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Abstract: 

Three BaZr0.9Y0.1O3- (BZY10) pellets were prepared using different sintering processes, 

resulting in samples with different grain sizes, from 0.3 to 5 microns. Ambient pressure X-ray 

photoelectron spectra were recorded in argon, steam and oxygen atmospheres (100 mTorr) in the 

300-500 °C temperature range. Deconvolution of O 1s peaks reveals 4 distinct contributions:

sub-surface lattice oxide, termination layer oxides, OH– and gas-phase steam in wet 

environments. The OH– contribution of the O 1s peak includes sub-surface incorporation of 

protonic defects in the lattice related to hydration as well as surface hydroxylation and molecular 

water adsorption. The OH– concentration increases with grain size and with decreasing the 

analysis depth. These results suggest that grain boundaries associated with the larger grains 

adsorbed water more effectively. Thus, larger grains, which increase proton conductivity in 

BZY10, may also enhance catalytic activity for carbonaceous fuel oxidation by facilitating 

increased hydration and surface carbon removal.  

Keyword: yttrium-doped barium zirconate, proton-conductor, AP-XPS, hydration, grain size 

Page 1 of 19

The effect of grain size on the hydration of BaZr0.9Y0.1O3-δ proton conductor studied by 

ambient pressure X-ray photoelectron spectroscopy 

Angelique Jarry1,2,*, Gregory S. Jackson3, Ethan J. Crumlin4, Bryan Eichhorn2, Sandrine Ricote3,* 

1 Materials Science and Engineering, University of Maryland, College Park, MD 20742, USA 

2 Chemistry and Biochemistry, University of Maryland, College Park, MD 20742, USA 

3 Department of Mechanical Engineering, Colorado School of Mines, Golden, CO 80401, USA 

4 Advanced Light Source, Lawrence Berkeley National Laboratories, Berkeley, CA 94720, USA 

mailto:ajarry@umd.edu
mailto:sricote@mines.edu


2 

1. Introduction:

Yttrium-doped barium zirconate (BaZr1-xYxO3-, BZY) is one of the most studied high-

temperature proton-conductors1,2,3,4. BZY perovskites exhibit mixed conductivity, with 

predominantly electronic conduction in oxidizing atmosphere and predominantly ionic (protonic 

defect and oxygen vacancy) conduction at lower oxygen partial pressures (PO2) below 10-6 atm 

5,6,7,8. Isotope exchange measurements9 and electromotive force measurements (EMF)10 have 

distinguished the protonic defect contribution from the oxygen vacancy contribution of the total 

conductivity. Up to 600 °C BZY ionic conductivity is dominated by proton conduction, with 

only 1.5 and 4.5 % of oxide ion conduction at 600 °C for BaZr0.9Y0.1O3- (BZY10) and 

BaZr0.8Y0.2O3- (BZY20) respectively 10.  

Protonic defects (𝑂𝐻𝑂
⦁ ) are incorporated into high-temperature proton-conducting materials 

according to the Stotz-Wagner hydration reaction (R1) 11,12,13, which is exothermic with H°≈ -

80 kJ∙mol-1  1,7,14,15.  Figure 1 illustrates how surface vacancies 𝑉𝑂
⦁⦁ provide a site for dissociative

H2O adsorption and incorporation of 𝑂𝐻𝑂
⦁  into the near surface lattice. 

𝐻2𝑂(𝑔) +  𝑉𝑂
⦁⦁ + 𝑂𝑂  

𝑥  ↔    2𝑂𝐻𝑂
⦁ (R1) 

Figure 1: Illustration of the Stotz-Wagner hydration reaction, which shows proton-defect 

incorporation into the BZY10 lattice. 

In support of conductivity measurements, the presence of bulk protonic defects can be 

determined by thermogravimetric measurements1,7,15,16,17, high temperature X-ray diffraction 

Page 2 of 19



3 

 Major changes upon hydration were only observed in the O 1s and Y 3d core-level

spectra.

 Hydration is associated with surface secondary phase growth with oxygen under

coordinated yttrium and/or yttrium hydroxide.

