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Abstract 

Protonic ceramic cells (PCCs) are emerging as a versatile platform for power generation, 

hydrogen production, and electrochemical synthesis at intermediate temperatures (300–600 °C). 

While substantial progress has been achieved in materials development and cell performance, a 

fundamental understanding of proton transfer, hydration processes, and catalytic reaction 

mechanisms remains limited, particularly under realistic operating conditions. Addressing this gap 

is essential for rational design of electrodes and electrolytes with improved cell efficiency, product 

selectivity/yield, and long-term durability. This research proposal aims to establish diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) as a mechanistic and kinetic probe 

for key surface processes in PCCs. The proposed work systematically applies Operando DRIFTS 

to three representative scientific questions:  

(i) Time-resolved DRIFTS is used to quantify surface and near-surface proton kinetics in 

protonic ceramic electrolytes, enabling extraction of exchange rates, activation energies, and 

kinetic asymmetry among hydration, dehydration, and H2O/D2O isotope exchange processes;  

(ii) The impact of nickel oxide in BaZr0.1Ce0.7Y0.1Yb0.1O3−δ protonic electrolyte on 

hydration behavior and isotope exchange dynamics is investigated using DRIFTS to clarify how 

Ni incorporation alters local proton transport environments and kinetics; 

(iii) DRIFTS is employed to elucidate catalytic reaction pathways during CO2 methanation 

in protonic ceramic electrochemical cells, with an emphasis on identifying surface intermediate 

and structure-activity relationships that govern methane selectivity;  

By integrating with complementary DRIFTS measurements and material characterizations, 

this research seeks to bridge the gap between macroscopic performance and microscopic proton 

behavior in PCCs. The outcomes will provide qualitative and quantitative insights into surface 



  

hydration and catalytic mechanisms of PCCs, offering guidance for materials optimization and cell 

design. 
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Chapter 1 - Objectives of my Ph. D work 

The overarching objective of this Ph.D. research is to establish diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) as a platform for investigating proton transport 

processes and catalytic reaction mechanisms in protonic ceramic electrochemical systems. 

Although protonic ceramic materials have demonstrated excellent electrochemical performance 

for fuel cells, electrolysis cells, and membrane reactors, the fundamental relationships among 

surface proton chemistry, bulk proton transport, and catalytic reactions remain insufficiently 

understood due to the lack of experimental techniques capable of directly probing these dynamic 

processes under realistic operating conditions. 

To address this challenge, this dissertation combines operando DRIFTS with 

complementary techniques including electrochemical conductivity relaxation (ECR), isotope 

exchange, SEM, TEM, X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), X-ray 

Absorption Spectroscopy (XAS) and density functional theory (DFT) calculations to establish 

relationships between microscopic surface chemistry and macroscopic electrochemical 

performance. Through this integrated approach, the dissertation seeks to provide mechanistic 

insights that guide the rational design of protonic ceramic materials and electrochemical devices. 

Specifically, this Ph.D. research consists of three interconnected objectives. 

The first objective is to establish a quantitative DRIFTS-based kinetic framework for 

investigating proton transport in protonic ceramic electrolytes. This aims to directly monitor the 

evolution of surface hydroxyl species during hydration and dehydration, quantify proton exchange 

kinetics through H2O/D2O isotope exchange, determine the associated activation behavior, and 

correlate local proton dynamics with bulk proton transport under realistic operating conditions. 
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The second objective is to understand how nickel oxide, a widely used sintering aid for 

proton-conducting electrolytes, influences hydration behavior and proton exchange kinetics 

beyond its conventional processing role. Emphasis is placed on revealing the effects of nickel 

incorporation on reversible hydration capacity, hydroxyl formation, isotope exchange kinetics, and 

the temperature dependence of proton transport, thereby providing mechanistic guidance for 

optimizing electrolyte compositions and fabrication strategies while maintaining both 

manufacturability and electrochemical performance. 

The third objective is to use the DRIFTS methodology in catalytic reaction investigations 

by elucidating the reaction intermediate and mechanistic pathways governing CO2 methanation in 

protonic ceramic electrolysis systems. This work focuses on identifying high-performance 

catalysts for intermediate-temperature CO2 hydrogenation, understanding the surface reaction 

pathways responsible for enhanced CO2 conversion and CH4 selectivity, and establishing 

structure–activity relationships that provide design principles for future protonic ceramic catalytic 

systems. 

Overall, this dissertation aims to advance the fundamental understanding of proton-related 

processes and catalytic reactions in protonic ceramic electrochemical systems by integrating 

operando spectroscopy with electrochemical, structural, and computational characterization 

techniques. The knowledge generated throughout this work not only establishes DRIFTS as a 

powerful mechanistic characterization platform but also provides scientific guidance for the design 

of next-generation protonic ceramic fuel cells, electrolysis cells, and membrane reactors for 

efficient energy conversion and chemical production. 
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Chapter 2 - Fundamentals of Protonic Ceramic Cells and DRIFTS 

 2.1 Operating principles for PCCs 

Protonic Ceramic Cells (PCCs) are solid energy conversion and storage devices with a 

three-layer structure, consisting of two porous electrodes and a dense proton-conducting 

electrolyte sandwiched between them. As shown in Figure 2.1, PCCs can work reversibly in two 

modes: as protonic ceramic fuel cells (PCFCs, Figure 2.1 a, b, and c) for power generation, and as 

protonic ceramic electrolysis cells (PCECs, Figure 2.1 d, e, and f) for affordable hydrogen 

production1 and chemical synthesis2. The main applications of PCCs can be classified according 

to their electrochemical conversion processes and target products.  
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Figure 2.1. Schematic diagrams of PCCs operated in fuel cells and electrolysis modes for energy 

conversion and storage 

PCFCs can convert chemical energy from fuels into electricity. The overall reactions in 

PCFCs involve the formation of water at the oxygen electrode through the combination of protons, 

oxygen, and electrons (Equation 1). Hydrogen (H2) is typically the primary fuel (Figure 2.1a), 

producing protons by the hydrogen oxidation reaction (HOR), shown in Equation 2. Alternatively, 
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methane can be used with steam (Figure 2.1b, steam methane reforming (SMR), Equation 3) or 

carbon dioxide (Figure 2.1c, dry reforming of methane (DRM) as fuels (Equation 4)) 3. Although 

the specific overall reactions in PCFCs vary depending on the supplied fuels, the general process 

always involves the HOR at the hydrogen electrode and the oxygen reduction reaction (ORR) at 

the oxygen electrode.  

PCC working in the fuel cell mode:  

Oxygen electrode: O2 + 4H+ + 4e⁻ → 2H2O                                                                   (1) 

Hydrogen electrode/fuel electrode:  

(I) Hydrogen-PCFCs (H2 as fuel)   

2H2 → 4H+ + 4e⁻                                                                                                           (2) 

(II) SMR-PCFCs (CH4 and H2O as fuels) 

CH4 + H2O → CO + 6H+ + 6e⁻                                                                       (3)       

(III) DRM-PCFCs (CH4 and CO2 as fuels) 

CH4 + CO2 → 2CO + 4H+ + 4e⁻                                                                                    (4) 

In the reversible mode of PCFCs, PCECs perform water electrolysis to produce affordable 

hydrogen by using an applied external voltage (Figure 2.1d). Steam is introduced at the oxygen 

electrode, where it undergoes the oxygen evolution reaction (OER). This is the adsorption and 

decomposition of steam into protons (H⁺), electrons (e⁻), and oxygen (O2), as shown in Equation 

5. Protons migrate through the dense proton-conducting electrolyte to the hydrogen electrode, 
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combining with electrons to form pure hydrogen, i.e., the hydrogen evolution reaction (HER), 

shown in Equation 6. 

Co-conversion of CO2 and H2O can also be realized in PCECs (Figure 2.1e). Water 

electrolysis and the electrochemical hydrogenation of CO2 occur at the oxygen electrode (Equation 

7) and hydrogen electrode (also referred to as the CO2 electrode), respectively (Equation 8, and 

Equation 9). CO2 can be converted into CO, CH4, and even ethanol, based on applied catalysts and 

operating temperatures. PCECs can also be used to synthesize value-added chemicals2, 4. For 

example, an electrochemical dehydrogenation reaction can take place when an alkane (such as 

C2H6) is fed into the system, producing an alkene (C2H4) and pure H2 (Figure 2.1f, Equation 10 

and Equation 11).  

PCC working in the electrolysis mode:  

(I) Hydrogen production 

Oxygen electrode: 2H2O → 4H+ + O2 + 4e⁻                                                                           (5) 

Hydrogen electrode: 4H+ + 4e⁻ → 2H2                                                                                    (6) 

(II) Co-conversion of CO2 and H2 

Oxygen electrode: 2H2O → 4H+ + 2O2 + 2e⁻                                                                         (7) 

CO2 electrode:    

1/2CO2 + 4H⁺ + 4e⁻ → 1/2CH4 + H2O                                                                                    (8) 
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2CO2 + 4H⁺ + 4e⁻ → 2CO + 2H2O                                                                                          (9) 

(III) Electrochemical dehydrogenation (C2H6) 

Dehydrogenation electrode: C2H6 → 2H+ + C2H4 + 2e⁻                                                         (10) 

Hydrogen electrode: 2H+ + 2e⁻ → H2                                                                                     (11) 

As depicted in Figure 2.1, PCCs enable low-cost hydrogen production, facilitate CO2 

conversion to mitigate emissions from human activities, and support efficient energy storage and 

distribution systems and devices, such as power grids and residential applications5, 6. Furthermore, 

their integration with functional catalysts drives the synthesis of high-value chemicals, such as 

ethylene, which is a crucial feedstock in chemical engineering. However, critical challenges 

remain, including the need to ensure high performance and long-term durability, and to achieve 

scalability for widespread implementation. Addressing these issues is essential for unlocking the 

full transformative potential of PCCs. 

 2.2 Basics of Protonic Ceramic electrolytes 

Protonic ceramic electrolytes are the key functional component of PCCs, including PCFCs 

and PCECs. Their primary function is to selectively transport protons from the fuel electrode to 

the oxygen electrode while preventing direct contact between the fuel and oxidant gases. In 

addition, the electrolyte must effectively block electronic conduction to avoid internal short-

circuiting and maintain high energy conversion efficiency. Compared with conventional oxygen-

ion conducting electrolytes, proton-conducting ceramics enable water formation at the cathode in 

fuel cell operation, thereby reducing fuel dilution and allowing efficient operation at intermediate 

temperatures (300–600 °C). 
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Most proton-conducting electrolytes currently employed in PCCs are based on perovskite-

type oxides with the general formula ABO3 (Figure 2.2).7 In this crystal structure, the A-site is 

occupied by relatively large alkaline-earth or rare-earth cations, whereas the B-site consists of 

smaller transition-metal cations coordinated by corner-sharing BO6 octahedra.7 One of the greatest 

advantages of the perovskite structure is its excellent compositional flexibility. Partial substitution 

at either the A-site or B-site enables systematic tuning of oxygen vacancy concentration, lattice 

distortion, hydration behavior, chemical stability, and proton transport properties, providing a 

highly versatile platform for electrolyte design.7 

 

Figure 2.2. Schematic illustration of element substitution strategies in ABO3-type perovskite 

oxides, including A-site, B-site, and oxygen-site doping.8 

 

The discovery of proton conduction in acceptor-doped perovskite oxides by Takahashi and 

Iwahara in 1980 marked the beginning of protonic ceramic electrolyte research (Figure 2.3).9 

Subsequent studies demonstrated that acceptor-doped SrCeO3 and BaCeO3 exhibit significant 
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proton conductivity under humidified atmospheres at intermediate temperatures.10, 11 Since then, 

considerable research efforts have focused on developing proton-conducting electrolytes with 

improved proton conductivity, thermal and chemical stability, and processing characteristics. 

Among the available material systems, barium cerates generally exhibit superior proton 

conductivity but suffer from poor chemical stability in CO2- and H2O-containing environments.12 

In contrast, barium zirconates possess excellent chemical stability but typically require higher 

sintering temperatures and exhibit lower proton conductivity.12 Consequently, mixed cerate–

zirconate compositions, such as BaZrxCe1−xO3-based electrolytes, have become one of the most 

widely investigated electrolyte families because they provide a favorable balance between proton 

conductivity, chemical stability, and sinterability.13 

 

 

Figure 2.3. Historical overview of remarkable innovations in the preparation route, structural 

design, or chemical component of perovskite-based Proton-conducting electrolytes.14 

 

To achieve high electrochemical performance, protonic ceramic electrolytes should satisfy 

several fundamental requirements. From a practical perspective, the electrolyte should be readily 

fabricated into dense, gas-tight membranes while maintaining excellent compatibility with 
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electrode materials. More importantly, it should possess high proton conductivity together with 

negligible electronic conductivity, thereby minimizing ohmic losses and preventing internal 

electronic leakage. The electrolyte must also remain chemically and mechanically stable under 

both oxidizing and reducing atmospheres encountered during long-term cell operation. 

The microstructure of the electrolyte plays an important role in determining its transport 

properties. Proton conduction occurs through both the crystal lattice (bulk conduction) and grain 

boundaries, with the total ionic resistance consisting of contributions from each transport 

pathway.10 Grain boundaries often exhibit lower proton conductivity than the grain interior 

because of defect segregation, space-charge effects, and impurity accumulation. Therefore, dense 

electrolytes with large grains are generally preferred, as they reduce grain boundary resistance and 

improve overall proton transport.10 In addition to microstructure optimization, decreasing 

electrolyte thickness is an effective strategy for reducing ohmic resistance. For example, Bae et 

al.15 fabricated a BaCe0.55Zr0.3Y0.15O3−δ electrolyte with a thickness of approximately 1 μm by 

pulsed laser deposition, achieving a peak power density exceeding 1 W cm−2 at 600 °C owing to 

the substantially reduced electrolyte resistance. Although composition and microstructure largely 

determine the macroscopic transport performance of protonic ceramic electrolytes, proton 

conduction fundamentally originates from hydration chemistry. Acceptor doping creates oxygen 

vacancies that incorporate water molecules under humidified conditions to generate mobile 

protonic defects. Consequently, the hydration behavior, proton concentration, and local proton 

environment directly govern proton transport kinetics and overall electrolyte performance.  

Among the various proton-conducting perovskites developed to date, acceptor-doped 

barium zirconate–cerate electrolytes with the general composition BaZr1-x-yCexMyO3-δ (M = Y, 

Yb, etc.) are widely regarded as the state-of-the-art proton-conducting electrolytes because they 



11 

provide an excellent balance of proton conductivity, chemical stability, and sinterability.11, 16, 17  In 

particular, BaZr0.4Ce0.4Y0.1Yb0.1O3-δ (BZCYYb4411)18 and BaZr0.1Ce0.7Y0.1Yb0.1O3-δ 

(BZCYYb1711)19 have emerged as benchmark electrolyte compositions for intermediate-

temperature protonic ceramic cells. These two electrolyte systems constitute the primary materials 

investigated throughout this dissertation, with BZCYYb4411 serving as the model electrolyte for 

the fundamental studies of hydration and proton transfer presented in Chapters 3, while 

BZCYYb1711 is employed to investigate the influence of Ni on hydration behavior and proton 

transport kinetics in Chapter 4. 

 

 2.3 Why choose DRIFTS for PCC characterizations? 

Over the past few decades, significant advancements have been made in the development 

of PCC materials, particularly in designing effective electrocatalysts and electrolytes. Two key 

areas advancing overall PCC performance are electrode/catalyst integration and reactor 

engineering (Figure 2.4). The integration of electrocatalysts and the electrode/electrolyte interfaces 

is critical for reducing resistance, enhancing charge transfer, and improving reaction kinetics. 

However, the complex interactions, particularly under dynamic operating conditions, are not yet 

fully understood. Addressing these challenges requires systematic cell modification/optimization, 

which in turn depends on the support of advanced characterization techniques. In this regard, 

DRIFTS plays a crucial role, offering unique capabilities to probe surface species and reaction 

mechanisms in PCCs.  

The principle of DRIFTS is rooted in the interaction of IR radiation with the material 

surface. An IR beam is generated and directed toward the sample, and in advanced setups, 

synchrotron radiation (SR) can be employed to enhance IR intensity and sensitivity, particularly 
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for operando investigations. When the IR beam interacts with the sample surface, it is diffusely 

scattered instead of passing through the material. This scattering can capture information from 

sub-surface regions of the sample. The sample is housed in a specialized cell with a heating stage 

to control temperature and a gas flow system (“gas in” and “gas out”) to introduce reactants (right 

side of Figure 2.4). More importantly, the external voltage can be applied to further simulate PCC 

operational conditions (such as charging and discharging). The absorption peaks in the spectrum 

correspond to specific chemical interactions or species. For example, -OH peaks indicate hydroxyl 

groups, providing observations of hydration behavior. Variations in peak intensity, shape, or 

position can reveal dynamic processes such as proton transfer, adsorption, or desorption during a 

specific reaction. The combination of DRIFTS results with other advanced tools, such as 

synchrotron radiation and computational modeling, enhances its utility for studying complex 

material systems like PCCs, thus providing critical insights into reaction mechanisms and 

supporting material performance optimization (Figure 2.4). 

DRIFTS enables the direct probing of surface species evolution during reactions, allowing 

researchers to capture information about proton hydration, carbonate formation, adsorbed 

CO/CO2, and other intermediates under conditions relevant to PCC operation. Table 2.1 

summarizes key functional groups and their typical vibrational peak positions observed in DRIFTS 

studies, which link surface chemistry to electrochemical performance. 
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Figure 2.4.  DRIFTS’s role in the workflow of PCC development and optimization. 

 

Table 2.1. Summary of DRIFTS peak ranges for key functional groups and chemical bonds 

relevant to PCC studies 

Functional Groups/Chemical Bonds Wavenumber (cm–1) References 

Hydroxyl group (–OH) stretching vibration 3800–3200 20-26 

Olefins (C═C–H) 3030–3180  27, 28 

Methane (CH4) 3016, 1306 27, 29 

Paraffins(–CH2) 2855, 2926, 2955 27, 30 

Deuterated hydroxyl (–OD) group 

stretching vibration 

2500 31 

Carbon Dioxide (O=C=O) stretching 

vibration  

2353 32 

Dicarbonyls  2120–2000 33-35 

Carbon monoxide (CO)  2115–2060 33, 34 



14 

Carbonyls 2000–1900 33, 36, 37 

Formyl (–CHO) 1750 32 

Hydronium (H3O
+) ions 1700 26 

Water molecules (H–O–H) bending 

vibration 

1630 38 

Hydrogen–oxygen–deuterium (H–O–D) 

bending vibration 

1650-1400 39, 40 

Bicarbonates 1610, 1212 38 

Formate (HCOO–) species 1540 41 

Carbon–carbon double bond (C=C) 

stretching vibration 

1515 42 

Carbonates (CO3
2-) 1456, 857,718 43 

Hydroxymethyl (–CHOH) 1440–1400 42 

Metal–hydroxyl (M–OH) bending vibration 1430, 1427 26 

Deuterium–oxygen–deuterium (D–O–D) 

bending vibration 

1150–1400 39, 40 

Methoxy (CH3O
–) 1046 27, 44 

 

 

DRIFTS serves as a powerful tool for studying the three key components of PCCs: protonic 

electrolyte, oxygen electrode, and hydrogen electrode (Figure 2.5). Firstly, it contributes 

significantly to the advancement of protonic electrolyte development by providing valuable 

information about proton behavior and material properties. The discovery of proton conduction in 
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SrCeO₃-based perovskites by Iwahara et al. in 1981 initiated decades of research into protonic 

ceramics45. Proton conduction was later found in various doped perovskite oxides. 

BaCe0.4Zr0.4Y0.1Yb0.1O3−δ (BCZYYb4411) has since become one of the most widely used groups 

of electrolyte materials for PCCs, striking a balance between protonic conductivity, sinterability, 

and chemical stability (mainly CO2 and H2O tolerance)18, 46. BZCYYb7111 showed barium 

carbonate formation under CO2 exposure at 500 °C, while BZCYYb4411 maintained a stable 

perovskite phase, reflecting its superior chemical stability18, 46. DRIFTS is capable of detecting 

carbonate-related species and thus can be effectively used to identify carbonate formation and 

assess the CO2 tolerance of protonic electrolytes.  For example, Sozal et al. showed that the 

DRIFTS spectra of BCZYYb4411 remained essentially unchanged before and after exposure to 

5% CO2, suggesting good CO2 tolerance of BCZYYb441147. By understanding these interactions, 

researchers can make informed decisions on how to further modify the electrolyte composition to 

improve overall cell performance.  

Secondly, the design of oxygen electrodes is crucial for enhancing the performance of 

PCCs. In PCCs, the oxygen electrode functions in two modes: (i) facilitating the ORR during fuel 

cell mode and (ii) enabling the OER in the electrolysis mode, both of which are potential rate-

limiting steps Steam electrolysis places higher demands on the oxygen electrode, such as high 

steam tolerance and thermal/chemical stability. Traditional oxygen electrode materials such as 

La0.8Sr0.2CoO₃−δ (LSC)48, 49, La0.4Sr0.6Co0.2Fe0.8O₃−δ (LSCF)50, 51, and Ba0.5Sr0.5Co0.8Fe0.2O₃−δ 

(BSCF)52, 53, which have been widely used in oxygen ion-based SOCs, have limited proton 

conductivity when applied to PCECs. As a result, researchers have paid much more attention to 

triple-conducting materials that simultaneously conduct protons (H⁺), oxygen ions (O2⁻), and 

electrons (e⁻), such as BaCo0.4Fe0.4Zr0.1Y0.1O₃−δ (BCFZY4411)54-57, PrBa0.8Ca0.2Co2O5+δ 
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(PBCC)58, 59,  PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)46, 60, and PrNi0.5Co0.5O3−δ (PNC)23, 61, 47, 62,. 

