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ABSTRACT

Interactions of ceramic proton conductors with the environment under operating condition play an 

essential role on material properties and device performance. It remains unclear how the chemical 

environment of material, as modulated by the operating condition, affects the proton conductivity. 

Combining near-ambient pressure X-ray photoelectron spectroscopy and impedance spectroscopy, 

we investigate the chemical environment changes of oxygen and the conductivity of BaZr0.9Y0.1O3-

δ under operating condition. Changes in O 1s core level spectra indicate that adding water vapor 

pressure increases both hydroxyl groups and active proton sites at undercoordinated oxygen. 

Applying external potential further promotes this hydration effect, in particular, by increasing the 

amount of undercoordinated oxygen. The enhanced hydration is accompanied by improved proton 

conductivity. This work highlights the effects of undercoordinated oxygen for improving the 

proton conductivity in ceramics.
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Ceramic proton conductors are promising solid electrolytes for intermediate temperature solid 

oxide fuel cells and electrolyzers.1-3 Yttrium-doped BaZrO3 is one of the well-studied ceramic 

proton conductors with high proton conductivity and stability.4, 5 Substitutions of the tetravalent 

cations (Zr4+) on the perovskite B site by trivalent cations (Y3+) create oxygen vacancies (VO
··) to 

compensate the charge neutrality. Hydration occurs via dissociation of water by filling of these 

oxygen vacancies and forming hydroxide ions (OHO
·, or considered as hydroxyl protons), given 

by:6, 7

H2O(g) + V••
O + Ox

O↔2OH•
O
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The proton conduction mechanism is generally understood as proton hopping between adjacent 

oxygen sites via a Grotthuss mechanism.8, 9 The performance of proton conductors is thus 

strongly influenced by the hydration process because of the formation of hydroxyl protons.10, 11

Many researchers have studied the effects of material structure and composition on proton 

transport in ceramics.12-16 Investigating the surface chemistry between solid and ambient gas 

interface can lead to better understanding of the ion site activity,17 proton and oxygen 

transport.18-21 Encouraging results have established that in different environment, proton 

transport properties are strongly influenced by hydration-induced changes in surface 

chemistry.22-25 Stub et al.18 showed that different structures of the adsorbed water layer on oxide 

surface affect the activation energy for proton transport. To study the mechanism of surface 

hydration at relevant conditions, such as temperature and atmosphere, in situ spectroscopic 

probes are highly effective approaches.26-28 In particular, in situ X-ray photoelectron 

spectroscopy (XPS) has provided inspiring results on proton conductors: our previous work29 

showed the VO
·· filling upon hydration is associated with charge redistribution between ions; 

Jarry et al.30, 31 observed that surface composition affects OH- formation at different conditions 

for BaCexZr0.9-xY0.1O2.95 thin films.

On the other hand, there have been intriguing discoveries that applying external potential to the 

proton ceramic electrolysis cells (PCECs) reduces the resistance of proton conducting 

electrolyte.32-35 Gan et al.33 and Li et al.35 observed that applying potentials up to 2 V to PCECs 

can reduce both series resistance and electrode polarization resistance and improve current 

efficiency. Chen et al.32 explained the reduced resistance due to space-charge layer effect on 

electron charge transfer. However, it is unclear whether the applied potential induces chemical 
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environment changes, which contribute to the reduced resistance. Hence, in situ spectroscopic 

measurements on ceramic proton conductors with applying working potential are necessary for 

further exploration of the underlying mechanisms.

In the present work, the interactions between BaZr0.9Y0.1O3-δ (BZY) and humid environment are 

investigated using in situ near-ambient pressure XPS (NAP-XPS) under operating conditions, 

combined with proton conductivity measured by impedance spectroscopy. Water vapor pressure 

and external potential are applied to simulate the working environment in a PCEC. The chemical 

environment of oxygen on the surface during hydration and the corresponding proton 

conductivity are discussed.

Figure 1(a, b) shows the measurement setup of BZY pellet with two gold electrodes. Sample 

preparation and other details about equipment can be found in Supporting Information (SI). Prior 

to the measurement, the pellet was subjected to a dehydration procedure in ultra-high vacuum 

(UHV) chamber at about 800 K for 16 hours. According to others’ study,36, 37 when doing 

thermal treatment to perovskite ceramics under UHV reductive condition, the materials would 

lose oxygen and form more VO
··. The rising VO

·· concentration may benefit the hydration process 

and the formation of hydroxyl protons. Hence, the amount of oxygen from surroundings filling 

into the lattices could be over 5%, which is the theoretical concentration of VO
·· in BZY10. The 

survey spectrum for BZY10 after dehydration procedure in UHV with photon energy of 490 eV 

is shown in Figure S1. Peaks due to Ba, Y, Zr core levels and the C impurity are presented.