 The presence of sulfur (common contaminant in BaCO3) in high-temperature oxidative

environments leads to the formation of surface SO4
2–, which rapidly desorbs from the

BZY10 surface.

Measured values of protonic conductivity in BZY10 materials varies over 2 order of 

magnitudes (~10-5 to ~10-3 S cm-1 at 400 °C) 2, and this wide variation in conductivities was 

explained by differences in ceramic processing leading to (i) barium non-stoichiometry 28,29, (ii) 

increased disorder in the grain-boundary region 30, (iii) presence of impurity or dopant 

segregation at the grain-boundaries 31,32,33,34, (iv) cross substitution of yttrium on the A-site35, and 

(v) intrinsic positive charge at the grain boundary due to preferential oxygen segregation and

associated proton depletion in the space charged layers 36,37,38,39,40,41. 

In this work, three BaZr0.9Y0.1O3- (BZY10) specimens were prepared with different ceramic 

processing techniques and investigated by AP-XPS to correlate the extent of hydration to grain 

microstructure. O 1s peaks are deconvoluted into four contributions, including one peak (with 

the second to the highest binding energy) corresponding to surface hydroxylation and adsorbed 

molecular water (designated OH–). This contribution appeared under humid conditions and its 

importance was analyzed as a function of temperature and analysis depth to reveal significant 

insights into how grain structure and operating conditions impact BZY10 surface activity. 
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18,19,20,21,  proton-NMR 22 , hydrogen probe 23, and Raman profilometry 24.  While all the former 

techniques provide bulk measurements, ambient-pressure X-ray photoelectron spectroscopy (AP-

XPS)25,26 offers the unique opportunity to observe surface and near-surface chemistry, up to tens 

of nanometers 26,27, during hydration of the high-temperature proton conductors.  Furthermore, 

modulating the X-ray source photon energy can allow depth profiling near the surface to assess 

variation in interfacial chemistry as a function of depth. Our group has successfully used AP-

XPS to investigate composition effect on surface chemistry of epitaxial thin films of 

BaCexZr0.9−xY0.1O3-δ  (x = 0; 0.2; 0.9) perovskites.26 These hydration studies of BZY10 thin film 

led to the following conclusions 26:  
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2. Experimental:

The three BZY10 samples were prepared as followed:

 spark plasma sintering: 5 min at 1700 °C (SPS) 41,

 solid-state reaction without sintering aid, sintered at 1700 °C for 24h (SSR) 7,

 solid-state reaction without sintering aid,  conventionally sintered at 1720 °C  and

annealed at high temperature 2200 °C (HT) 42.

The information about the precursors used for the synthesis, as well as the obtained XRD 

patterns are summarized in Table 1 and Figure 1 of the Supplementary Information. 

In this study, none of the BZY10 samples contain sintering aids such as Ni. The 

microstructure of the three samples is reported in detail elsewhere 7,42,43 and summarized below 

in the results section. 

AP-XPS spectra at elevated sample temperatures were collected at Beamline 9.3.2 at 

Lawrence Berkeley National Laboratory’s (LBNL) Advanced Light Source (ALS) 44. BZY10 

pellets were held by spring-loaded tips onto an Al2O3 plate heater. A thermocouple onto the 

sample surface, as illustrated in Figure 2, provided a control temperature for the heater power. 

The surface of the samples was cleaned with a pretreatment at 500 °C under ultra-high vacuum 

(UHV) to remove adventitious carbon and to dehydrate the sample. 

Figure 2: SSR BZY10 sample on the sample holder (a) outside and (b) inside the AP-XPS 

chamber. 