When the oxygen electrode is exposed to steam, the hydration reaction occurs and generates 

abundant proton defects (Equation 12): 

H2O + 𝑉𝑜
.. + 𝑂𝑜

× ↔ 2𝑂𝐻𝑜
.                                                                                                          (12) 

However, understanding the behavior of protons within the oxygen electrode is still 

challenging. Here, DRIFTS can help probe proton hydration at the oxygen electrode. It allows 

researchers to monitor the hydroxyl (-OH) stretching vibrations at the surface, providing real-time 

observation of proton behavior during electrochemical operation.  

Lastly, the hydrogen electrode is vital in facilitating electrochemical reactions such as the 

HER and HOR. The typical material used for the hydrogen electrode is a Ni-based cermet; these 

are composites of metallic nickel and ceramic proton-conducting oxides, such as BCZYYb. 

However, Ni-based materials have drawbacks, such as carbon deposition when using hydrocarbons 

(e.g., methane, CH4) as fuel63. To address these issues, additional reforming or catalytic layers are 

often integrated into the hydrogen electrode to facilitate related catalytic reactions. Other 

strategies, such as modifying the material composition with metals like Pd64, 65, Ru66, or Co67, have 

also been employed. DRIFTS can effectively probe intermediates and predict reaction pathways 

in these catalytic reactions, facilitating the development of efficient and stable catalysts, which can 

then be integrated with the hydrogen electrode in PCCs. 

Moreover, DRIFTS measurements under electrochemical load (i.e., constant current or 

voltage) can offer realistic insights into the reaction environments in PCCs. These measurements 

are especially important for evaluating electrochemical processes on the surface, as they occur 

under actual working conditions. Although implementing this remains technically challenging, 
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operando DRIFTS configurations capable of applying external voltages are under development, 

representing a promising avenue for future mechanistic investigations. 

 

Figure 2.5. Key aspects of DRIFTS on PCCs: oxygen electrode, electrolyte, and hydrogen 

electrode. 

 

 2.4 Working principles of DRIFTS 

DRIFTS is an analytical technique that derives information from the frequency changes of 

photons after they interact with a substance. The foundational work of Michelson68 and the 

Michelson–Morley69 experiments in the 19th century paved the way for the development of 

infrared (IR) spectroscopy. These interferometric concepts not only enabled the early exploration 
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of IR light–matter interactions but also became the cornerstone for the later development of Fourier 

transform infrared (FTIR) spectroscopy by establishing interferometric principles. The Perkin–

Elmer Infracord, introduced in 1957, was the first low-cost spectrophotometer capable of recording 

infrared spectra, covering a wavelength range of 2.5 to 15 μm (corresponding to a wavenumber 

range of 4,000 to 660 cm-1)70. It is worth noting that although infrared spectroscopy laid the 

essential foundation for the development of FTIR spectroscopy, its practical realization was 

inseparable from subsequent technological advancements, particularly the emergence of digital 

computation and the development of fast Fourier transform algorithms. The 1960s and 1970s saw 

significant advancements in computer technology, enabling the practical application of FTIR 

spectroscopy. These efforts ultimately led, in 1969, to Digilab Inc. releasing the first commercial 

infrared spectrometer capable of performing fast Fourier transform calculations71. In 1996, Fan et 

al. demonstrated the application of in situ DRIFTS to study both adsorbed and desorbed species 

on high-surface-area anodes and cathodes in direct methanol/oxygen fuel cells, further expanding 

the scope of this technique72. More recently, DRIFTS has also seen rapid and widespread 

development in electrochemical energy systems, such as lithium-ion batteries73, proton exchange 

membrane (PEM) fuel cells74, and solid-state batteries75. This review primarily focuses on the 

application of DRIFTS in the study of PCCs. By enabling surface-sensitive characterization, 

DRIFTS offers valuable insights into proton uptake mechanisms in oxygen electrodes, hydration 

behavior in proton-conducting electrolytes, and surface reactions relevant to catalyst development. 

These insights collectively support material optimization and contribute to enhancing the overall 

performance of PCC systems23, 41, 76. 

In a DRIFTS instrument (Figure 2.6), the core component is the interferometer, which 

consists of two mutually perpendicular mirrors. One is fixed, while the other is movable77. The 
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broadband source produces IR radiation and emits a beam, which is then split by a beam splitter 

into two paths: one reflects off the fixed mirror, while the other reflects off the moving mirror. The 

reflected beams then recombine at the beam splitter, with the resultant interference pattern 

dependent on the relative path lengths of the two beams. This modulated beam exits the 

interferometer and is focused on a detector78. The signal, known as the interferogram, represents 

the intensity of the recombined beams as a function of the position of the moving mirror78. The 

detector amplifies and transforms the signal into a readable one, which is then sent to a computer 

for Fourier transformation79. 

 

 

Figure 2.6. Schematic diagram of a typical DRIFTS system, illustrating IR beam generation, 

interferometer processing, signal detection, and data output. 
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To obtain a DRIFTS spectrum, the interferogram must be converted through Fourier 

transformation79. This process involves two essential steps: first, generating interferograms with 

and without the sample in the beam, and second, transforming these interferograms into spectra 

representing the source with and without sample absorption. The ratio of these two spectra yields 

the sample’s IR transmission spectrum. The values produced by the interferogram, which function 

over time, are referred to as the time domain. To generate the frequency domain, which is then 

Fourier analyzed to produce a spectrum, the time domain undergoes Fourier transformation.  

DRIFTS has always been and continues to be a crucial spectroscopic method for obtaining 

structural information about organic molecules77. It primarily focuses on the characterization of 

functional groups within the mid-IR range (4,000–400 cm–1), making it particularly useful for 

investigating the surface properties of materials and understanding their chemical behavior in 

various applications. Table 2.1 presents a summary of DRIFTS peak ranges for key functional 

groups, intermediates, and products relevant to PCC studies. It includes representative vibrational 

modes and typical wavenumber ranges (cm–1). These assignments support the identification of 

surface species such as hydroxyls, carbonates, and adsorbed CO/CO2, which are critical for 

elucidating the reaction mechanisms and degradation pathways during PCC operation. 

The DRIFTS system mainly consists of an IR optical path, a sample holder with a high-

temperature chamber, and a temperature control system. Figure 2.7a presents a real photograph of 

the NicoletTM iS50 FTIR spectrometer equipped with a Praying MantisTM diffuse reflectance 

accessory and its high-temperature reaction chamber. As shown in the figure, the sample is placed 

inside the chamber, which functions as the sample holder. The chamber is connected to a 

temperature controller via a thermocouple to ensure precise temperature regulation. A cooling 
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system is also integrated, allowing coolants to circulate through water tubes to prevent overheating 

of the outer chamber wall. Figure 2.7a further illustrates the gas inlet and outlet pathways that 

enable operando gas flow during measurements. In the DRIFTS system’s interior, the IR beam 

passes through a series of mirrors (shown in Figure 2.7b) and is directed to the sample surface, 

with the diffusely reflected signal collected and returned to the spectrometer for analysis. 

The high-temperature chamber is enclosed by a standard dome with one glass observation 

window and two windows for the infrared. IR-transparent window materials such as ZnSe, CaF2, 

and KBr are commonly employed to isolate the sample environment while permitting infrared 

radiation to pass through. ZnSe offers good mid-IR transmission and moderate thermal stability, 

making it suitable for operando studies up to ~250–300 °C, but ZnSe absorbs strongly starting 

around 700 cm–1, so any spectral features below this will be lost80. CaF2 provides broader spectral 

coverage and can tolerate slightly higher temperatures (~400 °C), though it is sensitive to 

moisture81, 82. Potassium bromide (KBr) exhibits excellent IR transparency but is highly 

hygroscopic and thus limited to dry, low-temperature environments80. At elevated temperatures, 

thermal radiation from both the sample and the window materials can increase the background 

signal and reduce spectral clarity, especially when using materials with temperature-dependent 

transmission properties. Therefore, appropriate window selection is essential to ensure accurate 

and stable DRIFTS measurements under realistic PCC operating conditions. 
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Figure 2.7. (a) Digital photo and (b) illustration of interior of DRIFTS equipment 

In a DRIFTS experiment, the spectrometer records the diffuse reflectance signal of the 

sample, directly outputting intensity values, typically in arbitrary units (a.u.). This intensity 

represents the reflected light signal detected by the system, which results from the combined 

scattering and absorption characteristics of the sample. The experiment begins by recording a 

reference spectrum to determine the initial intensity Io, typically using a non-absorbing sample or, 

more commonly, a mirror83. Next, the signal Icat, corresponding to the catalyst free of adsorbates 

(e.g., after pretreatment in inert gas or under vacuum), is measured83. The intensity Icat is generally 

an order of magnitude lower than Io, and the absolute reflectance of the infinitely thick layer is 

defined as Equation. 1384:  

R∞ = Icat/Io.                                                                                                                               (13) 

Following this, the signal Icat+ads is recorded for the catalyst in the presence of adsorbates. The 

reflectance of the sample with adsorbates is then defined as:  
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R = Icat+ads/Io.                                                                                                                            (14) 

The relative reflectance, R’, commonly measured when no mirror spectrum is collected, is 

calculated as: 

R’ = Icat+ads/Icat.                                                                                                                         (15) 

Since measuring absolute reflectance is often challenging, DRIFTS experiments typically focus 

on measuring the relative reflectance (R’), using a standard reference material such as KBr. 

Relative reflectance is derived by normalizing the experimentally measured intensity, which 

captures the effect of surface adsorbates on the optical properties. The absolute reflectance of the 

sample can be calculated (Equation 16)  

R∞ = R/R’                                                                                                                                (16) 

Once the absolute reflectance R∞ is determined, it is used to calculate the Kubelka–Munk function 

(Equation 17) 

 F(R∞) = (1–R∞)2/(2R∞) = K/S                                                                                                (17) 

K is the molar absorption coefficient, which is proportional to the concentration of absorbing 

species in the sample (e.g., functional groups). S is the scattering coefficient, which depends on 

the sample’s physical properties, such as particle size and surface roughness. The ratio, K/S, 

reflects the concentration of absorbing species and can be used for quantitative analysis. 

For a solute of absorptivity k = 2.303𝜖C, where 𝜖  is the molar absorptivity and C the solute 

concentration in a nonabsorbing matrix, the Kubelka-Munk function F(R∞) is directly proportional 

to C (Equation 18).  

C = constant × F(R∞)                                                                                                              (18) 

However, certain conditions are not suitable for applying the Kubelka-Munk theory85, due 

to factors such as Fresnel reflection (specular or mirror-like), matrix absorption, and a sample 
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having nonuniform optical properties. Although signal corrections can be performed even for 

undiluted samples, the process is difficult, and variations in the sample’s micro- or nano-structure 

can influence the scattering coefficient, complicating comparisons between samples prepared 

differently. In many cases, calibration curves reveal that the Kubelka–Munk equation does not 

exhibit linearity with solute concentration, often showing a curved86 or segmented pattern87. 

Olinger and Griffiths suggested that for strongly absorbing matrices, such as those commonly 

found in catalytic materials, the most linear correlation between solute concentration and intensity 

is achieved using log(1/ R∞) (Equation 1986), denoted “absorbance” by analogy with the 

absorbance = log 1/T measured in transmission IR: 

C = constant × F(R∞) = constant × log(1/R∞)                                                                          (19) 

DRIFTS is highly surface sensitive, meaning it primarily detects species that are adsorbed 

or bound to the surface of the material88, 89. This is advantageous when studying surface reactions, 

such as those occurring on the electrodes of PCCs. The sensitivity of DRIFTS can be affected by 

the signal-to-noise ratio (SNR), which refers to the level of useful signal compared to the 

background noise80. A high SNR enables the detection of low-intensity peaks, which is critical 

when studying weakly adsorbed species or surface species at low concentrations. High SNR helps 

distinguish weak, broad peaks from background noise, allowing detection before the species 

desorbs. And it ensures that even small signals are detectable, preventing surface species at low 

concentrations from being lost in noise. One of the major advantages of DRIFTS over other 

infrared spectrometers is their ability to measure spectra with high SNRs; those of 100 or better 

are routinely measured by DRIFTS80. Different materials absorb infrared light at different 

intensities, depending on their chemical composition, bond types, and vibrational modes. Materials 
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containing functional groups like –OH or C=O are generally more sensitive to DRIFTS analysis, 

as they generate stronger signals.  

Time-resolved DRIFTS can be used to study the dynamics of surface adsorption and 

desorption processes, providing valuable information on how the electrolyte, electrodes, and 

catalyst materials interact during the cell’s operation. For example, during the reverse water-gas-

shift reaction (RWGS, CO2 + H2 → CO + H2O), time-resolved DRIFTS can track the appearance 

and disappearance of surface species, such as formates, carbonates, or hydroxyl groups, as the 

reaction progresses32. Additionally, time resolution allows the tracking of short-lived intermediates 

that might be critical in the reaction mechanism but could otherwise be missed due to fast reaction 

rates. By capturing spectra at short time intervals (milliseconds or seconds), one can monitor the 

real-time evolution of these species and gain information about the reaction mechanism. 

DRIFTS is a versatile technique that can be applied to qualitative analysis, quantitative 

analysis, and kinetics studies90-93. For qualitative analysis, the positions of IR absorption peaks 

reveal the presence of specific functional groups, such as –OH or CO3
2-, within the samples. The 

qualitative results from DRIFTS must be interpreted cautiously, particularly when determining 

whether a species participates in the main reaction pathway. While DRIFTS is highly sensitive to 

surface species and can detect “buffer” species, these may not directly contribute to the main 

reaction pathway. For example, Meunier employed DRIFTS and identified formates and their 

reactivity under reaction conditions, but quantitative analysis using gas chromatography (GC) 

revealed that formates were only minor intermediates and not part of the main reaction pathway94. 

In quantitative analysis, the linear relationship between the Kubelka–Munk function and the 

concentration of absorbing species enable the precise determination of their quantities. 
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Furthermore, in kinetics studies, changes in the intensity of absorption peaks during a reaction can 

provide valuable insights into reaction mechanisms and the dynamic behavior of the system. This 

combination of qualitative and quantitative capabilities makes DRIFTS an essential tool for 

material and chemical analysis. However, at the current stage of DRIFTS application in PCC 

research, the focus remains primarily on qualitative analysis. The potential for future 

advancements in quantitative analysis is significant and warrants further exploration.  

While DRIFTS is a powerful technique, it does have certain limitations. Variations in the 

electronic structures, color, or molar mass of samples can affect the detected data, making 

comparisons challenging. For instance, the color of a sample significantly affects the scattering 

and absorption of infrared light, which directly impacts the intensity of DRIFTS measurements. 

To address this issue, mixing dark-colored samples with KBr, in a specific ratio, is commonly 

used. The samples and KBr powder need to be ground to reduce particle size and prevent light 

scattering. Grinding can be accomplished using a mechanical grinder80. 
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Chapter 3 - Probing hydration and proton exchange dynamics in 

protonic ceramic electrolyte via DRIFTS 

 3.1. Introduction 

PCECs operating at intermediate temperatures (400-600 °C) have emerged as a promising 

platform for efficient energy conversion and storage, operating in both fuel cell and electrolysis 

modes. 2, 11, 17, 46 Unlike high-temperature (>650 °C) oxygen-ion-conducting solid oxide cells, 

PCECs use protonic electrolytes with lower energy barriers and the bulk proton conductivities of 

10-3-10-2 S cm-1 in the 400-600 °C range, 95, 96 enabling lower operating temperatures while 

maintaining high efficiency, thereby reducing system costs and improving materials’ long-term 

durability. 18, 23, 57, 60, 97 

Proton-conducting ceramic electrolytes are central to PCEC operations. These materials 

are typically perovskite-structured oxides. Among them, acceptor-doped barium zirconate-based 

perovskites, generally expressed as BaZr1-x-yCexMyO3−δ (M = Y3⁺, Yb3⁺, etc.), are widely 

considered high-performance proton-conducting electrolytes.11, 16, 17 In particular, 

BaZr0.4Ce0.4Y0.1Yb0.1O3−δ (BZCYYb4411)18 and BaZr0.1Ce0.7Y0.1Yb0.1O3−δ (BZCYYb1711)19 are 

the state-of-the-art candidates, exhibiting a balance of proton conductivity, sinterability, and 

chemical stability. Protons are incorporated into the lattice via hydration reaction according to 

Equation 12, where water interacts with oxygen vacancies (VO
∙∙ ) to generate hydroxyl defects 

(OHO
∙ ).98, 99 This hydration reaction establishes the population of protonic defects available for 

proton transport. 100, 101. Proton migration occurs between adjacent oxygen ions, forming a 

Grotthuss-type hopping pathway in the lattice,102, 103 i.e., 𝑂𝐻−  + 𝑂2− → [O ···  H ···  O]3− →

𝑂2−+ 𝑂𝐻−.104 This dynamic process allows protons to move continuously through the lattice 

rather than remaining bound to specific oxygen sites, resulting in appreciable proton mobility at 
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elevated temperatures. The extent and kinetics of hydration, therefore, directly influence mobile 

protons and, consequently, proton conductivity in PCECs.105 . Bulk hydration behavior has been 

investigated using techniques such as thermogravimetric analysis (TGA)106 and electrochemical 

impedance spectroscopy (EIS)107. However, these techniques primarily provide bulk-averaged 

information and offer limited insight into the local evolution of protonic species during hydration. 

As a result, the dynamic behavior of surface hydroxyl species and their relationship to proton 

transport on electrolyte remain largely unresolved. Gaining direct insight into surface hydration 

kinetics is highly desirable for the rational design of next-generation PCEC systems. 

DRIFTS provides a surface-sensitive approach for directly monitoring vibrational features 

and is widely used in heterogeneous catalysis to probe surface intermediates and reaction 

pathways.108-111 However, its use in characterizing protonic ceramic materials remains limited.111 

Existing studies have primarily focused on the qualitative identification of surface species . For 

example, Xie et al.20 employed DRIFTS to investigate proton uptake behavior in PrBaCo2O5+δ 

(PBC) and PrBaCo1.9Zn0.1O6−δ (PBCZn10), showing that Zn substitution promotes the formation 

of surface hydroxyl species under humidified conditions. Shi et al.112 combined DRIFTS with 

electrochemical polarization to monitor hydroxyl-related vibrational features on 

PrBa0.5Sr0.5Co2−xFexO5+δ (PBSCF) electrodes, providing evidence for the participation of protonic 

species during electrode reactions. In addition, DRIFTS has been used to investigate CO2 

adsorption and activation on proton-conducting oxides such as BaZr0.8Y0.2O3−δ (BZY), revealing 

the formation of surface carbonate and bicarbonate intermediates that facilitate subsequent proton-

assisted CO2 conversion.113 Recently, our group 103 successfully developed a custom operando 

DRIFTS platform that operates under high-temperature (up to 750 °C), steam conditions with an 

applied bias and demonstrated that electrochemical bias can accelerate surface proton-exchange 
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processes in BZCYYb1711. Despite these advances, several fundamental questions remain 

unresolved. For example, the kinetic relationship between hydration and dehydration processes in 

protonic electrolytes was not systematically investigated yet. 

While hydration ability of protonic electrolyte can be related with the concentration of 

protonic defects, H2O/D2O isotope exchange, when combined with vibrational spectroscopy, 

provides a powerful approach for probing the dynamic behavior of protonic species by tracking 

the interconversion between O-H and O-D groups. For example, Meng et al.103 monitored the 

interconversion between O-H and O-D vibrational modes during H2O/D2O isotope exchange, 

probing proton-exchange processes at oxide surfaces. Gao et al.114 employed in situ Raman 

spectroscopy to investigate isotope exchange in TiO2 and revealed key insights into hopping-based 

proton conduction in simple oxides.114 Additionally, to complement the surface-sensitive 

information obtained from DRIFTS, understanding the bulk response during hydration is equally 

important. Electrochemical conductivity relaxation (ECR) has been extensively used to quantify 

oxygen transport kinetics in mixed-conducting oxygen electrodes through conductivity responses 

to step changes in oxygen partial pressure, allowing the determination of surface exchange 

coefficients (k) and chemical diffusion coefficients (D).60, 115, 116 However, its application to 

hydration kinetics and bulk transport processes in proton-conducting oxides remains relatively 

limited. Recently, Kim et al.117 analyzed conductivity relaxation following step changes in water 

vapor activity and demonstrated that hydration involves coupled proton- and vacancy-related 

transport processes rather than a simple single-step H2O diffusion mechanism. These findings 

highlight the complexity of hydration, where conductivity reflects not only proton transport but 

also defect redistribution and re-equilibration processes within the bulk. However, the extraction 

of effective diffusion coefficients and their correlation with bulk hydration kinetics to quantify 
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proton- and vacancy-related equilibration processes remains limited in current ECR studies. 

Moreover, the relationship between surface hydration reactions and bulk proton transport has not 

yet been well established. 

In this work, we employ operando DRIFTS to systematically investigate hydration, 

dehydration, and H2O/D2O isotope exchange in BZCYYb4411 electrolytes across 400-600 °C. By 

tracking the evolution of -OH and -OD stretching modes during these processes, DRIFTS enables 

real-time observation of surface exchange dynamics that are inaccessible via purely 

electrochemical measurements. The analysis showed that proton incorporation into the lattice 

occurs more readily than proton removal. The isotope exchange experiments reveal asymmetric 

exchange behavior, where H-to-D substitution occurs more readily than the reverse process. DFT 

was employed to identify the relationship between local atomic configurations and hydroxyl 

populations, and to further determine the energetic origin of their exchange behaviors. ECR 

measurements were analyzed using a two-fold diffusion model to extract the effective proton-

related (Di
H) and vacancy-related (Dv

H) diffusion coefficients, thereby linking surface proton 

chemistry with macroscopic transport behavior. This combined approach provides a quantitative 

link between surface hydroxyl chemistry and bulk defect transport and establishes a general 

framework for interrogating hydration and proton exchange in compositionally complex protonic 

ceramics. 

