be 
compromised by reorientation of the anelasticity-inducing 
oxygen-vacancy-generated elastic dipoles15 present in ceria below 
~250oC67 should be similar to the E values extrapolated from high 
temperature ceria samples with low, or no, amounts of 
orientable, oxygen-vacancy-generated elastic dipoles.

Figure 4 shows the temperature-dependent  values 𝛼𝑡𝑐

measured here in comparison to all the 10PCO  measurements 𝛼𝑡𝑐

presently available in the literature.  Similar to the Figure 3 results 
which don’t display a systematic difference between the E values 
obtained from bulk/micro-grained samples compared to those 
from thin film and/or nano-grained samples, the thin film  𝛼𝑡𝑐

values obtained here agreed very well with previous in situ XRD 
literature measurements on bulk, micro-sized grain samples.60  
The maximum  ~8%  error bars shown in Figure 4, calculated ± 𝛼𝑡𝑐

using the procedures described in Section 2 of the Supplemental 
Materials, are similar to those reported for  in other Dual 𝛼𝑡

Substrate literature studies.55

Figure 5a and 5b show the measured 10PCO chemical strain, 
and the oxygen nonstoichiometry extracted from it, respectively, 
compared to the literature.  Interestingly, the measured thin films 
of Figure 5a experience less in-plane chemical strain than bulk 
10PCO, but experience a Figure 5b  similar to bulk PCO.  This is 𝛿
caused by the lower  values of ~0.07 for (100) oriented, thin film 𝛼𝑐
10PCO68, 77 compared to ~0.09 for randomly-oriented bulk 
10PCO.60  The good agreement between the Figure 5b  𝑝𝑂2 = 0.21
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thin film  values obtained here and the bulk 10PCO data of 𝛿
Bishop et al.60 may be caused in part, by the relatively low (i.e 300 
to -50 MPa) 600-700oC 10PCO film stress stresses encountered 
here.  The  values obtained under a  of 0.21 and 0.021 are also 𝛿 𝑝𝑂2

both in good agreement with other thin film 10PCO studies that 
did,61 and did not,77 utilize precious metal current collectors to 
determine .𝛿

Figure 6 shows representative stress redox cycle data for a 
10PCO film k tested at 600oC (redox cycle data for all tested 
temperatures is shown in Figure S8 of the Supplemental 
Materials).  While a steady-state equilibrium was obtained after 
each  cycle (allowing a reliable k determination), the 𝑝𝑂2

equilibrium film stress after each oxidation and reduction cycle 
was slightly altered from its previous value.  This behaviour was 
likely not caused by Si contamination from the fused silica test rig 
because such a process produces a gradual stress change with 
time, and the equilibrium stress values after each oxygen partial 
pressure change are flat. This difference in equilibrium stress level 
with pO2 cycling has been observed previously in the literature,77, 

86 where it was attributed to stress-relaxing alterations of the 
grain boundary structure.77  The fact that only one physical 
process is observed in the ln[1-normalized curvature] data of 
Figure S9 of the Supplemental Materials suggests that whatever 
the mechanism, this behaviour is purely the result of, and occurs 
on the same timescale, as oxygen exchange into/out of the film.

Figure 7 shows the oxygen surface exchange coefficient values 
measured here, in comparison with other literature 
measurements.  As seen in many other studies on various oxygen 
exchange materials,40, 103, 104 the oxidation kinetics were faster 
than the reduction kinetics.  As postulated in other studies,103, 104 
this is likely due to the larger  at the beginning of the oxidation 𝛿
process than at the beginning of the reduction process speeding 
up the initial oxygen exchange.  The measured k values displayed 
Arrhenius behaviour over the entire 500-600oC range, which is 
consistent with only one oxygen exchange process being active.   
Select tests on select samples performed with smaller  step 𝑝𝑂2

sizes utilizing air and 5 times (instead of 10 times) diluted air gave 
k’s with similar activation energies, but with absolute values 
between the reduction and oxidation data, suggesting that the 
oxygen surface exchange kinetics remained linear at a 10 times 
dilution, as observed previously in the literature for other 
materials.104

The 600oC k values measured here agreed exactly with those 
obtained from the optical relaxation studies of Zhao et al.86 even 
though the samples were subjected to different thermal histories 
before testing (Zhao et al.86 do not report re-equilibrating their 
samples in 1000oC air before testing, as was done here) and the 
specimens were grown in different Pulsed Laser Deposition 
chambers likely containing different impurities.  The likely source 
of this agreement is that, as shown in Table 1 of the 
Supplementary Materials, the samples used for both studies were 
produced in the same manner, had similar final microstructures, 
likely had similar grain sizes and similar stress states, and did not 
utilize precious metal current collectors.