Heater

Sample

Thermocouple

Stage

Sample

Detector
Stage

(a) (b)
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Beam energy (eV) Low resolution survey spectrum High resolution spectra 

300 eV   0-150 eV Ba 4d 

490 eV   0-390 eV C 1s, Ba 4d, Y 3d, Zr 3d 

630 eV  0-600 eV O 1s, Ba 4d 

710 eV   0-600 eV O 1s, C 1s, Ba 4d, Y3d, Zr 3d 

800 eV   0-700 eV O 1s, C 1s, Ba 4d, Y 3d, Zr 3d 

Greater analysis depths can be obtained at higher beam energies. Figure 3 represents a 

perovskite structure with the analysis depth for the different elements as a function of the beam 

energy. The stoichiometry was determined as already explained in reference 26 (supplementary 

information: page S2). Beam energies were chosen to provide at least three different inelastic 

mean free paths (IMFP, i.e., measurement depths) for each element. 
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 AP-XPS spectra were recorded at T = 300 °C and 500 °C in the following gas conditions: 

100 mTorr of Ar, 100 mTorr H2O, and 100 mTorr O2. Different XPS source excitation beam 

energies, within the range of Beamline 9.3.2 (800 eV, 710 eV, 630 eV, 490 eV and 300 eV), 

were used to explore a range of near-surface depths with a spot-size of ~ 0.8 mm (allowing for a 

statistical number of grains and grain boundaries). Table 1 summarizes the different core-

electron spectra recorded for each condition. The sample was heated at about 5 °C/min to the test 

temperature and held at constant T for 20 min before collecting XPS spectra. Spectra were fitted 

in Casa-XPS software (Casa Software Ltd., UK, http://www.casaxps.com/) using a combined 

Gaussian-Lorentzian line shape and a Shirley background. Similarly to our previous work 26, the 

Ba 4d peak of barium perovskite at 88.9 eV was used for calibration. Spectra fitting and 

normalization are described in detail elsewhere.26 

Table 1: Collection of spectra for one gas composition/temperature condition: 
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Figure 3: Inelastic mean free path (IMFP) values in Angstrom (A) calculated with Tanuma, 

Powell, Penn formula (TPP-2M 26) for Ba 4d, Zr 3d, Y 3d and O 1s with incident photon energy 

of 300 eV (green), 490 eV (blue), 630 eV (red), 710 eV (orange), 800 eV (black) and 1487 eV 

(purple). Higher beam energies can obtain useful distinctive signal for each elements at higher 

depths normal to the surface, and comparison of spectra at different energies provides 

information of near-surface chemistry information as a function of depth. 

3. Results:

3.1. Microstructural and chemical characterizations of the samples 

The grain size ranges from 0.3-0.8 microns, ≈1 micron, ≈ 2-5 microns for the SPS, SSR and 

HT samples respectively as illustrated in Figure 4. It is important to note that the microstructures 

for the SPS and SSR samples were observed on thermally etched surfaces and that the surfaces 

of the samples were polished before the AP-XPS measurements.  

\ 

Figure 4: Secondary electron micrographs of the thermally etched surfaces of the samples (a) 

SPS 43, (b) SSR and (c) fractured cross section the HT sample 42 (by permission of Elsevier 

LDT). 

5 μm1 μm 1 μm

(a)  (b)  (c)(c) 

5 μm 
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[Ba]GB/[Ba]bulk [Zr]GB/[Zr]bulk [Y]GB/[Y]bulk [O]GB/[O]bulk

HT sample 1.25 (±0.03) 0.98 (±0.01) 1.18 (±0.04) 0.97 (±0.01) 

SPS sample 1.15 (±0.02) 0.97 (±0.01) 1.20 (±0.04) 0.98 (±0.01) 

3.2. AP-XPS results 

3.2.1. Survey spectra after surface cleaning 

Sample survey spectra at 710 eV, 500 °C in 100 mTorr Ar after cleaning at 500 °C under 

UHV for the three samples are given in Figure 5. The calibration on the Ba 4d peak is necessary 

to correct for charging effects, which vary with temperature and gas atmosphere. The absence of 

C 1s peak at 284-288 eV (Figure 2 SI) confirms that the cleaning removes all the adventitious 

carbon and carbonate species at the surface of the samples. 

Several impurities are visible on the survey spectra: 

 Sulphur (161-169 eV): very little amounts are detected for the three samples and the

contribution disappears at temperature under oxidative environment (desorption of SO4
2-

). This trend is very similar to what was observed on BZY thin films 26.