 

 3.2. Materials and Methods 

 3.2.1 Materials  

The BZCYYb4411 powders were synthesized via a solid-state reactive sintering method 

using commercial precursors: BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa 
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Aesar, 99.7%), Y2O3 (Alfa Aesar, 99.9%), and Yb2O3 (Alfa Aesar, 99.9%). Stoichiometric 

amounts were weighed and homogenized in a Nalgene bottle using ethanol ball milling at 300 rpm 

for 24 h. The dried mixture was pressed into pellets and calcined at 1100°C in air for 5 h. The 

resulting pellets were crushed and milled again in ethanol, then calcined to ensure phase purity. 

Tape casting was used to prepare the electrolyte pellet. BZCYYb4411 powders were first ball-

milled in an ethanol: toluene solvent for 24 h. Polyvinyl butyral (binder), butyl benzyl phthalate 

(plasticizer), and fish oil (dispersant) were then added and ball-milled for an additional 24 h to 

achieve suitable rheology. The green tape was cast to a thickness of ~300 um and dried at 38 °C 

for 4 h. After punching 1.27 cm (0.5 in) diameter disks, the electrolyte underwent pre-sintering at 

920 °C in air to remove organic components. Final densification of the electrolyte was achieved 

by sintering at 1500 °C for 5 h in air. 

 3.2.2 Hydration and dehydration experiments 

A dense BZCYYb4411 pellet (diameter: 8 mm, thickness: 300 um) was mounted on the 

custom sample holder in the high-temperature reaction chamber of DRIFTS. A K-type 

thermocouple was positioned within 1 cm beneath the cell to monitor and maintain a uniform 

temperature distribution during measurements. Prior to measurements, the temperature was raised 

from room temperature to 600 °C at a rate of 2 °C min-1, followed by ~2 h held in flowing dry Ar 

to ensure complete drying and removal of residual H2O, thereby establishing a dehydrated 

reference state. 

Time-resolved DRIFTS was used to investigate hydration and dehydration processes under 

well-defined temperature and gas-switching conditions (Figure 3.1). The DRIFTS spectra were 

collected with a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with a customized 

Praying MantisTM high-temperature reaction chamber (Harrick Scientific Products). The 
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electrolyte surface was directly exposed to the gas atmosphere and positioned normal to the 

incident infrared beam to ensure stable collection of diffuse reflectance signals. Spectra were 

recorded over the range of 4000-500 cm-1 with a resolution of 8 cm-1, averaging 32 scans per 

measurement to ensure a high signal-to-noise ratio. The background spectrum was collected using 

standard dried KBr powder before each experiment. This background was then subtracted from 

the sample spectra to remove system- and environment-related contributions. During all DRIFTS 

measurements, the heating and cooling rates were set to approximately 2 °C min-1 to ensure 

thermal and ceramic cell stability. Hydration experiments were initiated by switching the gas feed 

from dry Ar (40 mL/min) to humidified Ar containing 3 % H2O (40 mL/min), while dehydration 

experiments were performed by reversing the gas sequence. Water vapor was introduced into the 

reactor using either an H2O or D2O bubbler. Gas switching was performed without interrupting 

spectral acquisition, thereby enabling continuous monitoring of the transient response of surface 

hydroxyl species (Figure 3.2). Experiments were performed at temperatures between 500 and 600 

°C to evaluate the influence of temperature on hydration dynamics. At each testing temperature, 

the system was stabilized for approximately 30 min before data collection to ensure thermal 

equilibrium. 
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Figure 3.1. Experimental configuration of the operando DRIFTS system used for in situ monitoring 

of hydroxyl species during hydration, dehydration, and isotope exchange. 

 

Figure 3.2. Gas-switching setup for controlled hydration and isotope exchange during DRIFTS. 
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DRIFTS spectra were collected as a function of time following each gas switch, with 

particular attention to the evolution of O-H stretching vibrations in the 3000-3600 cm-1 region, 

centered at approximately 3400 cm-1. The integrated intensity of the O-H stretching band served 

as a semi-quantitative measure of surface hydroxyl coverage. Time-dependent changes in band 

intensity were analyzed to extract characteristic hydration and dehydration time constants, 

providing insight into surface hydration exchange kinetics.  

The centered peak height from raw DRIFTS spectra was first baseline-corrected and then 

normalized according to: 

𝐼𝑛𝑜𝑙(𝑡) =
𝐼(𝑡)−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
                                                                                                                 (20)                       

  

where 𝐼(𝑡) represents the baseline-corrected peak intensity at time 𝑡 . The values of 𝐼min and 

𝐼maxwere defined from the steady-state intensities obtained before and after each gas-switching 

event at a given temperature. Specifically, each kinetic cycle was recorded starting from a stable 

initial condition and continued until the -OH signal reached a new equilibrium plateau, and the 

corresponding steady-state intensities were used as normalization bounds. This normalization 

procedure removes variations due to baseline fluctuations, optical scattering, and absolute intensity 

differences, thereby allowing direct comparison of the evolution of the intrinsic hydroxyl 

population across hydration, dehydration, and isotope-exchange processes. 

 3.2.3 H2O/D2O isotope exchange experiments 

To further probe protonic species and distinguish between surface and subsurface hydration 

processes, H2O/D2O isotope exchange experiments were conducted on the same DRIFTS platform. 

The sample was first equilibrated under a humidified Ar atmosphere containing either 3 % H2O or 
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3 % D2O at the target temperature. Isotope exchange was then triggered by switching the gas feed 

between H2O/Ar and D2O/Ar, while maintaining a constant total flow rate (40 mL/min). 

Time-resolved DRIFTS spectra were collected during isotope switching to monitor the 

concurrent decay of O-H stretching bands (3000-3600 cm-1) and the growth of O-D stretching 

bands in the 2200-2700 cm-1 region. Both H2O-to-D2O and D2O-to-H2O exchange sequences were 

examined over a temperature range of 300-600 °C. The temporal evolution of O-H and O-D band 

intensities was analyzed to quantify isotope exchange kinetics and to provide mechanistic insight 

into proton exchange and transport processes at and beneath the electrolyte surface. 

 3.2.4 Electrochemical conductivity relaxation (ECR) 

ECR measurements were performed under identical gas-switching protocols, including 

hydration (dry air → 3% H2O in Air), dehydration (3% H2O in Air → dry Air), and isotope 

exchange (3% H2O in Air ↔ 3% D2O in Air). BZCYYb4411 powders were synthesized using the 

same procedure as that used for the DRIFTS samples. The powders were uniaxially pressed and 

sintered into dense bar-shaped specimens. The final sample dimensions were approximately 10.50 

mm in length, 3.08 mm in width, and 2.46 mm in thickness. For electrical measurements, silver 

wires were wrapped around both ends of the bar to serve as current electrodes. Two additional 

silver wires were attached approximately 1 mm away from the current electrodes to serve as 

voltage probes, forming a four-probe configuration. Silver paste was applied to ensure good 

electrical contact between the silver wires and the sample surface. 

 3.2.5 Other characterization techniques 

The crystal structures of the electrolyte samples were determined using XRD (2008 Bruker 

D8, CuK𝛼 with a scan rate of 10°/ min at room temperature). XRD Rietveld refinement was 
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conducted using the GSAS-II software package.118 The morphology of reduced BZCYYb4411 was 

examined using transmission electron microscopy (TEM) and energy-dispersive X-ray 

spectroscopy (EDS) (TALOS F200X, Thermo Fisher Scientific). XPS characterization was 

performed on Thermo Scientific ESCALAB 250Xi with a monochromatic Al Ka source (photon 

energy of 1486.68 eV) operated at 30 keV and X-ray power of 150 W and a hemispherical energy 

analyzer. Before spectral acquisition, the sample surface was Ar sputtered for 5 min to remove 

surface contamination layers, including adsorbed CO2 and other residual surface species. High-

resolution core-level spectra were measured, and data analysis was performed using casaXPS 

software. The binding energies (BE) of all elements were calibrated using the C 1s peak at 284.8 

eV as the reference.  

 3.2.6 DFT Calculations  

 DFT calculations were carried out using the Vienna Ab initio Simulation Package 

(VASP).119-121 Spin polarization was included for all calculations. The projector augmented wave 

method was employed to describe the core-valence interaction,122 For Ba, Zr, and Y, their shallow 

semicore 5s, 4s, and 4s states are explicitly included as valence electrons. The Ce 4f states were 

included as valence states, whereas the filled Yb 4f states were treated as the frozen core. DFT+U 

treatments with Ueff = 5 eV and 6 eV were applied to the 4f states of Ce and Yb, respectively.123, 

124 The generalized gradient approximation Perdew-Burke-Ernzerhof (GGA-PBE) functional was 

used to describe the exchange-correlation functional.125, 126 The BZCYYb lattice was 

approximated with a 2×2×2 supercell that is derived from cubic BaCeO3. The B-site Ce atoms 

were then substituted with Zr, Y, and Yb, yielding Ba8Zr3Ce3Y1Yb1O24, mimicking the atomic 

ratio of BZCYYb4411. Eight B-site configurations were considered, and the most favorable B-site 

configuration is illustrated in Figure 3.3. The optimized primitive cell lattice is 4.37 Å, close to the 
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experimental value of 4.31 Å, determined in this work and reported elsewhere. In this 

configuration, the Ce and Zr atoms are dispersed and occupy the sites in the main diagonal plane. 

The aliovalent Y and Yb atoms are also separated, occupying the remaining open lattice sites.  

 

Figure 3.3. Schematic lattice of BZCYYb4411 with the most favorable B-site configuration 

determined by DFT optimization. (a) The space-filling representation, (b-c) ball-and-stick 

representation, viewed along the a-axis and b-axis, respectively. (b) and (c) highlight the atomic 

arrangement of Zr (small green), Ce (yellow), Y (grey), and Yb (turquoise). The Ba and O atoms 

are displayed in large green spheres and red spheres, respectively.   

 

For phonon calculations, we adopted a higher set of computational parameters, with a 

plane-wave cutoff energy of 520 eV. Electronic self-consistency was converged to 10–5 eV for 

structural relaxation, and 10–7 eV s, and ionic relaxation was continued until the residual forces on 
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all unconstrained atoms were below 0.02 eV Å–1. A 3×3×3 k-point mesh was used to sample the 

first Brillouin zone in the supercell’s reciprocal space. 

Three Ba8Zr3Ce3Y1Yb1O23 bulk models, mimicking the oxygen-deficient BZCYYb4411 

lattice, were considered to examine the influence of local dopant arrangement on the H/D isotope 

effect127-129. These included one configuration with adjacent Y and Yb dopants and two 

configurations with separated Y and Yb dopants, differing in the local position of the oxygen 

vacancy. Hydrogen-containing structures (BZCYYb4411+H) were generated by placing one H 

atom near a lattice oxygen in the vacancy-containing environment, followed by structural 

optimization. The corresponding deuterium-substituted structures (BZCYYb4411+D) were 

generated from the same local geometries, with the isotope effect introduced through the atomic 

mass. Vibrational frequencies were computed using the finite-difference method in VASP at the 

Γ-point with a displacement amplitude of 0.015 Å. The harmonic vibrational free energy was 

calculated from the phonon frequencies according to: 

𝐹𝑣𝑖𝑏(𝑇) = ∑ [
1

2
ℏ𝜔𝑖 + 𝑘𝐵𝑇𝑙𝑛(1 − 𝑒−ℏ𝜔𝑖 𝑘𝐵𝑇⁄ )]𝑖 , 

where ℏ is the reduced Planck constant, 𝑘𝐵 is the Boltzmann constant, 𝜔𝑖 and is the frequency of 

mode 𝑖.130 The isotope-dependent vibrational free energy difference was then defined as 

∆𝐹𝑣𝑖𝑏(𝑇) = 𝐹𝑣𝑖𝑏
𝐻 (𝑇) − 𝐹𝑣𝑖𝑏

𝐷 (𝑇) 

∆𝐹𝑣𝑖𝑏(𝑇) was evaluated over the temperature range of 0-900 K. 

 

 3.3. Results and discussion 

 3.3.1 Phase and microstructures of BZCYYb4411  

The phase structure and microstructural characteristics of the BZCYYb4411 electrolyte 

were first examined. As shown in Figure 3.4a, Rietveld refinement of the X-ray diffraction pattern 
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demonstrated the formation of a single-phase cubic perovskite structure (space group Pm3m) and 

a lattice constant of 4.3128(1) Å. TEM images further reveal a dense, defect-free electrolyte 

microstructure (Figure 3.4b). The corresponding SAED/FFT pattern inserted exhibits diffraction 

spots that can be indexed to the cubic perovskite structure along the [001] zone axis, with well-

resolved reflections corresponding to the (200) and (110) planes. High-resolution TEM images 

(Figure 3.4c) show clear lattice fringes with interplanar spacings of approximately 0.309 and 0.215 

nm, corresponding to the (110) and (200) planes of cubic BZCYYb4411, respectively, consistent 

with the XRD refinement results (d110=0.31 nm and d200=0.22 nm). In addition, cross-sectional 

STEM images and EDS elemental mapping of Ba, Zr, Ce, Y, and Yb (Figure 3.4d & Figure 3.5) 

demonstrate good compositional homogeneity throughout the electrolyte. Even across the grain 

boundary region (Figure 3.4e-f), no elemental enrichment or depletion observed, indicating nano-

scaled chemically uniform grain boundary regions within the dense electrolyte. 
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Figure 3.4.  The phase and morphology investigation of the synthesized BZCYYb4411 protonic 

electrolyte. (a) Rietveld refinement of the X-ray diffraction pattern. (b) TEM image and 

corresponding SAED pattern along the [001] zone axis. (c) High-resolution TEM image showing 

lattice fringes corresponding to the (110) and (200) planes of BZCYYb4411. (d) Cross-sectional 

STEM image. (d) STEM-EDS elemental mappings of Ba, Zr, Ce, Y, and Yb, respectively. (e) 

STEM image showing the grain boundary region selected for elemental line-scan analysis. (f) 

STEM-EDS line-scan profiles across the grain boundary region, showing the elemental 

distributions of Ba, Zr, Ce, Y, and Yb. 

 

Figure 3.5. Energy-dispersive X-ray spectroscopy (EDS) spectrum of the BZCYYb4411 

electrolyte collected from the area used for the elemental mapping shown in Figure 3.4. 
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 3.3.2 Hydration and dehydration kinetics probed by operando DRIFTS  

Operando DRIFTS measurements were performed to investigate the hydration and  

dehydration behavior of the BZCYYb4411. Before hydration, the BZCYYb4411 electrolyte 

exhibits a  -OH stretching band centered around ~3416 cm-1 131 treated under dry Ar for 2 h at 

600°C (Figure 3.6), and the -OH signals can still be detected at temperatures up to 800 °C (Figure 

3.7), indicating the strong intrinsic hydration ability of BZCYYb4411. To elucidate the origin of 

this behavior, DFT calculations were performed using BZCYYb4411 (100) surface models with 

difference local B-site cation distributions. The calculations show that oxygen vacancies are 

preferentially formed at Zr-Yb and Y-Yb pair sites (Figure 3.10a-d), creating favorable local 

environment for hydration. Further hydration calculations were performed by introducing H2O at 

these surface oxygen-vacancy sites and examining the resulting hydrated structures (Figure 3.11). 

After dissociative water incorporation, the stability of the hydrated state varies with the local cation 

environment and the resulting proton arrangement. Among the configurations examined, the Zr-

VO
∙∙-Yb site exhibits a thermodynamically favorable hydrated configuration with a hydration energy 

of -0.12 eV, demonstrating that water incorporation can be energetically favored at specific surface 

vacancy environments. Consistent with this strong hydration tendency upon exposure to 

humidified Ar gas (3% of H2O) at 600 °C, the -OH peak grows rapidly within the initial 10 min 

and gradually approaches a steady intensity as shown in Figure 3.8a. In addition, weak CO2-related 

absorption bands near ~2400 cm-1 were also observed during the measurement.32 The intensity of 

the -OH stretching band progressively decreases after switching the gas atmosphere to dry Ar gas 

(Figure 3.8b). It is noted that dehydration required approximately 200 min to reach equilibrium, 

compared to 150 min for hydration, suggesting that dehydration involves additional energetic 

barriers. In addition, the -OH stretching vibration exhibits a temperature-dependent blue shift 
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(Figure 3.8a-b and Figure 3.9). For example, as the temperature increases, the center of the -OH 

stretching band shifts from approximately 3396 cm-1 at 500 °C to 3405 cm-1 at 550 °C, and further 

to about 3416 cm-1 at 600 °C, which is related to a gradual weakening of hydrogen-bonding 

interactions.25  

 

Figure 3.6. DRIFTS collected from the BZCYYb4411 electrolyte pellet at 600 °C under dry air 

condition. The sample was pre-treated in dry air at 600 °C for at least 2 h to remove physiosorbed 

or weakly bound water. 
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Figure 3.7. DRIFTS spectra collected during prolonged drying at 800 °C under dry Ar condition.  
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Figure 3.8. Time-resolved DRIFTS spectra collected at 600 °C during (a) hydration and (b) 

dehydration, showing the evolution of hydroxyl stretching bands, (c) Normalized -OH band 

intensity as a function of time from 600 °C to 500 °C during hydration, (d) Comparison of 

normalized -OH band intensity as a function of time in hydration to in dehydration at 550 °C, (e) 
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The natural logarithm of normalized -OH bands (500-600°C) as a function of exchange time at 

different time in the hydration process and (f) the natural logarithm of normalized -OH bands (500-

600°C) as a function of exchange time at different time in the dehydration process. 

  

Figure 3.9. Time-resolved DRIFTS spectra collected during hydration upon switching from dry 

Ar to humidified Ar (3 % H2O) (a) at 550 °C and (b) at 500 °C; time-resolved DRIFTS spectra 

collected during dehydration upon switching from humidified Ar (3 % H2O) to dry Ar (c) at 550 

°C and (d) at 500 °C 
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Figure 3.10. (a-b) 𝐕𝐎
∙∙  sites between the Zr-Ce pair and Zr-Yb pair in a (100) facet with a 

Zr/Ce/Zr/Yb configuration. (c-d) 𝐕𝐎
∙∙ sites between the Zr-Ce pair and Zr-Yb pair in a (100) facet 

with a Y/Ce/Zr/Yb configuration. (e-f) -OH group occupying the 𝐕𝐎
∙∙ site Zr-Ce pair and Zr-Yb 

pair. (g-h) -OH group occupying the Ov site Zr-Ce pair and Zr-Yb pair. Color scheme: Zr (small 

green), Ce (yellow), Y (grey), and Yb (turquoise). Ba and O atoms are displayed as large green 

and red spheres, respectively.  The oxygen vacancy formation energy is defined as: 𝑬𝒇,𝐕𝐎
∙∙ = 𝑬𝐕𝐎

∙∙ +

𝟏

𝟐
𝑬𝑶𝟐(𝒈) − 𝑬𝐕𝐎

∙∙−𝒇𝒓𝒆𝒆(𝟏𝟎𝟎). 
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Figure 3.11. (a) Distribution and hydration energy (∆𝑬𝒉𝒚𝒅𝒓𝒂𝒕𝒊𝒐𝒏) of OH groups after the hydration 

of the (100) facet with the Zr/Ce/Zr/Yb configuration at the Zr-𝐕𝐎
∙∙-Ce site. (b-c) Distributions and 

∆𝑬𝒉𝒚𝒅𝒓𝒂𝒕𝒊𝒐𝒏  of OH groups after the hydration of the (100) facet with the Zr/Ce/Zr/Yb 

configuration at the Zr-𝐕𝐎
∙∙ -Yb site. (d) Distribution and ∆𝑬𝒉𝒚𝒅𝒓𝒂𝒕𝒊𝒐𝒏  of OH groups after the 

hydration of the (100) facet with the Y/Ce/Zr/Yb configuration at the Y- 𝐕𝐎
∙∙ -Ce site. (e-f) 

Distributions and ∆𝑬𝒉𝒚𝒅𝒓𝒂𝒕𝒊𝒐𝒏   of OH groups after the hydration of the (100) facet with the 

Y/Ce/Zr/Yb configuration at the Y-𝐕𝐎
∙∙-Yb site. Color scheme: Zr (small green), Ce (yellow), Y 

(grey), and Yb (turquoise). Ba and O atoms are displayed as large green and red spheres, 

respectively.  The hydration free energy is defined as: ∆𝑮𝒉𝒚𝒅𝒓𝒂𝒕𝒊𝒐𝒏 = 𝑬𝒉𝒚𝒅−(𝟏𝟎𝟎) − 𝝁𝑯𝟐𝑶(𝒈) −

𝑬𝐕𝐎
∙∙ . 
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Normalization of the -OH band intensity enables direct comparison of hydration and 

dehydration kinetics across different temperatures (Figure 3.8c & Figure 3.9). Although hydration 

is thermodynamically favored at lower temperatures due to its exothermic nature, the hydration 

process proceeds more rapidly at higher temperatures because of accelerated surface reaction and 

proton transport kinetics.132, 133 Figure 3.8d provides a direct comparison of the hydration and 

dehydration, and   the dehydration exhibits a noticeably slower decay with an extended tail before 

reaching equilibrium. This difference might be ascribed to the recombination of lattice hydroxyl 

defects to regenerate H2O before desorption can occur.25 

To quantify the hydration and dehydration kinetics, the natural logarithm of the normalized 

-OH band intensity, ln(Rel. OH), was plotted as a function of time at each temperature (Figure 

3.4e-f). Linear regression analysis shows that the first-order reaction model might be adopted here 

to describe such kinetic behavior, where the reaction rate is proportional to the instantaneous 

surface -OH concentration.114 As shown in Figure 3.8e, the extracted apparent rate constants 

increase with temperature, rising from 0.0461 min-1 at 500 °C to 0.0871 min-1 at 600 °C. A similar 

temperature dependence is observed after switching the gas atmosphere from humidified Ar to dry 

Ar (Figure 3.8f), and the dehydration rates are approximately 2-3.5 times lower than those for 

hydration. As shown in Figure 3.12a, the Arrhenius analysis yields an apparent activation energy 

of 35.8 kJ mol-1 for hydration and 63.7 kJ mol-1 for dehydration. The significantly higher activation 

energy for dehydration suggests that removing hydroxyl species requires overcoming additional 

energetic barriers compared with forming hydroxyls, which is consistent with the slower 

dehydration kinetics observed in the time-dependent DRIFTS measurements. 