Then, XPS and impedance spectra were recorded subsequently in UHV at about 550 K (denoted 

as “dry”), after introducing 200 mTorr water vapor (“hydrated”), and applying 1 V potential to 

the working electrode (WE) under hydrated condition (“hydrated +1V”). Since the standard 
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water splitting potential is 1.23 V and practically, 1.3 V or higher potential required in PCECs,38, 

39 water electrolysis was avoided in our measurement by applying potential of only 1 V. Hence, 

the impact of the external potential on barely the hydration process of BZY is investigated. 

Figure 1(c) shows the O 1s core level XPS spectra of BZY under the three aforementioned 

conditions – from dry to hydrated, then to hydrated +1V, recorded with photon energy of 700 eV 

(original spectra shown in Figure S2). As shown in Figure S2, the as measured O 1s spectra have 

clear offset for the case of “hydrated +1 V”. Considering that the change in the photoelectron 

energy in this case is induced by the applied 1 V external potential, the “hydrated +1 V” 

spectrum was shifted by 1 eV towards lower BE for further spectral analysis. This calibration can 

be validated because the BE position of oxygen component in perovskite lattice at 528.9 eV is 

aligned at all the three conditions investigated, which will be discussed later. Comparing the O 

1s spectra measured at three conditions in Figure 1(c), the two hydrated spectra exhibit two 

distinct peaks. For both hydrated spectra, the small peaks at higher binding energy (BE) (534-

536 eV) are almost identical in shape. Given that in O 1s spectra, signal from H2O at the surface 

of oxides locates at 535-536 eV40, 41 and the dry spectrum shows no obvious signal in this region, 

we conclude that the small distinct peaks centered at ~534.6 eV in both hydrated spectra arise 

from water vapor immediately above the surface. There is an about 0.2 eV offset of this water 

vapor phase, which may come from accumulated charge and polarization on the BZY10 surface 

with poor electrical conductivity, which influence the work function. Since this peak does not 

provide information about oxygen in BZY, it is not discussed in detail below.
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Figure 1. (a) BZY mounted on sample holder and (b) Schematic drawing of top and sectional 

view for the BZY pellet and electrical connection. WE: working electrode; CE: counter electrode 

(grounded). (c) O 1s spectra for BZY measured at ~550 K in subsequently changed conditions: 

UHV (dry, black), 200 mTorr water vapor (hydrated, blue), and then applying 1V external 

potential (hydrated +1V, red). Spectra were measured at photon energy of 700 eV.

The hydration process of the BZY is initiated by introducing water vapor into the chamber. In 

Figure 1(c), the overall intensity of the main peak (526-534 eV, excluding the small water vapor 

peak) in hydrated spectrum is 1.1-fold larger than that of the dry spectrum. Notably, the increase 

in intensity is inhomogeneous over the entire region. Comparing to the dry spectrum, the 

hydrated spectrum shows more significant increase in intensity at higher BE between 530 eV and 

534 eV and a slight decrease at about 529 eV. Applying 1 V potential to the hydrated BZY does 

not alter the overall peak intensity, yet, distinctly changes the peak shape. This redistribution of 

spectral weight may be attributed to the effect through hydration process.[9] 

Understanding the hydration mechanism is essential to optimize the performance for proton 

conducting electrolytes. A critical parameter governing the performance of electrolyte is the 
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hydration level, which is related to the concentration of protons and oxygen vacancies.3 

Therefore, it is necessary to quantify the spectral differences caused by hydration.

In Figure 2, the 526~533.5 eV band in each O 1s spectrum is deconvoluted using four 

components, with fitting details provided in SI. The four components are considered as four 

contributions of oxygen with different chemical environment. The yellow peaks centered at 

528.9 eV, are assigned to intrinsic oxygen in the perovskite lattice29, 42 (denoted as “lattice O”). 