Page 7 of 19
 The conductivity and chemical compositions have been previously studied for the SPS and 

HT samples 43,45. Both samples exhibited similar bulk conductivity in 3% moist 5 % H2 
43

.  The 

bulk and grain boundary chemical compositions were also determined by atom–

probe tomography 45.  Both samples exhibited barium and yttrium segregation and an associated 

slight depletion of zirconium and oxygen at the grain boundaries. It is important to note that 

secondary phases such as barium oxide and yttrium oxide may be present at the grain-

boundaries. The ratio for Ba, Zr, Y and O between the grain boundaries and the bulk are 

summarized in Table 2. 

Table 2: Comparison of the chemical composition determined by atom probe tomography for the 

SPS and HT samples (average on three grain boundaries) 45. The ratio of the grain boundary 

concentration over the bulk concentration is reported for Ba, Zr, Y and O. A value of 1 

represents a similar composition for the bulk and the grain boundaries, while values > 1 refer to a 

segregation to the grain boundaries. 



8 

 Silicon (152-154 eV): The surface of the samples was polished with SiC discs. Silicon is

also a common impurity in zirconia.

 Molybdenum: The doublet in the 228-233 eV energy range corresponds to the Mo 3d

peaks. This impurity segregates to the surface of the samples at temperature.

These impurity peaks do not interfere with the spectral analysis of the important O 1s and Y 

3d peaks. Although their presence may impact the surface chemistry to some extent, similar 

impurity amounts for the three samples suggests that these effects are relatively similar for all the 

tests. 

Figure 5: AP-XPS wide scan elemental survey spectra collected with photon energy of 710 eV 

under 100 mTorr of Ar at 500 °C for the SPS, the SSR and the HT samples. 
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3.2.2. Changes in O 1s and Y 3d with temperature and atmosphere 

Similarly to previous studies on thin films 26, the Ba 4d and Zr 3d peaks do not change with 

temperature and atmosphere (Figures 3 SI, 4 SI, and 5 SI). This indicates that Ba and Zr are not 

redox active during changes in oxygen partial pressures PO2. On the other hand, changes in the Y 

3d core-level spectra were reported on BZY10 thin films, where the hydration is associated with 

oxygen under coordinated yttrium and/or yttrium hydroxide. This phenomenon is not observed 

on the three BZY samples in this study: two doublets are observed for the Y 3d core level spectra 

(157.30.2 and 155.70.2 eV for 3d5/2), corresponding to hydroxide surface species (main 

contribution) and lattice contribution (Figures 3 SI - 6 SI). Similar Y 3d core level spectra are 

observed for the three samples, with no clear difference in the Y 3d doublets with changing the 

atmosphere (Figure 3 SI -5 SI) or the beam energy (Figure 6 SI). A plausible explanation is that 

even under dry environment at high temperature, hydroxyl group remains at near surface yttrium 

sites (IMFP Y 3d ~ 2 nm).  Physisorbed water may be progressively transformed into strongly 

adsorbed species, and subsequent dissociation can lead to incorporation of hydroxides into the 

near surface/lattice, in the form of yttrium hydroxide. Proton-trapping has been previously 

observed in the vicinity of yttrium in presence of zirconium in barium perovskites 46,47,48,49.  This 

trapping effect may be enhanced by the presence of grain boundaries that can promote molecular 

water adsorption and subsequent formation of stable yttrium hydroxide species near the surface. 

Yttrium segregates to BZY grain boundaries as shown in Table 2 and in previous studies 36-38,41. 

This results in yttrium bulk deficiency but increased presence of hydroxides in the grain 

boundaries. Estimation of the B-site stoichiometry for the three samples that was performed 

using the 490 eV data for Y and 710 eV data for Zr (corresponding to a similar depth), and the 

results in Table 3 highlight the sub-stoichiometric amounts of yttrium in the near surface regions. 