To further examine the influence of hydration on surface chemistry, O 1s XPS spectra were 

analyzed for hydrated and dehydrated samples (Figure 3.12b). The O 1s spectra can be 
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deconvoluted into a high-binding-energy component associated with surface oxygen species and 

hydroxyl groups, and a low-binding-energy component corresponding to lattice oxygen.134 Upon 

hydration, the relative contribution of the surface oxygen species increased from 58.6% to 67.3%, 

suggesting an enhanced concentration of surface oxygen-containing species, including hydroxyl 

groups generated during hydration. 

A mechanistic illustration of the asymmetric hydration and dehydration behavior is shown 

in Figure 3.12d. Thermodynamically, hydration in acceptor-doped protonic ceramics is generally 

an exothermic process with negative hydration enthalpy, making hydroxyl defect formation 

energetically favorable. Once water dissociates at the surface, the resulting protonic defects can be 

stabilized through proton hopping and local lattice reorganization, thereby promoting proton 

incorporation into the oxide lattice. In contrast, dehydration requires breaking these stabilized 

hydroxyl configurations and reforming water molecules prior to desorption, leading to a 

substantially larger energetic barrier. The thermodynamic preference for hydroxyl stabilization 

therefore provides a fundamental origin for the kinetic asymmetry between hydration and 

dehydration.  
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Figure 3.12. Experimental and theoretical analysis of hydration and dehydration processes in 

BZCYYb4411. (a) temperature-dependent hydration and dehydration kinetics derived from 

DRIFTS measurements, (b) O 1s XPS spectra demonstrating changes in surface hydroxyl species 
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upon hydration, and (c) Proposed schematic mechanism illustrating the asymmetric 

hydration/dehydration behavior. 

According to Equation 12, during hydration, the dissociated water fills the available VO
∙∙ site 

with an OH group, while the remaining H atom is attached to the lattice oxygen (OO
x ). Once water 

dissociates at the surface, the resulting protonic defects can be stabilized through proton hopping 

and local lattice reorganization, thereby promoting proton incorporation into the oxide lattice 

(Figure 3.12c). DFT calculations further reveal a strong energetic preference for hydroxyl 

stabilization in Yb-containing local environments (Figure 3.10e-h). Specifically, locating the -OH 

group at the Zr-Yb and Y-Yb oxygen vacancy defects lowers the energy by 0.50 and 0.39 eV, 

respectively. Such stabilization of the hydroxylated state makes the reverse dehydration process 

less favorable, as dehydration requires the stabilized protonic species to reorganize and recombine 

to form H2O before desorption. This thermodynamic stabilization therefore provides an atomistic 

rationale for the slower dehydration kinetics observed experimentally. 

 3.3.3 H2O/D2O isotope exchange and proton exchange kinetics 

To understand surface proton-exchange behavior, time-resolved DRIFTS experiments 

involving isotope exchange were performed by switching the feed gas between humidified Ar 

containing 3% H2O and humidified Ar containing 3% D2O, as well as in the reverse direction 

(Figure 3.13, Figure 3.14,Figure 3.15, and Figure 3.16). Figure 3.13 presents contour plots 

showing the temporal evolution of the -OH (~3400 cm-1) and -OD (~2500-2524 cm-1) stretching 

regions during isotope exchange. Red regions indicate higher absorbance intensity, whereas blue 

regions indicate lower intensity. For H2O→D2O exchange (Figure 3.13a,c), the gradual 

disappearance of the -OH band is accompanied by the emergence of the -OD band103. Conversely, 

during D2O→H2O exchange (Figure 3.13b,d), the -OD band decreases while the O-H band 
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simultaneously grows, directly visualizing the proton-deuteron exchange process. The isotope 

exchange kinetics exhibit similar temperature dependence.  At 600 °C, both the decay of -OH 

bands and the growth of -OD bands proceed rapidly, reaching equilibrium within 200 min. In 

contrast, at 400 °C, the spectral evolution is markedly slower, taking around 3 times as long to 

approach a steady state. In the reverse D2O-to-H2O exchange, the -OD stretching band 

progressively diminishes while the -OH band recovers with time (Figure 3.13c-d). At the same 

temperature, the D2O-to-H2O exchange reaches equilibrium more rapidly than the H2O-to-D2O 

process, indicating kinetic asymmetry between the two exchange directions. Importantly, the 

contour plots of isotope-exchange reveal two types of proton populations with distinct exchange 

rates: (a) labile -OH that exchanges rapidly with D2O, and (b) more strongly bound -OH.  The 

labile -OH population consists of mobile protons that readily participate in exchange and surface 

diffusion. While after the system reaches apparent equilibrium, a weak but persistent O–H signal 

remains observable, suggesting the presence of strongly bound protonic species that exchange 

more slowly than the dominant proton population. The rapidly exchanging proton species are likely 

associated with dynamically accessible proton hopping pathways, whereas the residual hydroxyl 

species may correspond to strongly bound proton configurations requiring additional thermal or 

electrochemical activation to participate in long-range transport.25, 135  
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Figure 3.13. 2D spectral map of time-resolved DRIFTS for the BZCYYb4411 electrolyte during 

isotope exchange (a) from 3% H2O to 3% D2O at 600 °C, (b) from 3% D2O to 3% H2O at 600 °C, 

(c) from 3% H2O to 3% D2O at 400 °C, and (d) from 3 % D2O to 3% H2O at 400 °C. 
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Figure 3.14. DRIFTS of OH and OD bands over time: at 600 °C (a) during gas switching from 3% 

H2O-humidified Ar to 3% D2O-humidified Ar, (b) during gas switching from 3% D2O-humidified 

Ar to 3% H2O-humidified Ar; and at 500 °C (c) during gas switching from 3% H2O-humidified Ar 

to 3% D2O-humidified Ar, (d) during gas switching from 3% D2O-humidified Ar to 3% H₂O-

humidified Ar. 
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Figure 3.15. DRIFTS of OH and OD bands over time: at 400 °C (a) during gas switching from 3% 

H2O-humidified Ar to 3% D2O-humidified Ar, (b) during gas switching from 3% D2O-humidified 

Ar to 3% H2O-humidified Ar; and at 300 °C (c) during gas switching from 3% H2O-humidified Ar 

to 3% D2O-humidified Ar, (d) during gas switching from 3% D2O-humidified Ar to 3% H2O-

humidified Ar. 
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Figure 3.16. 2D spectral map of time-resolved DRIFTS for the BZCYYb4411 electrolyte during 

isotope exchange (a) from 3% H2O to 3% D2O at 500 °C, (b) from 3% D2O to 3% H2O at 500 °C, 

(c) from 3% H2O to 3% D2O at 300 °C, and (d) from 3 % D2O to 3% H2O at 300 °C. 

 

To compare the temperature-dependent evolution of hydroxyl species during the isotope 

exchange process, the peak positions of the -OH and -OD stretching bands at different 

temperatures are summarized in Table 3.1. The observed isotope ratios (νOH/νOD) fall in the range 

of 1.347-1.356, aligning well with the theoretical isotopic factor (1.414 for an H/D species attached 

to an infinite mass, 1.374 for using reduced masses) 129, 136 for H-D substitution.  
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Table 3.1. Observed OH/OD vibrations and isotope shift at different temperatures. 

Temperature Vibration 

 

OH-stretch cm-1 OD-stretch cm-1 𝜈
OH

/𝜈
OD

 

300°C 3363 2497 1.347 

400°C 3387 2500 1.355 

500°C 3399 2507 1.356 

600°C 3408 2524 1.350 

 

The normalized intensity (Figure 3.17) supports the asymmetric nature of the H2O-to-D2O 

and D2O-to-H2O exchange processes. Both exchange directions exhibit a pronounced temperature 

dependence. At 300 °C, equilibrium is reached after 1,200 min (Figure 3.17a-b). As the 

temperature increases, the equilibrium time decreases quickly, dropping to below 200 min at 

600 °C. At every temperature, D2O-to-H2O is consistently faster than H2O-to-D2O (Figure 3.17c), 

which might be due to the stronger O-H bond and the lower mobility of deuterons. Interestingly, 

the normalized -OH and -OD intensities exhibit a distinct crossover point at each temperature 

during the isotope exchange process (Figure 3.17d-e). As the temperature increases, the crossover 

occurs significantly faster (Figure 3.17e). The intersection of normalized -OH and -OD signals 

from 0.60-0.64 (Figure 3.17f, Figure 3.18, and Figure 3.19), together with the incomplete decay 

of the -OH band, indicates that only a fraction of the -OH population participates in rapid exchange, 

while the remaining -OH groups remain relatively stable within the experimental time scale. The 
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observed deviation supports the presence of kinetically distinct hydroxyl species, consistent with 

the hypothesis that two types of hydroxyl groups coexist in the material. 

 

Figure 3.17. Normalized O-H and O-D intensity evolution during isotope exchange at different 

temperatures. (a) normalized O-H intensity decay during H2O-to-D2O exchange. (b) normalized 

O-H intensity recovery during D2O-to-H2O exchange. (c) time required to reach isotopic 

equilibrium for both exchange directions at different temperatures. (d) crossover times of 
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normalized O-H and O-D intensities during isotope exchange. (e) Temperature dependence of the 

crossover intensity between normalized O-H and O-D signals. Representative crossover behavior 

between normalized O-H and O-D intensities during H2O-to-D2O exchange (f) at 600 °C and (g) 

at 400 °C.  

 

Figure 3.18. Normalized intensities of -OH and -OD bands over time during gas switching from 

3% H2O-humidified air to 3% D2O-humidified air at 500 °C and 300 °C 
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Figure 3.19. Normalized intensities of -OH and -OD bands over time during gas switching from 

3% D2O-humidified air to 3% H2O-humidified air at 600 °C, 500 °C, 400 °C, and 300 °C  

Moreover, a clear kinetic difference is observed between H2O-to-D2O, and D2O-to-H2O 

exchange directions. Figure 3.20a-b presents the first-order kinetic analysis of the isotope-

exchange process. Linear relationships are observed between ln(Rel. O-H intensity) and time for 

both H2O→D2O and D2O→H2O exchange, enabling the extraction of apparent exchange rate 

constants. The fitted rate constants reveal distinct kinetic behavior for the two exchange directions, 

confirming that proton/deuteron substitution proceeds through different exchange rates. As shown 

in Figure 3.20c, the apparent Ea under the D2O-to-H2O process is 65.4 kJ mol-1, which is slightly 
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higher than that of the H2O-to-D2O process (49.9 kJ mol-1). While this difference is consistent with 

a kinetic isotope effect127, it also reflects the varying accessibility of the two proton populations.  

 

Figure 3.20. Kinetic analysis of isotope exchange during proton/deuteron substitution. (a) plots of 

the natural logarithm of normalized O-H intensity [ln(Rel. O-H)] as a function of time during H2O-

to-D2O exchange. (b) plots of ln(Rel. O-H) versus time during D2O-to-H2O exchange. (c) apparent 

activation energies (Ea) derived from isotope exchange kinetics for H2O-to-D2O and D2O-to-H2O 

processes.  
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 3.3.4 DFT Calculations of H/D Isotope Effect in BZCYYb4411 

DFT calculations enable atomistic quantification of isotope effects by resolving how local 

dopant environments modify the vibrational contribution to the H/D free energy. Fig. 7a-c shows 

three representative local configurations in BZCYYb arising from the spatial arrangement of Y 

and Yb dopants. Local Configuration 1 corresponds to H/D located near a Y-Yb dopant pair 

(Figure 3.21a), whereas local configurations 2 and 3 represent environments without adjacent 

dopants (Figure 3.21b-c). The calculated Δ𝐹vib(𝑇) reveals a clear H/D isotope effect across these 

local configurations: the D-containing configurations are consistently lower in vibrational free 

energy than the corresponding H-containing configurations. This behavior is consistent with the 

larger mass of D, which reduces the associated zero-point and thermal vibrational contributions. 

The magnitude of the isotope effect depends sensitively on the local dopant-vacancy arrangement. 

In particular, BZCYYb4411+H/D local configuration 2, where H/D is located between YO6 and 

CeO6 octahedra, yields the smallest Δ𝐹vib(𝑇) . By contrast, BZCYYb4411+H/D local 

configurations 1 and 3, where H/D is located between YO6-YbO6 octahedra and YbO6-ZrO6 

octahedra, respectively, give larger and relatively similar values. This site dependence indicates 

that the local arrangement of Y, Yb, Zr, Ce, and the oxygen vacancy modifies the vibrational 

characteristics of the proton-containing environment. Such differences likely arise from changes 

in local O-H bonding geometry, octahedra tilting, and the coupling between the protonic species 

and the surrounding oxide framework. These results suggest that the H/D isotope effect in 

BZCYYb4411 is locally environment-dependent rather than completely uniform across the lattice. 
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Figure 3.21. (a-c) Atomic structures of BZCYYb4411+H/D with different local dopant 

environments: (a) BZCYYb4411+H/D local configuration 1, where Y and Yb occupy adjacent B 

sites to form a Y-Yb dopant pair, and H/D is bonded to a lattice oxygen adjacent to the oxygen 

vacancy; (b-c) BZCYYb4411+H/D local configurations 2 and 3 without adjacent dopant pairs, 

where H/D is located between YO6-YbO6 octahedra and YbO6-ZrO6 octahedra, respectively. (d) 

temperature-dependent vibrational free-energy difference between H-containing and D-containing 

structures in three local BZCYYb4411 environments. (e) schematic illustration of the proposed 

proton exchange mechanism and asymmetric isotope exchange behavior. 

A mechanistic illustration is proposed in Figure 3.21e to explain this behavior. Upon 

dissociative adsorption, water molecules generate surface -OH species and mobile protons (or 

deuterons), followed by proton diffusion and trapping at oxygen vacancies. Proton diffusion and 

exchange proceed more readily than deuteron migration due to the kinetic isotope effect. It can be 
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understood from the difference in zero-point energy between hydrogen and deuterium.129 

According to quantum mechanical considerations, a vibrating particle retains a finite zero-point 

energy even in its ground state, expressed as Equation 21 and Equation 22: 

𝐸𝑂,𝐻=
1

2
  h 𝜈H                                                                                                                    (21)  

𝐸𝑂,𝐷=
1

2
 h 𝜈D                                                                                                                                                                      (22) 

 

where represent the vibrational frequencies of hydrogen and deuterium, respectively.127, 136 

Because hydrogen has a lower mass than deuterium, it exhibits a higher vibrational frequency and 

therefore a larger zero-point energy. As a result, the effective migration barrier for proton transfer 

is reduced compared with that for deuterons, allowing proton diffusion to proceed more readily 

than deuteron migration. Consequently, the exchange kinetics are faster during the D2O-to-H2O 

process than H2O-to-D2O. Replacement of surface H by D is kinetically hindered and requires a 

higher activation energy. This directional dependence reflects a kinetic isotope effect governed by 

proton mobility and vacancy-mediated trapping. 

 

 3.3.5 Electrochemical conductivity relaxation (ECR) to probe the bulk hydration 

properties 

To determine how these proton states contribute to macroscopic transport under hydration 

conditions, electrochemical conductivity relaxation (ECR) measurements were performed to probe 
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bulk behavior and proton migration kinetics under controlled gas-switching conditions (Figure 

3.22). 

At 600 °C (Figure 3.22a), the conductivity initially decreases at short times and then 

gradually increases until reaching equilibrium, exhibiting a non-monotonic relaxation behavior. 

Similar relaxation responses have been reported for proton-conducting oxides during hydration 

and are often described using a two-fold relaxation model involving multiple kinetic processes.117, 

133 Such behavior suggests that hydration may involve coupled proton incorporation and defect 

redistribution rather than a simple single-step H2O diffusion process. The corresponding residual-

sum-of-squares (RSS) contour map (Figure 3.22b) exhibits a distinct minimum centered around 

these values, indicating a unique and well-defined fitting solution. It should be noted that the 

physical interpretation of DiH and DvH remains model dependent. The experimental relaxation 

curve can be well described using the two-fold diffusion model, yielding a hydrogen-related 

diffusion coefficient DiH =1.08×10−6 cm2 s−1 and a vacancy-related diffusion coefficient DvH 

=1.00×10-5 cm2 s−1 at 600 °C. These two coefficients represent characteristic kinetic parameters 

associated with proton-related and vacancy-related equilibration processes during hydration, 

respectively, indicating that multiple processes contribute to the observed conductivity evolution. 

Therefore, these parameters are more appropriately regarded as effective kinetic descriptors of the 

coupled proton and defect re-equilibration processes during hydration rather than direct 

microscopic diffusion coefficients.117 
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Figure 3.22. (a) Experimental and fitted ECR curves during hydration process at 600 °C, (b) the 

corresponding residual-sum-of-squares (RSS) contour maps for determination of the optimal 

diffusion coefficients at 600 °C (The white circles indicate the best-fit values of DiH and DvH), (c) 

Comparison of DiH and DvH at various temperatures (450 °C-600 °C). 

Similar analyses were performed at 550, 500, and 450 °C (Figure 3.23). Figure 3.22c 

summarizes the effective diffusion coefficients extracted from the two-fold diffusion model. Both 

DiH and DvH increase with increasing temperature, indicating that the hydration process is strongly 

thermally activated. While DiH exhibits a gradual increase from 450 to 600 °C, DvH shows a much 

stronger temperature dependence and increases sharply at 600 °C. This behavior suggests that 
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defect redistribution processes become significantly faster at elevated temperatures and may 

contribute to the distinct non-monotonic relaxation behavior observed at 600 °C. 

 

Figure 3.23. Experimental and fitted ECR curves during hydration process at (a) 550 °C, (c) 500 

°C, and (e) 450 °C; the corresponding residual-sum-of-squares (RSS) contour maps for 
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determination of the optimal diffusion coefficients at (b) 550 °C, (d) 500 °C, and (f) 450 °C. The 

white circles indicate the best-fit values of DiH and DvH. 

 

 3.4. Conclusion 

In this work, we established a quantitative operando DRIFTS-ECR-DFT framework to 

investigate hydration, dehydration, and H2O/D2O isotope-exchange processes in BZCYYb4411 

proton-conducting electrolytes. Time-resolved DRIFTS measurements reveal that both hydration 

and dehydration follow first-order kinetics, while hydration proceeds substantially faster than 

dehydration, with activation energies of 35.8 and 63.7 kJ mol−1, respectively. H2O/D2O isotope-

exchange experiments reveal a clear directional dependence in proton-exchange kinetics, where 

the replacement of -OH by -OD proceeds more slowly than the reverse substitution of -OD by -

OH. The persistence of residual -OH signals and the crossover behavior of normalized -OH and -

OD intensities further demonstrate the coexistence of two proton populations: a rapidly 

exchanging mobile hydroxyl population and a more strongly bound proton population with 

substantially slower exchange kinetics. DFT calculations further reveal that D-containing 

configurations consistently possess lower vibrational free energies than their H-containing 

counterparts and that the magnitude of the isotope effect varies with the local dopant-vacancy 

arrangement. These results indicate that the H/D isotope effect in BZCYYb4411 is strongly 

dependent on the local proton environment and is not uniform throughout the lattice. 

Complementary ECR measurements reveal that bulk hydration kinetics cannot be described by a 

simple single-step H2O diffusion process. Instead, conductivity relaxation behavior is consistent 
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with a two-fold diffusion model involving coupled proton-related and vacancy-related 

equilibration processes. 

Overall, the combined DRIFTS-DFT-ECR approach establishes a quantitative platform for 

linking surface proton chemistry with macroscopic transport behavior and offers new insights for 

the rational design of next-generation protonic ceramic electrochemical devices. 
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Chapter 4 - Investigating Nickel-induced impact in protonic ceramic 

electrolytes by DRIFTS 

 4.1. Introduction 

Proton-conducting perovskite oxides have attracted extensive attention as electrolytes for 

protonic ceramic electrochemical devices, including fuel cells, electrolysis cells, and catalytic 

membrane reactors.11, 17, 55, 99 Their ability to conduct protons at intermediate temperatures (400-

600 °C) enables efficient electrochemical energy conversion and chemical synthesis with reduced 

thermal losses compared with conventional oxygen-ion conductors.57 Among the reported 

materials, the acceptor-doped barium zirconates with the perovskite structure, exhibit high proton 

conductivity and good chemical stability, making them promising candidates for practical protonic 

ceramic technologies.60, 76 However, the poor sinterability of this type of protonic oxides generally 

requires high sintering temperatures (>1600 °C) to achieve sufficient densification. To overcome 

this limitation, Nickel oxide (NiO) has been widely employed as a sintering aid. The addition of a 

small amounts of NiO (typically 1wt%) can significantly enhance densification and promote grain 

growth.137-141 For example, Tong et al. 141 demonstrated that the addition of 1 wt% NiO enabled 

the fabrication of fully dense (>98%) BaCe0.8Y0.2O3−δ (BCY20) electrolytes at 1400 °C, while 

NiO-free samples exhibited only ~60% relative density under identical sintering conditions. The 

improved densification minimizes porosity and grain-boundary resistance, thereby enhancing the 

overall proton conductivity. Despite these well-established microstructural benefits, the influence 

of NiO on the fundamental hydration process and proton defect chemistry remains largely 

unexplored. In these materials, proton conduction originates from the hydration of oxygen 

vacancies, where water molecules incorporate into the lattice to form mobile hydroxyl defects 

according to the hydration reaction. 
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Therefore, understanding how the introduction of NiO affects proton incorporation, 

exchange, and transport during hydration is fundamentally important for elucidating proton 

transport mechanisms and optimizing the performance of proton-conducting electrolytes. 