The green peaks at 530.4 eV are attributed to surface species of undercoordinated oxygen in the 

crystal terminal plane, namely not coordinated to two B site cations and more weakly bound than 

lattice O43, 44 (denoted as “undercoordinated O”). This component is also considered by others to 

associate with partially hydrated surface secondary phases like yttrium hydroxide.30  The violet 

peaks at 531.4 eV represent the hydroxyl groups caused by hydration, which also includes 

dissociative absorbed water, terminated and multi-coordinated hydroxyls18, 31, 45, 46 (denoted as “-

OH”). The blue peaks at 533.0 eV may come from the adsorbed intact H2O on the surface.27, 41 

The intensity of this component is very small (lower than 1.5%) in all spectra, because there is 

only small quantity of the adsorbed H2O on the surface at the experiment temperature of 550 K. 

This component may also contain C-O induced by the carbon contamination, however, since this 

peak is very small in all spectra, we do not discuss further on it. Figure 2 shows the proportion of 

each component in this region (excluding the water vapor peak). 

The dry BZY has the lowest contribution from -OH (9.6%) and the highest contribution from 

lattice O (61.5%). After introducing water vapor, -OH contribution increases to 18.7%, 

indicating that hydration occur through the dissociation of H2O molecules forming -OH. There 

are also dissociative adsorption of water at the surface oxygen sites to form hydroxyls.18 Upon 

hydration, the increase of -OH is 9.1%, consistent with the 10% increase in the total intensity of 
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O 1s peak after introducing water vapor. Therefore, we attribute this total intensity increase to 

the increase of -OH. The decrease of lattice O component from 61.5% to 48.4% can divide into 

two parts: one part of lattice oxygen form -OH bonds with hydrogen atoms; other lattice oxygen 

ions may be influenced by oxygen filling the surrounding vacancies through hydration and 

change to an undercoordinated state. Therefore, the hydration effect on BZY is two-fold: not 

only the formation of -OH, but also the increase of undercoordinated O.

 

Figure 2. O 1s spectra for BZY at three conditions, deconvoluted by four peaks with same width 

and constrained position: lattice O (yellow, 528.9 eV); undercoordinated O (green, 530.4 eV); 

hydroxyl group -OH (violet, 531.4 eV); adsorbed intact H2O (blue, 533.0 eV).

Applying 1 V potential to BZY further reinforces these changes with a slightly increase in -OH 

from 18.7% to 20.6%; meanwhile, a more remarkable enhancement appears in undercoordinated 
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O, which increases from 31.7% to 34.0%, accompanied with the decrease in lattice O 

component. Major effect of potential is that the intrinsic lattice O are turned to undercoordinated 

state with higher activity. In this way, applying potential promotes hydration.

The core level XPS spectra of Ba 4d, Zr 3d and Y 3d are recorded at photon energy of 490 eV, as 

shown in Figure S3-5, and peak fitting details in Table S1-3. For the Ba 4d spectra, changes are 

trivial in the peak position under different conditions. Whereas for the Y 3d spectra, comparing 

to the dry spectrum, the hydrated spectrum shows a shift of about 1 eV toward lower BE. This 

phenomenon could be associated with a slight decrease in Y3+ oxidation state, implying that Y3+ 

is more reactive with water than Zr4+. However, a shift of 2 and 1 eV toward higher BE can be 

found in both Y and Zr spectra with applying external potential, respectively, which requires 

further studies. The changes in O 1s spectra among different conditions appear to be not relevant 

to other cations in the BZY lattice, as no significant changes are observed in XPS spectra of 

other elements.  Note that the inelastic mean free path for O 1s core level XPS is about 8 Å at 

photon energy of 700 eV.30 Therefore, the XPS analyses in this work are subject to the top 

surface layer in BZY.

Our analysis shows similar phenomenon as observed in photoelectrochemical water splitting on 

iron oxide.47 In the presence of an electric field at the surface, the dipole moments of water 

molecules at the electrolyte-water interface are aligned. One possible interpretation for this 

observation is that the potential applied to the electrolyte tends to counteract the negative surface 

potential resulting from surface hydroxyl formation, and cause dielectric breakdown in surface 

water ordering, accompanied by a decrease in hydrogen bonding. The hydrogen bonds between 

water molecules may break, which may be in favor of water dissociated adsorption and 

formation of new hydroxyl bonds. Hence, the change of surface electric field by applied potential 
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may result in enhanced hydration to BZY electrolyte surface. The underlying circumstances 

would be a matter of future work.