In contrast, the measured k’s were much lower than those 
determined from microbalance and EIS studies.  Although Simons 

et al.103 attributed their observed k enhancement to grain 
boundary/grain orientation effects in their randomly-oriented 
polycrystalline films,103 this seems unlikely to be the sole cause of 
the ~1000 times difference with the present results because other 
literature studies have only observed k differences within an order 
of magnitude for ceria105 or lanthanum strontium cobalt iron 
oxide106 when examining thin films with intentionally-varied 
crystallographic orientations.  Instead, based on the documented 
ability of precious metals  such as Pt,107-109 Ag,107, 110 and Au108 to 
catalyse the oxygen exchange reaction on a variety of MIEC 
materials (including PCO), it seems more likely that catalytically 
active Pt migrated onto the surface of Simons et al.’s 10PCO films 
from the underlying Pt current collector (which was applied to the 
substrate before the film) during subsequent 10PCO pulsed laser 
deposition and/or testing. For the data from Chen et al. the 
catalytic enhancement provided by the porous Au current 
collectors covering 10PCO film surface may also explain the 
difference between EIS and κR measured k. However, additional 
current-collector-free tests on individual 10PCO films before and 
after intentionally introduced precious metal surface 
contamination are needed before firm conclusions can be drawn 
on whether precious metal surface contamination artificially 
enhances k. 

Figure 8 shows the oxygen surface exchange resistance values 
measured here, compared with those from the literature.  (Note 
that for small oxygen nonstoichiometries like those encountered 
here for 10PCO, the  in Equation 10 is not significantly affected 𝑐𝑜

by the oxygen nonstoichiometry and RS can be estimated directly 
from k without knowledge of the oxygen nonstoichiometry, as 
done in the literature.45, 82 Even though the effect is small, all the 
Figure 8 10PCO RS values were calculated using the  values from 𝑐𝑜

Figure 5b). Consistent with the behaviour observed in Figure 7, 
the wafer curvature measured 10PCO RS values were significantly 
higher than those obtained from the precious-metal-coated EIS RS 
experiments of Chen et al.45  The slightly higher wafer-curvature-
determined RS activation energy, compared to that from Chen et 
al.,45 comes from the different thermodynamic factors behaviour 
shown in Figure 5b.  The  eV 10PCO wafer-curvature-1.6 ± 0.1
determined RS activation energy measured here is similar in 
magnitude to that of many other MIEC oxygen exchange 
materials.111, 112

Figure 8 also shows that the wafer-curvature measured 10PCO 
RS values were at least two orders of magnitude higher than the 
RS values of the SOFC material La0.6Sr0.4Co0.8Fe0.2O3- (LSCF).  
(Note, unlike EIS measurements performed on large surface area 
samples requiring current collectors to distribute the charge, the 
small lateral dimensions of the microelectrode samples used to 
measure the La0.6Sr0.4FeO3- (LSF),111 La0.6Sr0.4CoO3- (LSC),111 
LSCF,111, 112 Sr0.5Sm0.5CoO3- (SSC),111 and Ba0.5Sr0.5Co0.8Fe0.2O3-

 (BSCF)111 RS values reported in Figure 8 meant that cathode-side 
precious metal current collectors were not needed. Further, the 
trustworthiness of these microelectrode EIS RS values is suggested 
by the fact that the open-circuit performance of LSF, LSFC, LSCF, 
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LSC, and SSC infiltrated SOFC cathodes can be successfully 
modelled using them81, 113-115).  Taken together, the data in Figure 
8 suggests that low-stress, precious-metal-free, (100)-oriented 
10PCO measured here performs much worse than conventional 
SOFC cathode materials. 