For example, Huang et al.142 also reported that NiO markedly improves densification and 

grain growth of Ba(Zr,Ce,Y)O3−δ. However, they observed that NiO simultaneously suppresses 

bulk proton uptake and reduces the effective acceptor concentration. Specifically, 

thermogravimetric analysis showed that 1 wt% NiO reduced the proton uptake by approximately 

50%. Wen et al.137 also reported that increasing the NiO content from 2 to 5 mol% decreased the 

hydration saturation limit from approximately 0.14 to 0.09 mol fraction (≈35% reduction). They 

further attributed this behavior to the formation of Yb-Ni point-defect clusters, which suppresses 

the hydration of oxygen vacancies and consequently reduces the effective proton concentration.137 

While these studies have established that Ni alters bulk hydration behavior and proton defect 

chemistry, they provide little mechanistic insight into the dynamic evolution of surface hydroxyl 

species, where hydration, proton exchange, and incorporation are initiated. Consequently, the 

influence of Ni on surface proton exchange kinetics and reaction pathways remains largely 

unexplored, and direct experimental evidence is still lacking. Addressing this challenge requires 

an operando, surface-sensitive spectroscopic technique capable of directly monitoring hydroxyl 

species under realistic operating conditions. 

DRIFTS) 

 provides surface-sensitive method for probing hydroxyl species and surface intermediates 

in oxide materials under realistic conditions.37, 81, 103, 143, 144. Recently, our group successfully 

developed a custom operando DRIFTS platform capable of operating at high temperatures (up to 

750 °C) under steam-containing atmospheres and applied electrochemical bias.103 In addition, our 
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recent review systematically summarized and analyzed the application of DRIFTS in protonic 

ceramic cells, with particular emphasis on probing surface proton processes in proton-conducting 

electrolytes.111 Despite these advances, direct spectroscopic investigations of how NiO addition 

influences proton incorporation, hydroxyl evolution, and isotope exchange kinetics in proton-

conducting electrolytes are still lacking. This knowledge gap limits the mechanistic understanding 

of the interaction between Ni and proton transport, motivating the present operando DRIFTS study. 

Here, we investigate the influence of NiO on hydration behavior and surface proton 

dynamics in BaZr0.1Ce0.7Y0.1Yb0.1O3−δ using operando DRIFTS spectroscopy. By comparing 

pristine electrolyte (BZCYYb) and 1 wt% NiO-added one (N-BZCYYb), we directly visualize the 

dynamic evolution of hydroxyl species during hydration, dehydration, and H2O/D2O isotope 

exchange over a wide intermediate-temperature range. DFT calculations further suggest that Ni 

incorporation perturbs local oxygen coordination and hydroxyl energetics, providing an atomistic 

basis for the experimentally observed kinetic retardation. The results provide direct spectroscopic 

evidence that Ni regulates surface proton dynamics beyond its conventional role as a sintering aid, 

revealing an overlooked coupling between electrolyte processing and proton chemistry. 

 4.2. Materials and Methods 

 4.2.1 Material synthesis 

The BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb1711) electrolyte powders were synthesized via 

the wet-chemistry method. Y2O3 and Yb2O3 were first dissolved in 20 wt % diluted HNO3 under 

continuous stirring at 100 °C to form transparent yttrium and ytterbium nitrate solutions. 

Subsequently, stoichiometric amounts of Ba(NO3)2, Ce(NO3)3•6H2O, and zirconyl nitrate solution 

(35 wt % in diluted nitric acid) was added to the above solution. Citric acid (CA) and 

ethylenediaminetetraacetic acid (EDTA) were introduced as the complexing and chelating agents 
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with a molar ratio of CA:EDTA:total metal cations = 2:2:1. The precursor solution was stirred at 

room temperature for 3 h to ensure complete complexation, after which the pH was adjusted to 

approximately 9 using aqueous NH4OH. The solution was then heated to 250 °C to induce gel 

formation, followed by drying at 175 °C for 24 h. The obtained precursor was calcined in air at 

1450 °C for 5 h to produce BZCYYb1711 powder. Two types of BZCYYb1711 powder samples 

were investigated. One was pristine BZCYYb1711, while the other contained 1 wt% NiO (N-

BZCYYb). For the Ni-containing sample, NiO was added directly to the precursor mixture during 

the wet-chemistry synthesis prior to gel formation. 

 4.2.2 Characterizations 

Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

experiments were performed using a high-temperature DRIFTS cell coupled with a Fourier 

transform infrared spectrometer. The powders were placed on the sample holder inside the high-

temperature reaction chamber for DRIFTS measurements. A K-type thermocouple was positioned 

approximately 1 cm beneath the sample holder to monitor and maintain a uniform temperature 

distribution during the experiments. Prior to measurements, the samples were heated from room 

temperature to 600 °C at a rate of 2 °C min-1. The temperature was then held at 600 °C for 

approximately 2 h under flowing dry Ar to ensure complete removal of residual moisture to 

establish a dehydrated reference state. 

Time-resolved DRIFTS was employed to investigate hydration and dehydration processes 

under well-defined temperature and gas-switching conditions (Figure 4.1).129 The DRIFTS spectra 

were collected using a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with a 

customized Praying MantisTM high temperature reaction chamber (Harrick Scientific Products). 

Spectra were recorded over the range of 4000-500 cm-1 with a resolution of 8 cm-1, averaging 32 
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scans for each measurement to ensure a high signal-to-noise ratio. The background spectrum was 

collected using standard KBr powder prior to each experiment. This background was then 

subtracted from the sample spectra to remove system and environmental contributions. During all 

DRIFTS measurements, the heating and cooling rates were controlled at around 2 °C min-1 to 

ensure thermal and ceramic cell stability. At each testing temperature, the system was stabilized 

for approximately 30 min before data collection to ensure thermal equilibrium.  

 

Figure 4.1. Controlled Gas-switching setup before DRIFTS for (a) hydration/dehydration 

experiments and (b) isotope exchange experiments. 
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The electrolyte surface was directly exposed to the gas atmosphere and positioned normal 

to the incident infrared beam to ensure stable diffuse reflectance signal collection. Hydration 

experiments were initiated by switching the gas feed from humidified Ar containing dry Ar (40 

sccm) to 3 % H2O (40 sccm). Water vapor was introduced into the reactor using an H2O bubbler. 

Gas switching was conducted without interrupting spectral acquisition, allowing continuous 

monitoring of the transient response of surface hydroxyl species. Dehydration experiments were 

initiated by switching the gas feed from humidified Ar containing 3 % H2O (40 sccm) to dry Ar 

(40 sccm).  

DRIFTS spectra were collected as a function of time following each gas switch, with 

particular attention to the evolution of O-H stretching vibrations in the 3000-3600 cm-1 region, 

centered at approximately 3400 cm-1. The normalized intensity of the O-H stretching band was 

used as a semi-quantitative measure of surface hydroxyl coverage. Time-dependent changes in 

band intensity were analyzed to extract characteristic hydration and dehydration time constants, 

providing insight into surface hydration exchange kinetics. Experiments were performed at 

temperatures between 500 and 600 °C to evaluate the influence of temperature on hydration 

dynamics. 

To further probe protonic species and distinguish surface and sub-surface hydration 

processes, H2O/D2O isotope exchange experiments were conducted using the same DRIFTS 

platform. The sample was first equilibrated under a humidified Ar atmosphere containing either 3 

% H2O or 3 % D2O at the target temperature. Isotope exchange was then triggered by switching 

the gas feed between H2O/Ar and D2O/Ar, while maintaining a constant total flow rate. 

Time-resolved DRIFTS spectra allowed quantitative comparison of exchange rates 

between pristine BZCYYb1711 and Ni-added samples. Differences in the crossover time between 
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-OH and -OD intensities and the time required to reach equilibrium were used to evaluate the 

influence of nickel on proton exchange kinetics. 

The crystal structures of the electrolyte samples were determined using XRD. XRD 

Rietveld refinement was conducted using the GSAS-II software package.118 The morphology of 

reduced BZCYYb4411 was examined using TEM and EDS (TALOS F200X, Thermo Fisher 

Scientific).  

 4.2.3 DFT calculations 

DFT calculations were performed using the Vienna Ab initio Simulation Package 

(VASP).119-121 Spin polarization was included for all calculations. The projector augmented wave 

(PAW) method was employed to describe the core-valence interaction.122 For Ba, Zr, and Y, their 

shallow semicore 5s, 4s, and 4s states are explicitly included as valence electrons. The Ce 4f states 

were included as valence states, whereas the filled Yb 4f states were treated as the frozen core. 

DFT+U treatments with Ueff = 5 eV and 6 eV were applied to the 4f states of Ce and Yb, 

respectively.123, 124, 145 The generalized gradient approximation Perdew-Burke-Ernzerhof (GGA-

PBE) functional was used to describe the exchange-correlation functional.125, 126 The BZCYYb 

lattice was approximated using a 2×2×2 supercell derived from cubic BaCeO3. The B-site Ce 

atoms were then substituted with one Zr, Y, and Yb atom, yielding Ba8Zr1Ce5Y1Yb1O24, 

mimicking the atomic ratio of BZCYYb1711.  

Four B-site cation configurations were considered, where Zr and Y occupy the same site 

in every structure, while Yb exchanges positions with Ce, including Yb adjacent to both Zr and Y 

(Figure 4.2a), Yb separated from Zr and Y (Figure 4.2b), Yb adjacent to Zr but far from Y (Figure 

4.2c), and Yb adjacent to Y but far from Zr (Figure 4.2d). The lattice in Figure 4.2a represents a 
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Zr-Yb-Y clustered configuration with the largest average bond length distortion. The B-site cations 

are the most dispersed in Figure 4.2b.  

 

Figure 4.2. Schematic lattice of BZCYYb1711 displaying four B-site cation arrangements. Color 

scheme: Zr (small green), Ce (yellow), Y (grey), and Yb (turquoise). The Ba and O atoms are 

displayed in large green spheres and red spheres, respectively.  The arrows are used to indicate the 

location of each set of B-site cations. 

 

 4.3. Results and Discussion 

 4.3.1 Phase and microstructures of pristine and 1 wt% NiO-added BZCYYb1711  

To evaluate whether the addition of NiO induces structural changes in BZCYYb, Rietveld 

refinement and electron microscopy analyses were performed. As shown in Figure 4.3a, pristine 
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BZCYYb1711 is well indexed to a single-phase cubic perovskite structure with the Pm3̅m space 

group, yielding a lattice parameter of a =b =c = 4.3025(4) Å. The N-BZCYYb similarly retains the 

cubic perovskite structure without an obvious crystalline NiO secondary phase detectable by XRD 

(Figure 4.3b). Compared with pristine BZCYYb1711, the 1 wt% NiO-added sample exhibits a 

slight left or right shift of the characteristic diffraction peak toward higher 2θ (Figure 4.4), 

consistent with the decreased lattice parameter obtained from Rietveld refinement (a = b = c = 

4.2989(7) Å). This modest lattice contraction suggests that Ni may partially interact with or be 

incorporated into the perovskite lattice, rather than remaining entirely as a separate crystalline NiO 

phase. The refined average crystal structures derived from the Rietveld analysis are inserted  in 

Figure 4.3a & b.  

The local structure and elemental distribution of the 1 wt% NiO-added BZCYYb1711 were 

further examined by TEM. Figure 4.3e shows a well-crystallized BZCYYb1711 particle, while the 

selected-area electron diffraction pattern acquired along the [001] zone axis (Figure 4.3f) exhibits 

sharp and well-defined diffraction spots. The reflections can be indexed to the cubic perovskite 

structure, including the (110), (200), and (310) planes, with d-spacings of 3.042, 2.151, and 1.361 

Å, respectively, consistent with the XRD Rietveld refinement results (a=4.2989 Å). High-

resolution TEM imaging (Figure 4.3g-i) further reveals highly ordered lattice fringes, confirming 

the high crystallinity of the NiO-added sample. STEM-EDS particlessl mapping (Figure 4.3j) 

shows that Ba, Ce, Y, Yb, and Zr are broadly distributed throughout the examined particle. 

Notably, the Ni signal is also distributed across the BZCYYb1711 particle without obvious 

formation of large Ni-rich segregated domains, further confirming that NiO has been doped into 

the B site of the electrolyte.  
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Figure 4.3. Crystal structure and microstructural characterization of pristine and N-BZCYYb. (a) 

Rietveld refinement of pristine BZCYYb. (b) Rietveld refinement of N-BZCYYb. Insets show the 

refined average cubic perovskite structure. (c) Refined average cubic perovskite structure of 
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pristine BZCYYb derived from the Rietveld refinement. (d) Refined average cubic perovskite 

structure of N-BZCYYb derived from the Rietveld refinement. (e) Bright-field TEM image of N-

BZCYYb. (f) Selected-area electron diffraction (SAED) pattern indexed along the [001] zone axis. 

(g) High-resolution TEM image. (h) Enlarged HRTEM image from Area 1 showing lattice fringes 

with an interplanar spacing of approximately 0.31 nm, corresponding to the (110) plane. (i) 

Enlarged HRTEM image from Area 2 showing lattice fringes with an interplanar spacing of 

approximately 0.22 nm, corresponding to the (200) plane. (j) HAADF-STEM image and 

corresponding EDS elemental maps of Ba, Ce, Ni, Y, Yb, and Zr for the N-BZCYYb sample, 

showing a homogeneous elemental distribution. 

 

Figure 4.4. X-ray diffraction (XRD) pattern of the pristine BZCYYb and N-BZCYYb electrolyte. 
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 4.3.2 Hydration & dehydration behavior  

The hydration and dehydration behavior of pristine BZCYYb and N-BZCYYb were 

investigated using time-resolved operando DRIFTS following the switch from humidified Ar to 

dry Ar at 500 and 600°C. Figure 4.5a shows the hydration behavior of pristine BZCYYb at 500 °C. 

Upon exposure to humidified Ar, a broad O-H stretching band centered at approximately 3356 cm-

1 rapidly develops and continuously increases before reaching a quasi-equilibrium state (~15 min). 

This evolution reflects continuous water dissociation and proton incorporation, leading to the 

progressive formation of hydroxyl species. A similar O-H stretching band is observed for the N-

BZCYYb sample at approximately 3407 cm-1 (Figure 4.5b), but the band reaches equilibrium after 

approximately 50 min. A similar hydration behavior is observed at 600 °C for both samples (Figure 

4.6). The hydration equilibrium time of N-BZCYYb is approximately 2.5 times longer than that 

of pristine BZCYYb, while the dehydration equilibrium time is approximately 2 times longer. 

These results demonstrate that Ni significantly retards both the hydration and dehydration 

processes, resulting in substantially slower equilibration dynamics. 

As dehydration proceeds, the intensity of the O-H band continuously decreases and reaches 

a nearly steady spectral profile within approximately 90 min (Figure 4.5c). The O-H band of N-

BZCYYb is centered at a slightly higher wavenumber (~3407 cm-1) compared with BZCYYb 

(3356 cm-1) and reaches equilibrium after approximately 250 min. It should be noted that the time 

required for N-BZCYYb to reach equilibrium is more than 2.7 times that of pristine BZCYYb 

(Figure 4.5c-d). In addition, the O-H band of the Ni-added sample remains more symmetric 

throughout the dehydration process. The corresponding 2D contour plots of the operando DRIFTS 
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spectra (Figure 4.7-Figure 4.8) provide a more intuitive visualization of the spectral evolution 

during hydration and dehydration. 

 

Figure 4.5. Time-resolved operando DRIFTS spectra of (a) pristine BZCYYb during hydration at 

500 °C, (b) N-BZCYYb during hydration at 500 °C, (c) N-BZCYYb during dehydration at 600 

°C, (d) pristine BZCYYb during dehydration at 500 °C, and (h) N-BZCYYb1711 during 

dehydration at 500 °C. 
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Figure 4.6. Time-resolved operando DRIFTS spectra of (a) pristine BZCYYb during hydration at 

600 °C, (b) N-BZCYYb during hydration at 600 °C, (c) N-BZCYYb during dehydration at 600 

°C, (d) pristine BZCYYb during dehydration at 600 °C, and (h) N-BZCYYb during dehydration 

at 600 °C. 
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Figure 4.7. Time-resolved operando DRIFTS investigation of hydration in pristine BZCYYb and 

N-BZCYYb. (a) 2D contour plot of operando DRIFTS spectra for pristine BZCYYb at 600 °C. (b) 

2D contour plot of operando DRIFTS spectra for N-BZCYYb at 600 °C. (c) 2D contour plot of 

operando DRIFTS spectra for pristine BZCYYb at 500 °C. (d) 2D contour plot of operando 

DRIFTS spectra for N-BZCYYb at 500 °C. 
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Figure 4.8. Time-resolved operando DRIFTS investigation of dehydration in pristine BZCYYb 

and N-BZCYYb. (a) 2D contour plot of operando DRIFTS spectra for pristine BZCYYb at 600 

°C. (b) 2D contour plot of operando DRIFTS spectra for N-BZCYYb at 600 °C. (c) 2D contour 

plot of operando DRIFTS spectra for pristine BZCYYb at 500 °C. (d) 2D contour plot of operando 

DRIFTS spectra for N-BZCYYb at 500 °C. 

 

 4.3.3 Proton-deuteron exchange dynamics 

To directly probe the influence of Ni on surface proton exchange dynamics, DRIFTS 

measurements were performed during H2O/D2O isotope exchange at 500 °C.129 As shown in 

Figure 4.9a-b, upon switching the atmosphere from H2O to D2O, the O-H stretching band gradually 
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decreased, accompanied by the simultaneous growth of the O-D band, indicating the continuous 

replacement of surface hydroxyl species by deuteroxyl species. Notably, the evolution of the 

vibrational bands proceeded noticeably more slowly in the Ni-added sample. The time required to 

reach isotope exchange equilibrium for N-BZCYYb was approximately 5.4 times longer than that 

of pristine BZCYYb at 500 °C. The reverse isotope exchange (D2O→H2O) at 500 °C are shown 

in Figure 4.9c-d.There is a slower increase in the O-H band and a slower decrease in the O-D band 

for N-BZCYYb. The equilibration time of N-BZCYYb was approximately four times longer than 

that of pristine BZCYYb, indicating that the kinetic retardation induced by Ni is independent of 

the isotope exchange direction. Similar trends were also observed at 600 and 450 °C (Figure 4.10-

Figure 4.11), demonstrating that Ni consistently suppresses proton/deuteron exchange kinetics 

over the investigated temperature range.  

To quantitatively compare the exchange behavior, the normalized intensities of the O–H 

and O-D bands were extracted as a function of time (Figure 4.9e and Figure 4.12). During H2O→

D2O exchange, pristine BZCYYb1711 exhibited a rapid decrease in O-H intensity accompanied 

by a rapid increase in O-D intensity, whereas both processes became significantly slower after Ni 

addition. Likewise, during D2O→H2O exchange, the recovery of O-H species and the 

disappearance of O-D species were both delayed in the Ni-added sample. Interestingly, the 

normalized O-H and O-D intensities exhibit distinct crossover points for the two samples at each 

temperature during the isotope exchange process. For example, the crossover occurs at 

approximately 40 min at 600 °C, 63 min at 500 °C, and 70 min at 450 °C. As the temperature 

decreases, the crossover is progressively delayed. 
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Figure 4.9. Time-resolved operando DRIFTS investigation of proton/deuteron exchange in pristine 

and N-BZCYYb. (a) 2D contour plot of operando DRIFTS spectra during H2O→D2O isotope 

exchange for pristine BZCYYb at 500 °C. (b) 2D contour plot of operando DRIFTS spectra during 

H2O→D2O isotope exchange for N-BZCYYb at 500 °C. (c) 2D contour plot of operando DRIFTS 

spectra during D2O→H2O isotope exchange for pristine BZCYYb at 500 °C. (d) 2D contour plot 
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of operando DRIFTS spectra during D2O→H2O isotope exchange for N-BZCYYb at 500 °C. (e) 

Normalized O-D band intensity during D2O→H2O isotope exchange.  

 

Figure 4.10. Time-resolved operando DRIFTS investigation of proton/deuteron exchange in 

pristine and N-BZCYYb. DRIFTS spectra (a) during H2O→D2O isotope exchange for pristine 

BZCYYb1711 at 600 °C. (b) DRIFTS spectra during H2O→D2O isotope exchange for N-

BZCYYb at 600 °C. (c) during H2O→D2O isotope exchange for pristine BZCYYb at 500 °C. (d) 
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DRIFTS spectra during H2O→D2O isotope exchange for N-BZCYYb at 500 °C. (e) during 

H2O→D2O isotope exchange for pristine BZCYYb at 450 °C. (f) DRIFTS spectra during 

H2O→D2O isotope exchange for N-BZCYYb at 450 °C. 

 

Figure 4.11. Time-resolved operando DRIFTS investigation of proton/deuteron exchange in 

pristine and N-BZCYYb. DRIFTS spectra (a) during D2O→H2O isotope exchange for pristine 

BZCYYb at 600 °C. (b) DRIFTS spectra during D2O→H2O isotope exchange for N-BZCYYb at 
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600 °C. (c) during D2O→H2O isotope exchange for pristine BZCYYb at 500 °C. (d) DRIFTS 

spectra during D2O→H2O isotope exchange for N-BZCYYb at 500 °C. (e) during D2O→H2O 

isotope exchange for pristine BZCYYb at 450 °C. (f) DRIFTS spectra during D2O→H2O isotope 

exchange for N-BZCYYb at 450 °C. 