Table 3: B-site stoichiometry from AP-XPS data using 490 eV data for Y (IMFP~12.5Å) and 

710 eV data for Zr (IMFP~13.9Å): 

Sample Expected SPS SSR HT 

Zr on B-site 0.90 0.92 (±0.05) 0.95 (±0.05) 0.92 (±0.05) 

Y on B-site 0.10 0.08 (±0.01) 0.05 (±0.01) 0.08((±0.01) 
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Figure 6 compares the O 1s peak for the three samples at a photon energy of 710 eV for each 

of the gas compositions at 500 °C.  Based on previous references 50,51,52,53, the O 1s peak can be 

deconvoluted into four contributions 26: 

1) low binding energy, ~528.6-529.1 eV: oxygen in the perovskite lattice structure,

abbreviated as O2–,

2) medium binding energy at ~530-530.3 eV: under-coordinated oxygen in the surface

termination layer associated with partially hydrated surface secondary phases and/or

adsorbates,

3) high binding energy, at 531.5-532 eV: surface hydroxylation and molecular water

adsorption (denoted “OH–”),

4) highest binding energy, at ~533.5- 534 eV: Water vapor at the surface (denoted “steam”)

54.

“Regarding the OH- contribution, a minimal contribution for all three samples is observed 

under argon at 500 °C. The small OH– signal suggests residual hydration from the sample 

preparation in ambient air. Under 100 mTorr H2O at 300 °C, the OH– contribution is 

significantly larger and its intensity decreases with increasing the temperature to 500 °C. This is 

due to the exothermicity of the hydration reaction that leads to a drop in the concentration of 

protonic defects with increasing the temperature1,7. After the treatment for 2.5 hours in oxygen at 

500 °C, the sample is almost fully dehydrated, with an OH- contribution similar to the one 

observed under argon at 500 °C.   

For the lattice O2- contribution, by comparison with the OH-, for all samples, the contribution 

follows the expected inverse tendency, being maximal at 500 °C under argon and oxygen, and 

minimal in humid atmosphere, where the samples are hydrated. One should notice that the lattice 

O2- signal is however significantly smaller under oxygen than under argon. This is another 

indication that the hydration process might be accompanied by a surface degradation process 

leading to the formation of secondary phases. This hypothesis is reinforced by the behavior of 

the medium binding energy component that gradually increases, from under argon at 500 °C to 

humid environment at 300 °C and then at 500 °C, while decreasing but remaining high under 

oxygen at 500 °C. This indicates that the medium binding energy contribution is most likely 

associated with secondary phases formation rather than oxygen vacancies/under-coordinated 

Page 10 of 19
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oxygen at the surface. As no significant changes in the Ba, Zr, Y stoichiometry ratio or XPS 

core-level spectra were observed under the different environments, the correlation with the Ba/Y 

grain boundaries segregation effects was not apparent.  

Figure 6: O 1s In situ AP-XPS spectra of the BaZr0.9Y0.1O3-δ (a) SPS, (b) SSR and (c) HT pellets with 

incident X-ray energy of 710 eV as a function of environment (100 mTorr of Ar, H
2
O or O

2
) and

temperature (300 °C and 500 °C). The “lattice” component shown in orange represents the perovskite 

structure in the near surface regions while the “surface” component shown in green is for partially 

hydrated surface secondary phases with “OH–” corresponding to the hydration/adsorbed species (blue).

The “steam” component is represented in purple. White circles represent the measured data, black lines 

correspond to the sum of fits, and grey lines are for the background. (d), (e) and (f) represent the variation 

in the relative contributions of “lattice”, “surface”, “OH–” and “steam” components to the total O 1s. 

Error bars are estimated using Monte Carlo simulations as the 95% confidence intervals 52.  

The O 1s spectra for the three samples at 300 °C under steam (maximal hydration) presented 

in Figure 7 were collected using three different photon energies. With increasing photon energy, 
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12 

Figure 7: O 1s in situ AP-XPS spectra of the BaZr0.9Y0.1O3-δ (a) SPS, (b) SSR and (c) HT pellets 

as a function of the incident X-ray energy (630 eV, 710 eV,  800 eV) at 300 °C at a p(H
2
O) of

100 mTorr. The collection of O 1s at three different photon energies provides information from 

the surface to higher depth into the samples, 6 Å, 8 Å and 11 Å respectively, according to the 

IMFP calculation for O 1s. The “lattice” component shown in orange represents the perovskite 
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 the relative contribution of the “lattice” increases while the two other contributions 

decrease. This is in line with our previous work 26 where the hydroxylation was also more 

important at the very surface of the samples. This is also in agreement with the hypothesis of 

surface secondary phase formation (green contribution) under moist environments.  