Conclusions
This work demonstrates, for the first time, that a sample’s 
mechanical response can be used to “simultaneously” measure a 
material’s  biaxial modulus, Young’s Modulus, thermal expansion 
coefficient, thermo-chemical expansion coefficient, oxygen 
nonstoichiometry, chemical oxygen surface exchange coefficient 
(k), oxygen surface exchange resistance (RS), strain, and stress 
state as function of temperature and oxygen partial pressure. 
Consistent with select literature measurements on bulk and thin 
film 10PCO, the Young’s Modulus of (100)-oriented thin film 
10PCO was measured to be ~200 GPa in air from 280-700oC. 
Further, the (100)-oriented 10PCO thin film thermal expansion 
coefficient, thermo-chemical expansion coefficient, and oxygen 
nonstoichiometry measured here were shown to be similar to 
those from other bulk and thin film 10PCO studies. The 10PCO k 
values measured here were also consistent with those from other 
current collector free techniques. Since most materials 
experience lattice parameter changes with changes in 
composition, the techniques developed here may find use for the 
“simultaneous” determination of the mechanical properties, 
thermal properties, point defect concentrations and ion-exchange 
properties of a variety of other materials.
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Figure 1. Representative X-Ray Diffraction (XRD) results for a) 
10PCO|MgO and b) 10PCO|YSZ indexed using CeO2, MgO, and YSZ 
JCPDS card numbers 81-0792, 87-0653, and 70-4436, respectively. 
The asterisks denote impurity peaks not caused by the 10PCO, as 
proven by the bare MgO substrate XRD scans of Figure S10 in the 
Supplemental Materials.
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Figure 2. Representative averaged stress vs. temperature plots for 
a) 10PCO|MgO and b) 10PCO|YSZ. The red lines are fits to the 
measured data. For 10PCO|MgO 𝜎𝑇𝑜𝑡𝑎𝑙 = (486.0 ± 1.638) +
( ―2.389 ± 0.01059) ∗ 𝑇 + (0.007670 ± 2.201 ∗ 10 ―5) ∗ 𝑇2

and for 10PCO|YSZ + ( ―7.020 ∗ 10 ―6 ± 1.479 ∗ 10 ―8) ∗ 𝑇3

𝜎𝑇𝑜𝑡𝑎𝑙 = (1241.7 ± 4.065) + ( ―3.788 ± 0.02622) ∗ 𝑇 +
(0.008090 ± 5.446 ∗ 10 ―5) ∗ 𝑇2 +

.( ―7.562 ∗ 10 ―6 ± 3.654 ∗ 10 ―8) ∗ 𝑇3

Figure 3. PCO Young’s moduli values measured by the Dual 
Substrate method compared to the literature measurements of 
Korobko et al.,102 Swallow et al.,62 and Sheth et al.63 (DS stands for 
Dual Substrate, NI stands for Nano-Indentation, MOSS stands for 
Multi-beam Optical Stress Sensor, and XRD stands for X-Ray 
Diffraction). Note, all the studies in this plot utilized 10PCO, 
except those by Swallow et al. 62 which utilized 20PCO.
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Figure 4. 10PCO thermo-chemical expansion coefficients from the 
Dual Substrate method compared to the literature measurements 
of Bishop et al.60 (DS stands for Dual Substrate, XRD stands for X-
Ray Diffraction, and Dil stands for Dilatometry).

Figure 5. 10PCO (a) chemical strain and (b) oxygen 
nonstoichiometry values from the 10PCO|YSZ sample compared 
to the literature measurements of Chen et al.,61 Sheth et al.77 and 
Bishop et al.60

Figure 6. Representative raw curvature relaxation data for a 
10PCO|YSZ sample at 600oC.
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Figure 7. 10PCO chemical oxygen surface exchange coefficients 
from the curvature relaxation method compared to the literature 
measurements of Simons et al.103, Chen et al.45, and Zhao et al.86  
The curvature-determined k error is less than the size of the 
symbol.

Figure 
8. 
10PCO 

oxygen surface polarization resistance (RS) values obtained here 
compared to the literature values for 10PCO,45 La0.6Sr0.4FeO3-δ 
(LSF),111 La0.6Sr0.4CoO3-δ (LSC),111 La0.6Sr0.4Co0.8Fe0.2O3-δ 
(LSCF)112 and Sm0.5Sr0.5Co3-δ (SSC).111 The curvature-
determined RS error is less than the size of the symbol.
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