 

 

Figure 4.12. (a) Normalized O-H band intensity during H2O→D2O isotope exchange. (b) 

Comparison of proton/deuteron exchange kinetics in pristine BZCYYb and N-BZCYYb. 

 

 4.3.4 Quantitative analysis and mechanistic interpretation  

Figure 4.13a-b present the kinetic analysis of the isotope-exchange process. The excellent 

linear relationships between ln(Rel. -OH intensity) and time demonstrate that both H2O→D2O and 
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D2O→H2O exchange follow first-order kinetics (R2 values are listed in Table 4.1), enabling the 

extraction of the apparent exchange rate constants at 450, 500, and 600 °C. These rate constants 

provide the basis for quantitatively comparing the isotope-exchange kinetics under different 

temperatures and exchange directions. 

Table 4.1.  Coefficients of determination (R2) for first-order kinetic fitting of H2O→D2O isotope 

exchange in pristine BZCYYb and N-BZCYYb. 

Temperature BZCYYb (R2) N-BZCYYb (R2) 

600 °C 0.998 0.999 

500 °C 0.971 0.998 

450 °C 0.992 0.993 

 

The extracted rate constants reveal a pronounced difference in the H2O→D2O isotope-

exchange kinetics between pristine and N-BZCYYb (Figure 4.13c). For pristine BZCYYb1711, 

the exchange rate constant decreases markedly with decreasing temperature from 600 to 450 °C. 

In contrast, N-BZCYYb exhibits substantially lower rate constants over the entire temperature 

range, with only a relatively small variation among 450 °C, 500 °C, and 600 °C (inset of Figure 

4.13c). For example, at 450 °C, the rate constant of pristine BZCYYb1711 is approximately 0.07 

min-1, whereas that of N-BZCYYb remains at approximately 0.011 min-1, corresponding to an 

approximately 6.4-fold difference. These results quantitatively demonstrate that Ni addition 

substantially retards the H2O→D2O isotope-exchange process and strongly modifies the 

temperature dependence of surface proton exchange dynamics. This trend is in excellent agreement 
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with the DRIFTS observations presented in Figure 4.9, where delayed evolution of both -OH and 

-OD bands was observed after Ni addition. 

To further evaluate the kinetic barrier associated with isotope exchange, Arrhenius analysis 

was performed using the extracted rate constants. As shown in Figure 4.13c, the apparent 

activation energy of proton/deuteron exchange decreases from 54.75 to 9.70 kJ mol⁻¹ after Ni 

adding. Considering the substantially lower exchange rate constants of N-BZCYYb, the reduced 

apparent activation energy does not indicate faster proton transfer. Instead, it suggests that Ni alters 

the rate-limiting process governing proton/deuteron exchange, resulting in distinct exchange 

kinetics and a much weaker temperature dependence.  
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Figure 4.13. Rate constants for H2O→D2O isotope exchange of (a) pristine BZCYYb and (b) N-

BZCYYb. (c) Apparent activation energies of pristine BZCYYb and N-BZCYYb. (d) Comparison 

of H2O→D2O isotope-exchange rate constants for pristine BZCYYb and N-BZCYYb at different 

temperatures.  

 

 4.3.5. DFT modeling 

The (100) facet of the BZCYYb1711 lattice with dispersed cations (Figure 4.2) was chosen 

for hydration and dehydration modeling. The B-termination was adapted, where the B-site cations 
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are exposed in the top layer (Figure 4.14a-d). The oxygen vacancy formation energies obtained 

from DFT calculations according to 𝐸𝑓,VO
∙∙ = 𝐸VO

∙∙ +
1

2
𝐸𝑂2(𝑔) − 𝐸VO

∙∙ −𝑓𝑟𝑒𝑒(100) are -0.23 eV and -

0.24 eV, for removing the lattice oxygen between the Y-Zr and Y-Yb pairs (Figure 4.14a-b), 

respectively. For comparison, the 𝐸𝑓,VO
∙∙  corresponding to the (100) facet with Y3+ in the sublayers 

(Figure 4.14c-d) are between 2-3 eV.  

 

Figure 4.14. The (100) facets of BZCYYb1711 (a-b) with the Y in the top layer and an oxygen 

vacancy (indicated by the dashed circle); (c-d) with the Ni dopant and an oxygen vacancy. Color 

scheme: Zr (small green), Ce (yellow), Y (grey), Yb (turquoise), and Ni (small grey). The Ba and 

O atoms are displayed in large green spheres and red spheres, respectively.  

 

Each original B-site cation was replaced by a Ni atom to indicate that the NiO are 

incorporated into the BZCYYb lattice. Next, the 𝐸𝑓,VO
∙∙  for the most energetically favored oxygen 

vacancy sites, as illustrated in Figure 4.13e-h, are -0.73 eV, -1.93 eV, -1.10 eV, and -0.54 eV, 

respectively. These values strongly indicate that the Ni atom will further destabilize the surface 

lattice oxygen atoms, including those not directly connected to Ni (Figure 4.14f). 
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The hydrated surfaces with and without the Ni dopant are illustrated in Figure 4.15. The 

hydration energies were calculated according to ∆𝐸ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐸ℎ𝑦𝑑−(100) − 𝐸𝐻2𝑂(𝑔) − 𝐸VO
∙∙ . On 

the surface without Ni (Figure 4.15a), the DFT-calculated ∆𝐸ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 is -2.42 eV. For the surface 

with a Ni dopant, ∆𝐸ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 becomes -1.96 eV (Figure 4.15b), -1.59 eV (Figure 4.15c), -1.70 

eV (Figure 4.15d), and -2.04 eV (Figure 4.15e), respectively. The hydration energies of the B-

termination show consistent trends that can help predict surface behavior and the impact of Ni on 

surface hydration. While the most favorable hydration sites differ between the Ce and Y surfaces, 

some general observations appear to apply to both. For example, Ni doping appears to facilitate 

the formation of oxygen vacancies, but hydration becomes more difficult than on the Ni-free 

surfaces. 

 

 

Figure 4.15. Hydrated (100) facets of BZCYYb1711 (a) with the Y in the top layer and no Ni 

dopant,); (b-e) with a Ni atom replacing a unique surface B-site cation. Color scheme: Zr (small 



96 

green), Ce (yellow), Y (grey), Yb (turquoise), and Ni (small grey). The Ba and O atoms are 

displayed in large green spheres and red spheres, respectively.  

 4.4. Conclusion 

In this work, operando DRIFTS combined with H2O/D2O isotope exchange was employed 

to investigate the influence of Ni on surface proton dynamics in BZCYYb proton-conducting 

electrolytes. Compared with pristine BZCYYb, the N-BZCYYb exhibited slower hydration 

equilibration, prolonged dehydration equilibration, and significantly slower proton-deuteron 

exchange kinetics. Quantitative kinetic analysis further revealed lower isotope-exchange rate 

constants and a lower apparent activation energy (from 54.75 to 9.70 kJ mol-1) after Ni addition, 

suggesting that Ni alters the rate-limiting process governing proton/deuteron exchange and leads 

to distinct exchange kinetics with a weaker temperature dependence. By examining the local 

coordination structures involving the Ni dopant, DFT calculations revealed that Ni destabilizes the 

lattice oxygen atoms. This work reveals an overlooked role of sintering additives in coupling 

electrolyte processing with proton transport chemistry and highlights operando vibrational 

spectroscopy as a powerful approach for elucidating proton processes in proton-conducting oxides. 
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Chapter 5 - Linking interfacial structure and catalytic reaction 

pathways in rationally designed CO2 methanation catalysts via 

DRIFTS 

 5.1. Introduction 

The electrocatalytic conversion of captured carbon dioxide (CO2) and generated hydrogen 

(H2) into valuable chemicals represents a promising strategy for carbon utilization and intermittent 

energy storage.146, 147 This process-intensified “Power-to-Chemicals” mode can be effectively 

integrated into regulated energy distribution markets.148-150 By utilizing the H2 generated on-site, 

this approach eliminates the need for off-site hydrogen storage and transportation. Moreover, the 

resulting products, such as methane, which have more than three times the volumetric energy 

density of hydrogen, can be readily stored and distributed through existing natural gas 

infrastructure, reducing capital investment and enhancing overall system efficiency.151, 152 

Intermediate temperature (IT) (300-600°C) and high temperature (HT) (>600°C) 

electrochemical CO2 conversions, based on solid oxide cells, emerge as high-efficiency 

technologies, using abundant, low-cost transition metals as electrocatalysts.153-155 Currently, most 

research focuses on CO2 electrolysis or co-electrolysis with steam in HT cells (i.e., solid oxide 

electrolysis cells, or SOECs) for CO production. 156-161 Protonic ceramic electrochemical cells 

(PCECs) have recently been demonstrated as a viable alternative platform that operates within the 

IT range, benefiting from the lower activation energy of proton conduction relative to oxygen-ion 

conduction.56, 162, 163 Therefore, IT-PCECs offer more favorable thermodynamic and kinetic 

conditions for CO2 methanation,161, 162 which is a highly exothermic process (∆𝐻298𝐾 =-165.4 

kJ/mol). 
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Traditionally, the CO2 electrode of PCECs is designed as a Ni-based cermet, where the 

ceramic phase has the same composition as the protonic electrolyte, forming a half-cell structure. 

This configuration provides strong mechanical support, high catalytic activity, and relatively low 

manufacturing cost.164, 165 However, BaCeO3-based proton conductors are highly susceptible to 

carbonation, which severely compromises long-term stability. Substituting Ce partially or fully 

with Zr has proven effective in addressing this limitation.18, 46 BaZr0.4Ce0.4Y0.1Yb0.1O3-δ 

(BZCYYb4411), a state-of-the-art protonic conductor that combines excellent chemical durability 

with improved electrochemical performance, has been proposed.2, 166 Pan et al.166 directly 

employed BZCYYb4411-Ni as the CO2 electrodes, demonstrating the concept of co-electrolysis 

of steam and CO2 in PCEC for the generation of methane. More recently, Miao et al. 167 used 

density functional theory (DFT) to elucidate the coking-resistant mechanism during CO2 

hydrogenation, highlighting the critical roles of hydration and dissociation processes in 

BZCYYb4411-Ni. Another major challenge for CO2 hydrogenation in PCECs is to tune product 

selectivity. For instance, Wang et al.161 achieved > 99% CO selectivity with the BZCYYb4411-Ni 

electrode at 650 °C. However, they sacrificed the intrinsic advantage of PCECs working at IT for 

hydrocarbon production, underscoring the need for alternative electrode compositions or surface 

modifications to replace or improve the catalytic activity of conventional Ni-ceramic catalysts.  

Valuable insights on catalysts selection can be drawn from the extensive body of research 

on thermally driven CO2 methanation,134, 164, 168-170 although additional requirements, such as high 

electronic conductivity and robust physical/chemical compatibility must also be met. Ceria-based 

oxides have attracted considerable attention owing to their redox flexibility and oxygen storage 

capacity.171-176 For example, Ye et al.163 and Chen et al.177 selectively impregnated CeO2 onto Ni-

based supports, enhancing CH4 selectivity by facilitating C-H bond formation. Built on this 
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concept, Mei et al. showed that the formate (HCOO*) and carboxyl (COOH*) intermediates can 

be strongly stabilized on CeO2 surfaces through bidentate adsorption configurations.178 Gao et al. 

179 revealed that oxygen vacancies at the Ni-CeO2 interface serve as preferential CO2 adsorption 

and activation sites, where strong metal-support interactions facilitate CO2 dissociation and 

stabilize interfacial reaction intermediate species. DFT calculations showed that the reduced CeO2 

(111) surface stabilizes activated bent bidentate CO2 intermediates through electron transfer from 

nearby Ce3+ species to the adsorbed CO2 molecule.180 In addition, metal nanoparticles tend to 

nucleate at oxygen vacancies and vacancy clusters on a CeO2 surface and bind more strongly to 

vacancy sites than to stoichiometric sites.181 These mechanistic insights have led to growing 

interest in transferring CeO2-based catalyst designs to solid oxide electrochemical systems for CO2 

conversion. Ding et al.123 engineered Ir-O interactions in Sm-doped CeO2 electrodes and 

successfully achieved tunable selectivity for CO and CH4.
123  More recently, the CeO2-based 

encapsulated architecture in SOECs has been proposed to create abundant metal-oxide interfaces 

and enable a dual-site mechanism in which CO2 is activated as carbonate species at oxygen-

vacancy-rich interfaces and subsequently reduced to CO on adjacent metal sites.182 In our previous 

work, applying the Ni-Ru arched on Sm-doped CeO2 as the on-cell reformer layer has also been 

shown to promote the activities of dry reforming and steam reforming of methane. 32 183 Although 

these previous efforts collectively demonstrate that CeO2-supported Ni has been used in solid 

oxide cell systems with validated CO2 electrochemical performance, 184, 185 selective CH4 

formation in the IT range remains a big challenge. Additionally, fundamental insights into the 

catalytic CO2 methanation pathways and the surface/bulk electronic structures remain limited, 

underscoring the need for operando characterization to elucidate the relationship between 

interfacial structure and reaction pathways. 
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In this work, a Pr-doped CeO2-based Ni-supported catalyst, which could be potentially 

implemented in PCECs (Figure 5.1) as an on-cell hydrogenation layer, was developed for CO2 

methanation. The catalyst achieved > 3.5-fold higher CO2 conversion at 400 °C when compared 

with traditional BZCYYb4411-Ni electrode. Long-term testing at 500 °C and 400 °C for >400 h 

demonstrated excellent catalyst stability under realistic operating conditions. Comprehensive 

Operando characterizations, such as DRIFTS, Near-Ambient Pressure X-ray Photoelectron 

Spectroscopy (NAP-XPS), and XAS, have been used to elucidate the underlying catalytic 

mechanisms. It is revealed that Pr doping increases oxygen vacancies and strengthens metal-

support interactions at the Ni-CeO2 interface, thereby promoting CO2 activation and formate-

mediated pathways. These findings provide fundamental understanding of how defect chemistry 

and interfacial interactions govern CO2 hydrogenation pathways, guiding the design of future 

catalysts. 

 

Figure 5.1. An illustration figure for steam and CO2 co-electrolysis in PCECs to produce methane. 
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 5.2. Experimental  

 5.2.1. Material and Catalyst Preparation  

CO2 methanation catalysts. A series of CeO2-supported Ni catalysts (denoted as Ce-Nix, 

where x = 0.2, 0.5, and 1, representing the molar ratio of Ce:Ni=1:x) were synthesized by a 

conventional sol-gel method. Briefly, stoichiometric amounts of Ce(NO3)3·6H2O (≥99.9%, Sigma-

Aldrich) and Ni(NO3)2·6H2O (≥99.9%, Sigma-Aldrich) were dissolved in deionized (DI) water 

under continuous magnetic stirring to form a transparent precursor solution. 

Ethylenediaminetetraacetic acid (EDTA, ≥99%, Sigma-Aldrich) and citric acid monohydrate (CA, 

≥99.5%, Sigma-Aldrich) were subsequently introduced as complexing and chelating agents, with 

the molar ratio of EDTA : CA : total metal ions fixed at 2:2:1 to ensure homogeneous distribution 

of metal cations. The pH of the solution was adjusted to ≈9 by dropwise addition of ammonium 

hydroxide. The solution was then heated on a hotplate to ~250 °C under vigorous stirring until it 

gradually transformed into a viscous gel via solvent evaporation and organic polymerization. The 

as-formed gel was transferred to a drying oven and maintained at 175 °C for 24 h to remove 

residual moisture and volatiles, yielding a solid black precursor. This dried gel was gently ground 

into a fine powder using an agate mortar and then calcined in air at 600 °C for 5 h at a heating rate 

of 5 °C min-1. The resulting Ce-Nix powders were collected and stored in a desiccator for further 

use. 

La-doped and Pr-doped CeO2-supported Ni catalysts were synthesized using the same sol-

gel procedure as mentioned above, with modifications to incorporate the dopants into the support 

oxide. La2O3(≥99.9%, Sigma-Aldrich) and Pr6O11 (≥99.9%, Sigma-Aldrich) were used as the La 

and Pr precursor, respectively. Since both oxides are insoluble in DI water, they were first 

dissolved in diluted nitric acid solutions under mild heating to form clear nitrate solutions. These 
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nitrate solutions were then mixed with Ce(NO3)3·6H2O and Ni(NO3)2·6H2O precursors in the 

desired stoichiometric ratios. The same chelation, gelation, drying, and calcination steps as 

described above were followed to obtain the doped catalyst powders. The final compositions of 

the doped catalysts were La0.2Ce0.8-Ni0.2 and PryCe1-y-Ni (y = 0.2, 0.5, 0.8). All prepared powders 

were finely ground prior to subsequent characterization and catalytic testing. 

Traditional CO2 electrode (BZCYYb4411-Ni). BZCYYb4411 powders were 

synthesized via solid-state reaction method. Stoichiometric amounts of BaCO3 (99.8%, Alfa 

Aesar), ZrO2 (99.9%, Alfa Aesar), CeO2 (99.9%, Alfa Aesar), Y2O3 (99.9%, Alfa Aesar), and 

Yb2O3 (99.9%, Alfa Aesar) were weighed and mixed by ball milling in ethanol for 24 h. The 

powder was dried, ground into a fine powder, and calcined in air at 1100 °C for 10 h. The grinding 

and calcination process was repeated twice to ensure phase purity and homogeneity. The 

BZCYYb4411 powder was then mixed with NiO at a weight ratio of 4:6 and subsequently sintered 

at 1450 °C for 5 h to simulate the conventional BZCYYb4411-Ni electrode for CO2 hydrogenation. 

 

 5.2.2. Characterizations  

The as-fired catalysts were reduced under 10 % H2 balanced with Ar (H2:Ar = 1:9) at 600 

°C for 2 h. The crystal structures of as-fired and reduced samples were determined using X-ray 

diffraction (XRD) (2008 Bruker D8, CuK𝛼 with a scan rate of 10°/ min at room temperature). 

XRD Rietveld refinement was conducted using the GSAS-II software package.118 The morphology 

of reduced Pr0.5Ce0.5-Ni powder was examined using TEM and energy-dispersive X-ray 

spectroscopy (EDS) (TALOS F200X, Thermo Fisher Scientific). The surface morphology of the 

catalysts was examined using a scanning electron microscope (SEM, JEOL 6700F). 

Operando NAP-XPS experiments provide valuable information on the surface electronic 

structure of the catalysts under realistic reaction conditions, which were performed with a lab-
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based SPECS system fitted with an in situ cell and a Phoibos-HSA3500 analyzer. The system 

utilized an Al K-alpha source operated at 60 W and 15 kV. The powdered sample was loaded on 

carbon tapes and evacuated overnight under ultra-high vacuum. The C 1s, O 1s, Ce 3d, Pr 3d and 

Ni 2p regions were selected for spectra collection. The samples were first reduced under pure H2 

(2.66 mbar). Subsequently, a CO2/H2 mixture with the ratio of 1:1 was introduced, and XPS spectra 

were collected at 450 °C, 350 °C, and 27 °C. All temperatures were maintained within ±5 °C.  

Soft XAS measurements were performed to probe the electronic structure and local 

chemical environment of the catalysts. The experiments were performed on the SXR beamline at 

the Australian Synchrotron, part of ANSTO.  XAS experiments at the O K-edge, Ni L3/L2, and 

Pr/Ce M5/M4 were performed at the SXR beamline of the Australian Synchrotron.  Samples were 

mounted with carbon tape.  The XAS data were collected using multiple detection modes to obtain 

depth-resolved information. Total fluorescence yield (TFY) mode was employed to probe bulk-

sensitive signals, while electron yield-based modes, including drain current (DC) and channeltron 

detection, were used to obtain surface and near-surface information. The drain current signal 

corresponds to a probing depth of approximately 10-20 nm, whereas the channeltron detector is 

more surface-sensitive. Data reduction and analysis was performed using the QANT macro 

package in Igor Pro. All spectra were calibrated using an in-line reference material, and the data 

were normalized by setting the pre-edge to 0 and the post-edge to 1.  

Operando DRIFTS was performed using a Thermo Fisher iS50 FTIR spectrometer 

equipped with the Praying Mantis high-temperature reaction chamber (Figure 5.2).111 103 The gas 

flow (H2, CO2, and Ar) was controlled by mass flow controllers over a range of 0-100 sccm. The 

temperature was regulated using an external heating system, allowing the sample to be heated from 

room temperature to 700 °C. CO2-Temperature-Programmed Desorption (CO2-TPD) tests were 
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performed on a PrismaPlus mass spectrometer. Before testing, the samples (100 mg) were 

pretreated with 10% H2 (10 ml min−1, H2:Ar = 1:9) from 25 °C to 600 °C with a heating rate of 

10 °C min−1, then holding at 600 °C for ~2 h and finally cooled to 25 °C. CO2 adsorption was 

performed in pure CO2 (10 ml min−1) for 120 min, and the sample was then purged with Ar for 

120 min to remove the adsorbed CO2. Then, CO2 desorption was performed at a heating rate of 

10 °C min−1, detected by a mass spectrometer. H2-temperature-programmed reduction (H2-TPR) 

tests were performed on a ChemBET Pulsar. Before testing, 100 mg of the catalyst was pretreated 

in a U-shaped quartz tube with N2 (100 sccm) at 140 °C for 1.5 h to remove moisture and 

impurities, then cooled to 25 °C. H2-TPR was performed in 10% H2 (H2:Ar = 1:9) with a heating 

rate of 10 °C min−1
. 