The use of ‘hydroxylation’ instead of ‘hydration’ indicates the hypothesis that the OH– 

contribution arises only in part from protonic defects incorporated into the lattice (Reaction 1).  

Even for a fully hydrated sample, the observed OH– contribution to the O 1s is far too large 

considering the 1.5 % of intrinsic oxygen vacancies of the bulk BaZr0.9Y0.1O3-δ.  A plausible 

explanation for this excess resides in the peak overlaps between the species present at the 

BaZr0.9Y0.1O3-δ  surface. Yttrium hydroxide is formed from water molecules adsorbed at the 

BZY10 surface. The O1s binding energies corresponding to hydroxylation, adsorbed molecular 

water or hydration cannot be distinguished in our spectra. To simplify the notation these three 

different species are comprised in the “OH– “contribution.   
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4. Discussion

The above results show that the hydroxylation contribution increases from the SPS to the

SSR and finally to the HT sample. This phenomenon can potentially be explained by a variety of 

phenomena such as changes in one or more of the following:  

1) chemical composition of the grain interiors and/or boundaries,

2) sample histories,

3) grain sizes and morphologies of the surface.

Regarding the first hypothesis, former chemical analyses performed on the HT and SPS 

samples45 confirm similar grain interior/grain boundary composition ratios between the two 

samples (see Table 2), with barium and yttrium segregation and zirconium and oxygen depletion 

at the grain boundaries. Despite the similar chemical compositions, the HT sample exhibits 

significantly higher hydroxylation than the SPS sample. This allows us to conclude that a bulk 

chemical variation between samples cannot be at the origin of the effect we observed with AP-

XPS.  

All samples were polished and pre-heated/dehydrated following the same procedure before 

the AP-XPS experiments (inside the analysis chamber, 500 °C, ultra-high vacuum for several 

hours). We assume that the samples surface compositions were modified evenly. This rules out 

sample history/surface termination as a possible cause for the phenomenon we observed.   

The SEM images (Figure 4) highlight that the grain size and surface morphology of each 

sample is distinct. These differences appear to correlate with variations in the O 1s. Table 4 

summarizes the percentage of the hydroxyl contribution to the total O 1s area as a function of the 

average grain size (0.3-0.8, 1 and 2-5 microns for the SPS, SSR and HT samples respectively), 

Page 13 of 19
 structure in the near-surface regions while the “surface” component shown in green is 

for partially hydrated surface secondary phases with “OH–” corresponding to the hydration/

adsorbed species (blue). The “steam” component is represented in purple. White circles 

represent the measured data, black lines correspond to the sum of fits, and grey lines are for 

the background. (d), (e) and (f) represent the variations in the relative contributions of “lattice”, 

“surface”, “OH–” and “steam” components to the total O 1s. Error bars are estimated 

using Monte Carlo simulations as the 95% confidence intervals 52. 
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Grain size % OH– contribution 

(IMFP ~ 6 Å) 

% OH– contribution 

(IMFP ~8 Å) 

% OH– contribution 

(IMFP~11 Å) 

0.3-0.8 μm 10.8 7.8 8.9 

1 μm 22.7 18.7 17.2 

2-5 μm 44 36.3 31.3 

Thus, it appears that hydration due to water adsorption and incorporation is favored in the 

sample with the larger grains. Even though the synthesis methods between thin films and pellets 

are very different and result in different termination layers, a grain-boundary-free epitaxial thin 

film can be essentially considered has an infinite grain with very low surface roughness. In our 

previous study on such epitaxial BZY10 thin film26, the OH– contribution of hydration was no 

more than 7% at an IMFP of 8 Å. Thus, we cannot ascribe the hydroxylation contribution 

increase to the grain size alone. As discussed earlier, the main difference between the samples 

studied here is their grain size and associated grain boundaries and surface morphology. 