Impedance spectra were measured under the three successive conditions, as shown in the Nyquist 

plot in Figure 3(a). The equivalent circuit used for the spectra deconvolution is shown in the 

inset of Figure 3(a). The conductivities were calculated from impedance fitting details, as shown 

in Table S4.

 

Figure 3. (a) Impedance Nyquist plots of BZY at high frequency at three conditions. Fitting 

equivalent circuit is shown in the inset. (b) Total conductivity of BZY versus the proportion of 

different oxygen components.

Here, we discuss the influence of potential on the proton conductivity from the viewpoint of 

chemical structure changes of surface oxygen. To demonstrate the hydration effect, in Figure 
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3(b), the total proton conductivities under the three conditions are shown as a function of the 

proportion change of the three spectral components in O 1s spectra. The proton conductivity 

increases from 2.3*10-5 S/cm at dry condition to 3.6*10-5 S/cm when hydrated. Upon hydration, 

hydroxyl protons form to increase charge carrier concentration, confirmed by the increase of -

OH component. The undercoordinated O component also increases, resulting in an increase in 

the active sites for proton diffusion, thus facilitate protons hopping between adjacent oxygen 

sites and increase the proton mobility.

When applying 1V potential in hydrated condition, the proton conductivity further increases to 

5.0*10-5 S/cm. This highest proton conductivity coincides with the most intense hydration effect 

(with the highest -OH, highest undercoordinated O and lowest lattice O contribution). In 

particular, after applying 1V potential, about 6% more oxygen turns from lattice O to 

undercoordinated state, providing more active sites for proton diffusion. Therefore, in situ NAP-

XPS reveals the mechanism of enhanced surface hydration by applying potential, that positively 

impacts proton conductivity of BZY.

As the condition changed, there is no change in the apparent polarization resistance (horizontal 

axis intercept from impedance spectra), which is derived from the influence from ionic and 

electronic resistances.48 Therefore, the conductivity improvement is predominantly contributed 

by protons but not electrons. Meanwhile, applying potential does not have an impact on this 

aspect.

Both the bulk and grain boundary conductivities are increased after hydration and applying 

potential. The improved proton conductivity is contributed by several complex effects. As 

proposed by Riess et al.49, applying bias can lower the hopping barrier of a single particle 
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transfer to the neighboring site, thus the proton transfer may be easier with potential. In addition, 

according to the space charge layer model, the applied potential decreases the effective barrier 

height and depletion layer of the mobile charge carriers, leading to a decrease in grain boundary 

resistance.34

Advisable improvements of working environment (such as raising temperature, increasing water 

content, providing oxidizing atmosphere) can increase the proton conductivity to various 

degrees.38, 50, 51 The effect of undercoordinated oxygen component may have been 

underestimated before. Moreover, this redistribution of O components could also be controlled 

by changing temperature or environmental atmosphere and so on.30, 31 Hence, the chemical 

environment of O should be taken more seriously when studying proton conductor 

improvements. It is worth noting that XPS is a surface technique. As observed by Makagon et 

al.52, doped BaZrO3 exhibits non-classical electrostriction behavior, which means that under 

large electric field, the location of protons affects the elastic dipole moment in the lattice, 

imposing changes in the crystal structure. Other characterization methods, such as in situ X-Ray 

Diffraction or Raman spectroscopy, could be used under applied external potential to explore the 

behavior of protons in ceramics.

In this work, we use in situ NAP-XPS combined with impedance spectroscopy to investigate the 

effects of hydration on the chemical environment of surface oxygen and the conductivity of BZY 

proton conductor. As the operating conditions changed from dry to hydrated, we observe from O 

1s spectra an enhancement in hydration, including 9.4% higher hydroxyl groups and 2.7% higher 

undercoordinated O component. Applying 1V potential further increases the hydroxyl groups by 

1.7% and undercoordinated O by 4.6%, accompanied with conductivity improvement. We 

propose that applying 1V potential can enhance hydration on BZY surface. The proton 
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conductivity can be improved by not only hydroxyl formation, but also the increased active 

proton sites at undercoordinated oxygen. The new chemical insights on hydration suggest a new 

approach to improve proton conductivity in ceramics by increasing the undercoordinated oxygen, 

which has potential significance for the development of protonic devices such as ceramic fuel 

cells and electrolyzers.
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