 

Figure 5.2. Photographs of the Operando DRIFTS experimental setup103, 111, including (a) the 

DRIFTS spectrometer with gas flow system and (b) the high-temperature reaction cell with the 

catalyst sample loaded in the sample holder. 
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 5.2.3. Catalyst Testing 

CO2 methanation experiments were conducted in a continuous-flow quartz fixed-bed 

tubular reactor (inner diameter: 0.28 inch) operated at atmospheric pressure. For each test, 150 mg 

of catalyst was loaded into the reactor. A K-type thermocouple was positioned near the catalyst 

bed to precisely monitor the reaction temperature. Prior to testing, the catalyst was reduced in a 

10% H2/N2 gas mixture (total flow rate: 100 sccm) by heating to 600 °C at a rate of 10 °C min-1 

and holding at 600 °C for 2 h. After reduction, a feed gas mixture of CO2 and H2 (H2/CO2 molar 

ratio =1 or 4) was introduced at a total flow rate of 20 sccm. Meanwhile, 15 sccm of N2 was 

introduced into the outlet stream as a purge gas and internal standard. The outlet gas composition 

was analyzed from online gas chromatography (Agilent 7890A, USA) to determine CO2 

conversion and CH4/CO selectivity under different testing conditions. The reaction temperature 

decreased from 600 to 350 °C in 50 °C intervals at a rate of 10 °C min-1. At each temperature, the 

system was held for approximately 15 min before data collection to ensure steady-state conditions. 

The CO2 conversion (XCO₂), CH4 selectivity (SCH₄), and CH4 yield (YCH₄) during catalytic 

evaluation were calculated based on the following equations: 

XCO₂ (%) = (FCO₂,in − FCO₂,out) / FCO₂,in × 100%                                                                 (23) 

SCH₄ (%) = FCH₄,out / (FCH₄,out + FCO,out) × 100%                                                                (24) 

YCH₄ (%) = XCO₂ × SCH₄ × 100% 

where FCO₂,in and FCO₂,out are the respective molar flow rates of CO2 at the reactor inlet and 

outlet, and FCH₄,out and FCO,out are the molar flow rates of CH4 and CO at the reactor outlet. 
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 5.3. Results and discussion 

 5.3.1. Rationally designed electrocatalysts for CO2 methanation   

The crystalline structures of the as-synthesized Ce-Nix (x = 0.2, 0.5, 1), La0.2Ce0.8-Ni, and 

PryCe1-y-Ni (y = 0.2, 0.5, 1) catalysts were evaluated by XRD, and the results are presented in 

Figure 5.3a-b, Figure 5.4, Figure 5.5, Figure 5.6, Figure 5.7, Figure 5.8, and Figure 5.9). The XRD 

Rietveld refinement results for the reduced Ce-Ni (Figure 5.3a) show that it consists of a fluorite-

type CeO2 phase (space group Fm3̅m, a = b = c = 5.41 Å) and a Ni phase (space group Fm3̅m, a = 

b = c = 3.52 Å). The refined weight fraction of metallic Ni is ~18.2%, which is slightly lower than 

the theoretical value of 25.4 wt%, suggesting that a small fraction of Ni might still be incorporated 

into the CeO2 lattice. Similarly, Pr0.5Ce0.5-Ni consists of a Pr-doped CeO2 phase and a metallic Ni 

phase (Figure 5.3b). The lattice expansion of the oxide support observed upon Pr incorporation (a 

= b = c = 5.44 Å) could be attributed to the substitution of Ce4+ (0.97 Å) by the larger Pr3+ (1.13 

Å). While the Ni content in Pr0.5Ce0.5 -Ni (23.9 wt%) approaches the theoretical value (25.4 wt%), 

reflecting that less Ni has been incorporated into the lattice, or Pr doping is more favorable for the 

exsolution of Ni after reduction. 
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Figure 5.3. XRD Rietveld refinement results of (a) reduced Ce-Ni and (b) reduced Pr0.5Ce0.5-Ni; 

(c) High-angle annular dark-field (HAADF-STEM) image and EDS mapping of reduced Pr0.5Ce0.5-

Ni catalyst; (d) TEM images of the reduced Pr0.5Ce0.5-Ni catalyst at different magnifications; (e) 

High-resolution TEM (HRTEM) images of the corresponding regions (i-iv) in (d), showing lattice 

fringes of metallic Ni and Pr-doped CeO2. PC: Pr-doped CeO2. 
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Figure 5.4. XRD patterns of Ce-Ni0.2, Ce-Ni0.5, and Ce-Ni catalysts prior to reduction. 

 

Figure 5.5. XRD patterns of La0.2Ce0.8-Ni, Pr0.2Ce0.8-Ni, and Ce-Ni catalysts prior to reduction. 
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Figure 5.6. XRD patterns of Pr0.2Ce0.8-Ni, Pr0.5Ce0.5-Ni, and Pr0.8Ce0.5-Ni catalysts prior to 

reduction.  

 

Figure 5.7. XRD patterns of Ce-Ni0.2, Ce-Ni0.5, and Ce-Ni after reduction. 
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Figure 5.8. XRD patterns of La0.2Ce0.8-Ni, Pr0.2Ce0.8-Ni, and Ce-Ni after reduction. 

 

 

Figure 5.9. XRD patterns of Pr0.2Ce0.8-Ni, Pr0.5Ce0.5-Ni, and Pr0.8Ce0.5-Ni after reduction, showing 

the phase composition and crystallographic structure of the reduced samples. 
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The morphology of the reduced Pr0.5Ce0.5-Ni catalyst was characterized by EDS and TEM (Figure 

5.3c-e and Figure 5.10, Figure 5.11, and Figure 5.12). As shown in Figure 5.3c, the catalyst 

exhibits a nano-crystalline morphology with particle sizes of 8-30 nm. The Ce (red) and Pr (green) 

signals largely overlap, with no detectable Pr-rich domains, indicating homogeneous Pr 

incorporation into the CeO2 lattice. In contrast, metallic Ni (magenta) appears as discrete 

nanoparticles dispersed on the oxide support, with sizes of 15-30 nm. High-magnification TEM 

images from multiple regions (i-iv, Figure 5.3d) further reveal clear lattice fringes for both Pr-

doped CeO2 (PC) and metallic Ni (Figure 5.3e). A distinct interface between the oxide support and 

Ni phase, highlighted by green dashed lines, indicates intimate metal-support contact that is critical 

for the interfacial catalysis.186, 187 The measured interplanar spacings of 0.311 and 0.275 nm are 

assigned to the (111) and (200) planes of PC, respectively, in good agreement with the XRD 

Rietveld values (~0.314 and ~0.272 nm). The 0.196 nm spacing corresponds to the (111) plane of 

face-centered cubic Ni, also consistent with the XRD result (~0.203 nm). Together, these results 

confirm that Pr0.5Ce0.5-Ni consists of well-dispersed Ni nanoparticles strongly anchored to a 

homogeneous Pr-doped CeO2 support. 
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Figure 5.10. High-angle annular dark-field (HAADF) image and EDS mapping of the reduced 

Pr0.5Ce0.5-Ni (area 1). 
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Figure 5.11. High-angle annular dark-field (HAADF) image and EDS mapping of the reduced 

Pr0.5Ce0.5-Ni (area 2). 

 

 

Figure 5.12. High-angle annular dark-field (HAADF) image and EDS mapping of the reduced 

Pr0.5Ce0.5-Ni (area 3). 
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Figure 5.13 and Figure 5.14, Figure 5.15, Figure 5.16, Figure 5.17, and Figure 5.18 show the 

catalytic performance of a series of designed catalysts for CO2 hydrogenation. As shown in Figure 

5.13a, the CO2 conversion increases with an increasing Ni loading on the CeO2 support. Among 

the Ce-Nix series, Ce-Ni exhibits the highest conversion, representing a relatively 30% 

improvement over Ce-Ni0.2 at 450 °C. This trend may be related to the higher Ni content, which 

provides adequate Ni sites for H2 dissociation, thereby enhancing CO2 hydrogenation.169 

Modifying the support provides another effective strategy to further enhance catalytic activity.188 

As shown in Figure 5.13b, La0.2Ce0.8-Ni and Pr0.2Ce0.8-Ni both outperform the undoped Ce-Ni 

catalyst. Pr0.5Ce0.5-Ni yields the highest CO2 conversion across the entire temperature range, 

particularly at temperatures below 450 °C (Figure 5.13c). Compared with the traditional BZCYYb-

Ni CO2 electrode, the rationally designed Pr0.5Ce0.5-Ni has been shown to significantly boost CO2 

conversion and CH4 selectivity (Figure 5.13d).  For example, Pr0.5Ce0.5-Ni achieved > 40% 

improvement of CO2 conversion at 500 °C (Figure 5.13d). The performance gap widened at 

reduced temperatures. At 400°C, Pr0.5Ce0.5-Ni achieved a CO2 conversion 3.5-fold higher than that 

of BZCYYb4411-Ni. Importantly, the Pr0.5Ce0.5-Ni catalyst also exhibits significantly higher CH4 

selectivity, achieving 86.1 % CH4 selectivity at 400 °C, whereas the selectivity of BZCYYb-Ni 

reaches only 41.7% (Figure 5.13d). The comprehensive CH4 yield results are presented in Figure 

5.15. Pr0.5Ce0.5-Ni achieves the highest CH4 yield across all temperatures, reaffirming its superior 

catalytic performance for CO2 methanation. Catalytic performance was also evaluated under a 

CO2/H2 ratio of 1:4 from 400-600 °C and Pr0.5Ce0.5-Ni still exhibits the highest CO2 conversion 

and CH4 selectivity among all catalysts (Figure 5.16).  
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Figure 5.13.  CO2 conversion as a function of temperature (400-600 °C, H2:CO2 = 1:1) over Ni-

based catalysts with systematically tuned composition. (a) Effects of Ni loading on the CeO2 

support: Ce-Ni0.2, Ce-Ni0.5, Ce-Ni catalysts; (b) effects of dopant species (La and Pr) on Ce-Ni 

catalysts including Ce-Ni, La0.2Ce0.8-Ni and Pr0.2Ce0.8-Ni; (c) the impact of Pr/Ce ratios on CO2 

methanation activity including Pr0.2Ce0.8-Ni, Pr0.5Ce0.5-Ni and Pr0.8Ce0.2-Ni; (d) the comparison of 

BZCYYb4411-Ni with rationally designed Pr0.5Ce0.5-Ni for CO2 conversion and CH4 selectivity 

(CO2 : H2=1:1, with the total follow rate as 20 sccm). 
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Figure 5.14. CH4 selectivity as a function of temperature (400-600 °C, H2/CO2 = 1:1) over different 

catalysts with systematically tuned composition, illustrating the effects of (a) Ni loading, (b) 

dopant species (La and Pr), and (c) Pr/Ce ratios.  
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Figure 5.15. CH4 yield as a function of temperature (400-600 °C) including BZCYYb4411-Ni, Ce-

Ni, La0.2Ce0.8-Ni, and Pr0.5Ce0.5-Ni catalysts. 

 

Figure 5.16. Comparison of BZCYYb4411-Ni with designed catalysts (Ce-Ni, La0.2Ce0.8-Ni , 

Pr0.5Ce0.5-Ni) for (a) CO2 conversion and (b) CH4 selectivity as a function of temperature (400-

600 °C, H2/CO2 = 4). 
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Figure 5.17. Long-term stability of the optimized Pr0.5Ce0.5-Ni catalyst at 500 °C and 400 °C 

(H2:CO2=1:1) for CH4 selectivity. 
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Figure 5.18. Long-term stability of the optimized Pr0.5Ce0.5-Ni catalyst at 500 °C and 400 °C (CO2: 

H2=1:4), including (a) CO2 conversion, (b) CH4 selectivity and (c) CH4 yield. 

The catalytic stability tests were further conducted on Pr0.5Ce0.5-Ni under a CO2: H2 ratio 

of 1:1 at 400-500°C (Figure 5.19a-b, Figure 5.17). As shown in Figure 5.19a, the CH4 selectivity 

remains stable at approximately 45% at 500°C for nearly 130 h, and reaches around 40% when the 

temperature is reduced to 400°C for another 145 h. Upon returning to 500°C, the selectivity 

recovers to its original value for another 270 h, indicating excellent thermal reversibility and 

structural robustness. Figure 5.19b shows that the CH4 yield is also durable. The long-term stability 

of the optimized Pr0.5Ce0.5-Ni catalyst was also evaluated under a CO2: H2 ratio of 1:4 (Figure 

5.18). The SEM images of the catalyst after stability test are then compared with those of the 

freshly reduced catalyst (Figure 5.19c), and reveal similar surface morphology and particle 

distribution, with no apparent structural degradation or carbon deposition observed after such long-

term reaction. 
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Figure 5.19. Long-term stability of the optimized Pr0.5Ce0.5-Ni catalyst at 500 °C and 400 °C 

(H2:CO2 = 1:1), including (a) CH4 selectivity, (b) CH4 yield, and (c) SEM images of the Pr0.5Ce0.5-

Ni catalysts before and after stability testing. 

 5.3.2 Reducibility of metallic Ni and basic sites on the oxide support  

The reduction behavior and metal-support interactions of the synthesized catalysts were 

investigated by H2-TPR. As shown in Figure 5.20a-c, all samples exhibit multiple hydrogen 

consumption peaks, which can be classified into three distinct regions. Peak 1 (P1) (below 350°C) 
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is typically associated with the reduction of highly dispersed and weakly bound NiO species on 

the surface.189-191 Peak 2 (P2) located at intermediate temperature (350-450 °C) corresponds to the 

bulk reduction of NiO nanoparticles,189-191 which constitutes the main reduction event. Peak 3 (P3) 

(above 450 °C) is related to the reduction of strongly bound NiO species that interact intimately 

with the oxide support, as well as possible reduction of the doped Ni from the lattice from the 

support itself. 189-191 

BZCYYb4411-Ni (Figure 5.20a) exhibits a dominant reduction peak at high temperature 

(P2/P3 region). In contrast, the Ce-Niₓ series exhibits a well-defined P1 peak. Notably, La0.2Ce0.8-

Ni shows a much less pronounced P1 feature (Figure 5.20b), indicating that La incorporation does 

not significantly enhance low-temperature reducibility. For the Ce-Nix series, P2 gradually shifts 

toward higher temperatures and becomes more intense as the Ni loading increases (Figure 5.20a). 

The enhanced P2 intensity also reflects an increased amount of reducible Ni species, corresponding 

to the higher overall Ni content. Upon doping with La or Pr, the reduction behavior changes more 

noticeably in the high-temperature region (P3) (Figure 5.20b). Increasing Pr content leads to 

notable changes in the relative intensities of both P2 and P3 (Figure 5.20c). Specifically, Pr0.8Ce0.2-

Ni exhibits the most intense P2. In contrast, Pr0.2Ce0.8-Ni shows comparable contributions from P2 

and P3, albeit at lower overall intensities. Pr0.5Ce0.5-Ni displays concurrently enhanced P2 and P3 

features, revealing a balanced contribution from reducible bulk NiO species and strong Ni-oxide 

support interactions.189 Such a balance is key to achieving moderate metal-support interactions for 

the CO2/H2 absorption and reactions. 
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Figure 5.20. H2-TPR profiles of synthesized catalysts: (a) Ce-Nix (x = 0.2, 0.5, 1) catalysts and 

BZCYYb4411-Ni, (b) Ce-Ni, La- and Pr-doped Ce-Ni catalysts, and (c) PryCe1-y-Ni catalysts with 

different Pr/Ce ratios. 

 

The CO2 adsorption-desorption behavior was exploited to assess the strength and nature of 

basic sites on the catalyst surface. As shown in Figure 5.21a, the BZCYYb4411-Ni sample 

exhibited negligible CO2 desorption over the entire temperature range. The absence of intrinsic 

basicity ensures that any observed desorption peaks in other samples originate from the active 

support rather than the metallic Ni. Ce-Nix (Figure 5.21a) and La-doped catalysts (Figure 5.21b) 

exhibited prominent CO2 desorption peaks centered below 300°C, indicating a large number of 

weak basic sites in the low-temperature (LT) region. The weak basic sites typically do not 

significantly contribute to CO2 methanation, since CO2 adsorbed on these sites is not fully activated 

to break the C-O bond for subsequent hydrogenation.176, 189, 190 Liu et al. have attributed the higher 

reactivity of Ni catalysts supported by CeO2 to an increased population of intermediate-strength 

alkaline sites.175 PryCe1-y-Ni shifts CO2 adsorption peaks to even higher temperature than Ce-Nix, 
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indicating more basic sites for CO2 binding (Figure 5.21c). More importantly, PryCe1-y-Ni displays 

significantly enhanced desorption in the intermediate-temperature (IT) region and high-

temperature (HT) region. This enhancement is likely related to the substitution of Ce4+ with Pr3+, 

which increases the surface oxygen vacancies that facilitate CO2 adsorption and activation. In 

particular, Pr0.5Ce0.5-Ni exhibits the most pronounced CO2 desorption peak in the MT region, 

which is most relevant for CO2 methanation.175, 192 

 

Figure 5.21. CO2-TPD profiles of synthesized catalysts: (a) Ce-Nix (x = 0.2, 0.5, 1)and BZCYYb-

Ni, (b) Ce-Ni, La- and Pr-doped Ce-Ni, and (c) PryCe1-y-Ni with different Pr/Ce ratios. CO2-TPD 

was conducted by first pre-treating the sample reduced at 600 °C for 2 h, followed by CO2 

adsorption at room temperature, purging with Ar, and finally heating under Ar to monitor CO2 

desorption profiles. 
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 5.3.3 Surface electronic structure of the catalysts by operando spectra 

Operando NAP-XPS was employed to probe the surface electronic structure and chemical 

environment of the catalysts under realistic operating conditions, because most ex situ XPS studies 

show that Ni predominantly exists in oxidized states (Ni2+) in the sub-surface even after high-

temperature reduction.32 The measurements were conducted under a CO2/H2 atmosphere at 

elevated temperatures (∼27 °C, 350 °C, and 450 °C) after in situ H2 reduction/activation. The 

corresponding survey spectra are shown in Figure 5.23 confirming the coexistence of elements on 

the Ce-Ni and Pr0.5Ce0.5-Ni catalysts. 

As shown in Figure 5.22a, the Ni 2p peaks at 450 °C indicate the presence of two main 

types of Ni species, where metallic Ni0 accounts for the peak centered around 852 eV, and the 

other peak located at ~853 eV corresponds to oxidized Ni species (Ni2+).193 The Ni 2p spectra 

reveal a clear increase in the fraction of metallic Ni species for Pr0.5Ce0.5-Ni compared with Ce-

Ni, showing that Pr incorporation enhances the reducibility of Ni species, which is consistent to 

the XRD Rietveld refinement results. Cárdenas-Arenas et al.193claimed that the Ni-O-Ce 

interfacial sites are those most active for the initial step of CO2 dissociation, whereas metallic Ni0 

sites are active for H2 dissociation. Therefore, the increased Ni0 fraction in Pr0.5Ce0.5-Ni is expected 

to facilitate hydrogen activation and subsequent hydrogenation steps. In the Ce 3d5/2 region (Figure 

5.22b) at 450 °C, the peaks at ∼880 and ∼889 eV are assigned to Ce4+, while those at ∼883 and 

∼885 eV correspond to Ce³⁺ species. To present the photoemission feature of Ce 3d5/2 of Pr0.5Ce0.5-

Ni and Ce-Ni, the photoemission feature of Ce 3d1/2 is not shown here. The percentage of Ce3+ 

species is estimated to be ~51% for Ce-Ni and ~56% for Pr0.5Ce0.5-Ni. The O 1s peaks at 532-526 

eV were assigned to the lattice oxygen, while peaks at 535-526 eV were assigned to surface oxygen 

(Figure 5.22c).134 The O 1s spectra show an enhanced contribution from surface-related oxygen 
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species in Pr0.5Ce0.5-Ni, which can be attributed to defect-associated oxygen and surface hydroxyl 

groups.134 In addition, the XPS spectra collected at 27 and 350 °C exhibit generally consistent 

spectral features for the Ce, Ni, Pr, and O species in both Ce-Ni and Pr0.5Ce0.5-Ni (Figure 5.25 and 

Figure 5.26). These results demonstrate that the Pr incorporated into the support lattice modifies 

the surface chemistry of its host by increasing the concentration of oxygen vacancies and surface-

active oxygen species.  

 

Figure 5.22. Operando XPS spectra in the energy region of (a) Ni 2p, (b) Ce 3d, (c) O 1s for Ce-

Ni and Pr0.5Ce0.5-Ni catalysts measured under CO2:H2=1:1 after H2 reduction at 450 °C.  
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Figure 5.23. Operando XPS survey spectra of (a) Pr0.5Ce0.5-Ni and (b) Ce-Ni collected under 

CO2/H2 (1:1) at 27 °C, 350 °C, and 450 °C following H2 reduction at 450 °C. 

 

 

Figure 5.24. Operando XPS spectra of Ce-Ni collected in the energy regions of (a) Ce 3d, (b) Ni 

2p, and (c) O 1s under CO2/H2 (1:1) at 27 and 350 °C after prior reduction in H2 at 450 °C. 
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Figure 5.25. Operando XPS spectra of Pr0.5Ce0.5-Ni collected in the energy regions of (a) Ce 3d, 

(b) Ni 2p, (c) O 1s, and (d) Pr 3d under CO2/H2 (1:1) at 27 and 350 °C after prior reduction in H2 

at 450 °C. 