Therefore our hypothesis is that the grain-boundaries/surface morphology for larger grains favor 

hydroxylation via molecular water adsorption, as illustrated in Figure 8. It was already 

mentioned that the yttrium segregates to the grain boundaries as reported in Table 2 and previous 

studies 36-38,41. In this work, we demonstrate that this segregation results in the formation of a 

high amount of stable yttrium hydroxides that effectively trap the protons. In addition, the 

gaseous contribution of steam (534-535 eV) is observed on the three studied BZY samples (see 

purple contribution in Figures 6 and 7), which was not the case for the thin films 26.  This 

gaseous contribution must be connected to the presence of grain-boundaries/higher roughness of 
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 for the different beam energies in steam at 300 °C. It is clear that the hydroxylation contribution 

increases with grain size and is larger at the surface compare to the near surface/lattice (lower 

beam energy/IMFP). 

Table 4: Percentage of the OH– contribution to the total O 1s area in steam at 300 °C as 

a function of the average grain size: 0.3-0.8, 1 and 2-5 microns for the SPS, SSR and HT samples 

respectively. 
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Figure 8: Schematic representations of the grain size effects on barium perovskites 

BaZr0.9Y0.1O3-δ surface chemistry. The “lattice” component for the perovskite structure in the 

near surface regions is shown in brown orange while the “surface” component for partially 

hydrated surface secondary phases on the pellet is shown in green with the blue corresponding to 

the hydration/water adsorption. At temperature, under partial pressure of water, larger grains 

favor hydration via filling of the oxygen vacancies and adsorption of water at the surface. 

Page 15 of 19  the surface. These two observations are in agreement with the sketch presented in Figure 8. 

Impedance spectroscopy measurements43 revealed very similar bulk conductivities for the 

samples while the larger grain one exhibited higher protonic conductivity across the grain 

boundary and overall better performance. It is assumed that larger grains enhance conductivity of 

BZY because space-large layers at grain boundaries inhibit ionic transport and thus increase 

resistivity 43.  As this study highlights, there is a clear affinity for grain boundaries of 

larger grains to adsorb water and form OH- near the surface. This increased water adsorption 

and OH- formation may positively impact conductivity/performance by enhancing the 

resistance of an electrode to surface carbon build-up. Indeed, it was shown that Ni-BZY anodes 

are significantly less prone to coking than Ni-YSZ in the presence of methane and water 

steam4. In this work, a mechanism for coke removal in BZY fuel cell operation  suggested 

that high levels of OH– adsorption on the BZY surface encouraged formation of COOH on the 

Ni nanoparticles (COOH (Ni)) to mitigate coke formation, hence, resulting in a significant 

improvement of the fuel cell operation performance. The present study is in line with that work 

and suggests that larger grains may be beneficial not only by improving the conductivity level 

but also by promoting surface carbon removal. We propose that this unique combination of 

effects is at the origin of the exceptional performance of the larger BZY grains. 
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4. Conclusions

Ambient-pressure X-ray photoelectron spectroscopy was used at Beamline 9.3.2 at the

Advanced Light Source to correlate the extent of near-surface hydration with the grain size and 

associated grain boundaries. Three BaZr0.9Y0.1O3-δ (BZY10) pellets were prepared using different 

sintering processes: spark plasma sintering, solid state reaction followed with conventional 

sintering, with and without a final high temperature annealing step. The grain size of the samples 

ranges from 0.3 to 5 microns. AP-XPS spectra were recorded in argon, steam and oxygen 

atmospheres (100 mTorr) at 300 °C and 500 °C. The analysis of the O 1s peak in the different 

gas atmospheres and two temperatures gave two significant insights: the OH– contribution is 

found to increase with increasing the grain size, and to decrease with increasing the analysis 

depth.  

Previous work focused on the chemical composition and conductivity measurements of two 

of the present samples: SPS and HT.42 Very similar bulk values were obtained for the samples 

while the larger grains exhibits higher protonic conductivity across the grain boundary 43. This 

confirms that the change in hydroxylation between the samples seems to be related mainly to the 

grain size and associated grain boundaries. The hypothesis proposed to explain this observation 

is that grain boundaries for the larger grains facilitate adsorption of molecular water, based on 

the presence of gaseous steam and higher OH– contribution to the O 1s. 
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