 

To gain a more comprehensive understanding of the evolution of the electronic structure 

induced by Pr doping, soft X-ray absorption spectroscopy (XAS) was then employed.194, 195  Here, 

three detection modes were applied, including channeltron, drain current (DC), and total 
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fluorescence yield (TFY) (Figure 5.26, Figure 5.27, Figure 5.28, Figure 5.29 and Figure 5.30), 

which probe surface (~2-3 nm), subsurface (~10-20 nm), and bulk (~100 nm) information, 

respectively, enabling depth-resolved characterization of the catalysts. The Ce M4,5 spectra of Ce-

Ni and Pr0.5Ce0.5-Ni split into two prominent peaks in the M4 and M5 regime with the satellite 

peaks on the higher-energy side (Figure 5.26a). The M4 and M5 spectral peaks arise from the 

electronic transition from the Ce 3d3/2 and 3d5/2 core levels into unoccupied 4f states as per the 

dipole selection rules.195 Hence, Ce M4 for 3d3/2 and Ce M5 for 3d5/2 edges directly reflect the 

occupancy of the 4f orbital, which are separated by ~17 eV.195  Compared with Ce-Ni, Pr0.5Ce0.5-

Ni shows a noticeable decrease in the relative intensity of the M4 edge and a slight modification 

of the spectral line shape, evidencing an increased contribution of Ce3+ species, which agrees well 

with the above XPS analysis. 
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Figure 5.26. Soft XAS spectra for Ce-Ni and Pr0.5Ce0.5-Ni in Drain current of (a) Ce M4,5 

absorption edges, (b) O K-edge, (c) Pr M4,5 edge and (d) Ni L-edge.  
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Figure 5.27. Soft XAS spectra of Ce M4,5 absorption edges for Ce-Ni and Pr0.5Ce0.5-Ni (a) 

channeltron mode and (b) TFY mode. 

 

 

Figure 5.28. Soft XAS spectra of O K-edge for Ce-Ni and Pr0.5Ce0.5-Ni (a) channeltron and (b) 

TFY mode. 
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Figure 5.29. Soft XAS spectra of Pr M4,5 edge for Ce-Ni and Pr0.5Ce0.5-Ni (a) channeltron and (b) 

TFY mode. 

 

 

Figure 5.30. Soft XAS spectra of Ni L-edge for Ce-Ni and Pr0.5Ce0.5-Ni (a) channeltron and (b) 

TFY mode. 

 

The O K-edge XAS spectra (Figure 5.26b) further provides insight into the hybridization 

between O 1s and Ce 4f/5d states. Three main features (Peak 1, Peak 2, Peak 3) were observed. 
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Peak 1 (P1) (~530 eV) for all samples may be attributed to the transition from O 1s → O 2p states 

hybridized with the Ce 4f0 state, mainly localized at the Ce site, while P2 and P3 correspond to 

hybridization with the Ce 5d-eg and 5d-t2g states, due to crystal orbital splitting of the levels in 

pure and doped CeO2 nanomaterials.195 P1 shows minimal difference between the two samples, 

whereas P2 exhibits a slight shift (~0.1 eV) toward lower energy in Pr0.5Ce0.5-Ni, revealing a 

change in crystal structure.195 Previous studies have correlated the enhancement of the O 2p-Ce 

5d-related features (particularly P2) with increased defect concentration and modified electronic 

hybridization in non-stoichiometric CeO2.
194, 195 Therefore, the observed changes suggest that the 

incorporation of Pr alters the O 2p-Ce electronic coupling. 

To directly probe the role of Pr, the Pr M4,5-edge XAS was analyzed (Figure 5.26c). The 

spectra display characteristic multiplet features corresponding to transitions from Pr 3d to the 

unoccupied 4f states. Pr in ceria-based systems is typically stabilized in the Pr3+ state.196 In the 

present case, the spectral features are dominated by Pr3+ characteristics, supporting that Pr is 

primarily incorporated into the CeO2 lattice in the trivalent state.196 The absence of significant peak 

shifts suggests that Pr is incorporated into the lattice rather than forming segregated phases. In 

Figure 5.26c, the peak intensity ratio between the high-energy shoulder (L3high) and the low-energy 

shoulder (L3low) of the L3-edge is positively correlated to the Ni oxidation state. At a probing near-

surface depth (10-20 nm) by the DC mode, the Ce-Ni sample shows a lower L3high/L3low ratio and 

thereby a lower Ni oxidation state than Pr0.5Ce0.5-Ni on the particle surface (Figure 5.26d). The Ni 

oxidation state remains virtually the same for Ce-Ni and Pr0.5Ce0.5-Ni based on the channeltron 

mode and TFY mode (Figure 5.30), showing a high similarity of Ni oxidation state in the bulk 

between Ce-Ni and Pr0.5Ce0.5-Ni samples.  
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 5.3.4 Probing the CO2 methanation reaction pathways by operando DRIFTS 

To gain insight into the reaction pathway, Operando DRIFTS measurements were 

conducted to compare the CO2 hydrogenation mechanism over the Pr0.5Ce0.5-Ni catalyst with that 

of the BZCYYb4411-Ni electrode at 400°C (Figure 5.31a-c) under the CO2 and H2 working 

conditions. Unlike the reference electrode, the DRIFTS spectra of Pr0.5Ce0.5-Ni show an obvious 

CH4-related peak (~3015 cm-1) (Figure 5.31b), suggesting high selectivity of this catalyst toward 

CH4 production, consistent with the performance shown in Figure 5.13d. Moreover, strong and 

well-defined bands corresponding to formate and carbonate species (1600-850 cm-1), which are 

key catalytic intermediates in CO2 hydrogenation,41  were observed while only very weak signals 

were detected for BZCYYb-Ni. Figure 5.31d highlights the distinct vibrational features associated 

with surface carbonate and formate species for different catalysts. Compared with BZCYYb-Ni, 

Ce-Ni and Pr0.5Ce0.5-Ni show distinct vibrational bands assigned to formyl (HCO*) species 

(∼1758 cm-1 and ∼1430 cm-1),41 formate (HCOO*) species (∼1546 and ∼1363 cm-1),134 

monodentate carbonate (∼1070 cm-1),32 and carbonate (CO3*) species (∼840 cm-1).32 In contrast, 

BZCYYb-Ni exhibits weak, noisy peaks across 1800-1300 cm-1, which might be ascribed to the 

H2O produced during the reaction and poor CO2 adsorption. This observation supports our CO2-

TPD results for BZCYYb-Ni, which show relatively flat, weak signals indicative of limited CO2 

adsorption capability (Figure 5.21a). However, compared with Ce-Ni, Pr0.5Ce0.5-Ni shows more 

pronounced bands of reactive HCOO* and carbonate, but less HCO*. The stronger HCOO* bands 

and more intense signals in the carbonates signal region (∼1758-845 cm-1) demonstrate that these 

surface species are dynamically involved in CO2 activation and hydrogenation.  

To examine the effect of temperature on this reaction process, the temperature-equilibrium 

DRIFTS spectra were collected between 300 °C and 500 °C (Figure 5.31e-f). BZCYYb-Ni shows 
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a much stronger temperature-dependent change in HCO* (∼1430 cm-1) and HCO3* signals (~1646 

cm-1) but no observable HCOO* features (Figure 5.31e), implying that the reaction pathway likely 

does not proceed via formate but instead follows a formyl-related route. The coexistence of HCO3* 

and stable CO3* species also suggests a less dynamic CO2 adsorption-conversion equilibrium, 

likely due to the limited surface reducibility on BZCYYb-Ni. Ce-Ni shows weaker temperature 

dependence (Figure 5.31f), although slight variations are observed in the HCOO* bands. Relative 

to the Pr0.5Ce0.5-Ni, the intensity of HCOO* and CO3* species on Ce-Ni is much lower. The modest 

increase in the HCOO* bands with temperature suggests that methanation can still proceed but 

will be hindered by the formation and decomposition of HCOO*. In addition, the HCO* signal 

increases with temperature, indicating the likelihood of a competing formyl-related pathway. With 

increasing temperature, the intensities of the HCOO* and CO3* bands in Pr0.5Ce0.5-Ni (Figure 

5.31g) gradually increase, indicating that these species are becoming more stable during 

hydrogenation. The HCO* band (1430 cm-1) slightly weakens, while the HCOO* bands (1510 and 

1360 cm-1) become stronger, suggesting that, at higher temperatures, the reaction pathway on 

Pr0.5Ce0.5-Ni is more likely to proceed via HCOO* rather than HCO*. The pronounced CO3* signal 

at ∼840 cm−1 for Pr0.5Ce0.5-Ni also reflects the strong basicity of the Pr-Ce mixed support, which 

facilitates CO2 adsorption and conversion into the HCOO* intermediate.  

The dynamic evolutions of surface species during CO2 hydrogenation at 300-500 °C on all 

catalysts were tracked by the DRIFTS spectra in Figure 5.32. The DRIFTS spectra were collected 

at 400 °C over a period of 70 minutes to gain time-resolved insights into methane formation of 

Pr0.5Ce0.5-Ni (Figure 5.31h).  The gaseous CH4 band (~3016 cm-1) is barely detectable at the 

beginning of the reaction (0-10 min) but becomes progressively stronger with time (15-70 min). 

The continuous growth of this CH4 band clearly indicates sustained methane production on the 
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Pr0.5Ce0.5-Ni surface under steady CO2/H2 flow conditions, suggesting enhanced methanation 

activity (Figure 5.13d). However, the time-resolved DRIFTS spectra of Ce-Ni (Figure 5.33) show 

much less pronounced evolution of the CH4-related peaks, together with no obvious changes in 

the formate and carbonate regions during the reaction process. On the other hand, Figure 5.31h 

shows a progressive growth of the CO3* envelope in the 1300-900 cm-1 region, notably 

monodentate carbonate at ∼1070 cm-1 and CO3* at ∼840-860 cm-1, which might be attributed to 

the rapid CO2 capture on the basic sites of the Pr doped-CeO2 and the build-up of a CO3*  reservoir 

during reaction. Moreover, Pr0.5Ce0.5-Ni exhibits more obvious changes in the OH*, CO3*, and 

HCOO* regimes compared with Ce-Ni (Figure 5.32), indicating more dynamic CO2 adsorption 

and intermediate conversion processes during CO2 hydrogenation. 
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Figure 5.31. (a) DRIFTS spectra of Pr0.5Ce0.5-Ni and BZCYYb4411-Ni to probe the products and 

intermediate species in CO2 and H2 atmosphere; The samples were first reduced at 600°C for 1 h 

and cooled down to 30 °C under H2. The atmosphere was then changed to ultrahigh purity (UHP) 
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Ar to collect the background. Then the temperature increased to 400 °C at a ramping rate of 

10°/min. The feeding gas was changed from UHP Ar to 10 sccm CO2, 10 sccm H2, and 20 sccm 

Ar. The spectra were collected after reaching equilibrium. (b) enlarged view of the CH4-related 

region in (a); (c) enlarged view of the CO-related region in (a); DRIFTS of CO2 hydrogenation 

over the carbonate bands in the catalyst of (d) Pr0.5Ce0.5-Ni, Ce-Ni, and BZCYYb-Ni at 400°C; (e) 

temperature-dependent (250 to 500 °C) DRIFTS behavior of (e) Pr0.5Ce0.5-Ni,(f) Ce-Ni and (g) 

BZCYYb-Ni; (h) time-resolved DRIFTS of CO2 methanation over Pr0.5Ce0.5-Ni at 400°C. The 

samples were first reduced at 600°C for 1 h and cooled down to 30 °C under H2. The atmosphere 

was then changed to UHP Ar. Then the temperature was increased to 400 °C at a ramping rate of 

10° min-1 to collect the background, and the feeding gas was changed from UHP Ar to 10 sccm 

CO2, 10 sccm H2, and 20 sccm Ar.  
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Figure 5.32. DRIFTS spectra of CO2 hydrogenation over full range (4000-800 cm-1) with 

temperature of (a) Pr0.5Ce0.5-Ni, (b) Ce-Ni and (c) BZCYYb4411-Ni. The samples were first 

reduced at 600°C for 1 h and cooled down to 30 °C under H2. The atmosphere was then changed 

to ultrahigh purity (UHP) Ar to collect the background. Then the temperature increased to testing 

temperature (from 300 to 500 °C with a temperature interval of 50 °C) at a ramping rate of 10°/min 

and held at the testing temperature. The feeding gas was changed from UHP Ar to 10 sccm CO2, 

10 sccm H2, and 20 sccm Ar. The spectra were collected after reaching equilibrium.  
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Figure 5.33. time-resolved DRIFTS of CO2 methanation over Ce-Ni at 400ºC. The atmosphere 

was then changed to UHP Ar. Then the temperature was increased to 400 °C at a ramping rate of 

10° min-1 to collect the background, and the feeding gas was changed from UHP Ar to 10 sccm 

CO2, 10 sccm H2, and 20 sccm Ar. 

 

 

The overall CO2 methanation pathways can be summarized as two pathways, i.e., CO* 

pathway (formyl-related) and the formate pathway,41, 197 as illustrated in Figure 5.34 and Figure 

5.35. In the CO* pathway, the adsorbed CO2* is first converted into a carboxyl intermediate 

(COOH*) that subsequently dissociates into CO*, followed by stepwise hydrogenation through 

HCO*, H2CO*, CH2*, and CH3* intermediates toward CH4 formation. In the formate pathway, 

CO2* is hydrogenated to HCOO*, followed by the formation of H2COO* and H2COOH 

intermediates before converging into the common hydrogenation sequence toward CH4. 

BZCYYb4411-Ni shows pronounced temperature-dependent variations in HCO* and HCO3* 
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species but no observable HCOO* features, suggesting that the formyl-related route dominates on 

this catalyst and that HCO* likely behaves as a spectator-like intermediate. 

 

Figure 5.34. Schematic illustrations of the proposed CO2 hydrogenation pathways over 

conventional BZCYYb-Ni and Pr0.5Ce0.5O2-supported Ni catalysts, highlighting the distinct CO*-

mediated and HCOO*-mediated routes toward CH4 formation. 

 

 

Figure 5.35. Schematic illustration of the proposed CO2 hydrogenation pathways over catalysts, 

including the HCOO*-mediated and CO*-mediated reaction routes toward CH4 formation. 
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For Pr0.5Ce0.5-Ni catalysts, the metallic Ni facilitates efficient H2 activation, while the 

enriched oxygen vacancies and stronger basic sites that facilitate CO2 adsorption and activation. 

This synergistic metal-support interaction is directly reflected in the DRIFTS spectra.186 Pr0.5Ce0.5-

Ni shows a higher concentration of active HCOO* intermediate than BZCYYb-Ni. The HCOO*-

related vibrational bands of Pr0.5Ce0.5-Ni become progressively more pronounced as temperature 

increases, indicating that CO2 hydrogenation proceeds via dual reaction pathways, with a growing 

preference for the formate-mediated route at elevated temperatures. DRIFTS provided strong 

evidence of enhanced formation of CO3* and HCOO* intermediates, consistent with rapid CO2 

adsorption on the basic Pr-doped support and continuous conversion through formate 

intermediates, while the species involved in the CO* pathway were suppressed. These results 

demonstrate that Pr doping not only enhances CO2 adsorption and activation through increased 

oxygen vacancy concentration and basicity, but also promotes a more efficient formate pathway, 

thereby leading to the significantly enhanced CH4 activity and selectivity of Pr0.5Ce0.5-Ni. 

 

 5.4. Conclusion  

A rationally designed Pr-doped CeO2-supported Ni catalyst was developed for high-performance 

CH4-selective CO2 methanation. Compared with the conventional BZCYYb4411-Ni electrode, it 

achieves > 3.5-fold higher CO2 conversion and ~2.1-fold higher CH4 selectivity at 400 °C under a 

CO2:H2 = 1:1, while maintaining stable performance for over 400 h under continuous operation at 

400-500 °C. Beyond performance improvement, this work provides a fundamental understanding 

of how Pr incorporation regulates catalyst structure and surface chemistry. Comprehensive 

structural characterization reveals that successful doping of Pr into the CeO2 lattice balances metal-

support interactions, enhances reducibility, and increases the population of moderate and strong 



142 

basic sites.  More importantly, Operando XPS reveals an increased fraction of Ce3+ species and an 

enrichment of surface oxygen-related components in Pr0.5Ce0.5-Ni. Complementary soft XAS 

confirms that Pr is primarily incorporated as Pr3+, inducing oxygen vacancies via charge 

compensation and tuning the O 2p-Ce hybridization, while moderately modifying the near-surface 

electronic structure of Ni. DRIFTS measurements demonstrate that these electronic and structural 

modulations lead to a mechanistic shift in CO2 methanation. Unlike the conventional 

BZCYYb4411-Ni electrode, which predominantly follows a CO-mediated pathway, the Pr0.5Ce0.5-

Ni catalyst promotes the formation and hydrogenation of reactive formate intermediates, enabling 

a formate-mediated pathway that favors CH4 production. Overall, this work establishes a clear 

structure-property-mechanism relationship, providing fundamental insights into the design of 

advanced catalysts through electronic structure engineering and tuning of metal-support 

interactions. 
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Chapter 6 - Conclusion 

The overall objective of this dissertation was to develop a fundamental understanding of 

proton-related processes and catalytic reaction mechanisms in protonic ceramic materials through 

the integration of operando vibrational spectroscopy, kinetic analysis, and theoretical modeling. 

By combining DRIFTS, ECR, DFT, and advanced structural and electronic characterization 

techniques, this dissertation establishes quantitative relationships between local proton chemistry, 

bulk transport behavior, interfacial reaction pathways, and electrochemical performance. The 

knowledge gained provides important insights into the rational design of high-performance 

protonic ceramic electrochemical devices operating at intermediate temperatures. 

Chapter 3 established a quantitative operando DRIFTS-ECR-DFT framework to 

investigate hydration, dehydration, and H2O/D2O isotope-exchange processes in BZCYYb4411 

proton-conducting electrolytes. Time-resolved DRIFTS measurements demonstrated that both 

hydration and dehydration follow first-order kinetics, while hydration proceeds substantially faster 

than dehydration, exhibiting activation energies of 35.8 and 63.7 kJ mol−1, respectively. Combined 

with DFT calculations, the results revealed the fundamental energetic origins governing proton 

incorporation and release within the perovskite lattice, providing molecular-level understanding 

of proton defect formation and migration. H2O/D2O isotope-exchange experiments further 

revealed a clear directional dependence in proton-exchange kinetics, where the replacement of 

surface hydroxyls by deuteroxyls proceeds more slowly than the reverse process. The persistence 

of residual O-H signals together with the crossover behavior of normalized O-H and O-D 

intensities demonstrated the coexistence of two proton populations consisting of rapidly 

exchanging mobile hydroxyl species and more strongly bound proton species with significantly 

slower exchange kinetics. DFT calculations further showed that D-containing configurations 
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consistently possess lower vibrational free energies than their H-containing counterparts and that 

the magnitude of the isotope effect strongly depends on the local dopant-vacancy environment. 

Complementary ECR measurements demonstrated that bulk hydration kinetics cannot be 

described by a simple one-step water diffusion process but instead follow a coupled two-fold 

diffusion mechanism involving both proton-related and vacancy-related equilibration processes. 

Collectively, this chapter established a quantitative framework linking surface proton chemistry 

with bulk proton transport, providing new mechanistic insights into proton transport in proton-

conducting oxides. 

Building upon the operando methodology established in Chapter 3, Chapter 4 investigated 

how a commonly used sintering additive, Ni, influences proton transport chemistry in BZCYYb 

proton-conducting electrolytes. Operando DRIFTS combined with H2O/D2O isotope-exchange 

measurements revealed that Ni addition significantly slows hydration equilibration, prolongs 

dehydration, and markedly suppresses proton/deuteron exchange kinetics compared with pristine 

BZCYYb. Quantitative kinetic analysis further showed substantially reduced isotope-exchange 

rate constants together with a dramatic reduction in the apparent activation energy from 54.75 to 

9.70 kJ mol−1. These observations suggest that Ni fundamentally alters the rate-limiting step 

governing proton/deuteron exchange, resulting in slower overall proton dynamics with 

considerably weaker temperature dependence. Rather than serving solely as a processing aid for 

densification, Ni was shown to modify proton transport chemistry at the atomic level, highlighting 

an often-overlooked coupling between electrolyte processing and proton transport properties. This 

work therefore extends the operando DRIFTS methodology beyond mechanistic studies toward 

evaluating processing-induced modifications of proton-conducting electrolytes. 
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While Chapters 3 and 4 focused primarily on proton transport within electrolyte materials, 

Chapter 5 expanded the operando spectroscopy approach to investigate catalytic reaction 

mechanisms at functional electrode interfaces. A rationally designed Pr-doped CeO2-supported Ni 

catalyst was developed for highly selective CO2 methanation. Compared with the conventional 

BZCYYb4411-Ni electrode, the optimized catalyst achieved more than 3.5-fold higher CO2 

conversion and approximately 2.1-fold higher CH4 selectivity at 400 °C under a CO2:H2 ratio of 

1:1, while maintaining stable performance for over 400 hours between 400 and 500 °C. 

Comprehensive structural characterization demonstrated that Pr incorporation strengthens metal-

support interactions, enhances catalyst reducibility, and increases the concentration of moderate 

and strong basic sites. Operando XPS and soft X-ray absorption spectroscopy further revealed that 

Pr is predominantly incorporated as Pr3+, generating oxygen vacancies through charge 

compensation and modifying the electronic structure near the catalyst surface. Operando DRIFTS 

demonstrated that these structural and electronic changes fundamentally alter the CO2 methanation 

pathway. Unlike the conventional catalyst, which primarily follows a CO-mediated mechanism, 

the Pr-doped catalyst promotes the formation and hydrogenation of reactive formate intermediates, 

thereby favoring a formate-mediated pathway with significantly enhanced methane selectivity. 

This chapter establishes a direct structure-property-mechanism relationship that provides 

important guidelines for catalyst design through electronic structure engineering and metal-support 

interaction optimization. 

Although the three studies address different scientific questions, they collectively 

demonstrate the capability of operando spectroscopy to quantitatively probe dynamic chemical 

processes in protonic ceramic materials across multiple length scales. Chapter 3 established the 

fundamental understanding of proton incorporation, isotope exchange, and bulk transport in 



146 

proton-conducting electrolytes. Chapter 4 further demonstrated how processing additives can 

modify these proton-transfer processes by altering local kinetic pathways. Finally, Chapter 5 

extended these mechanistic insights from electrolyte proton chemistry to catalytic surface 

reactions, revealing how electronic structure engineering governs reaction intermediates and 

catalytic pathways during CO2 methanation. 

Overall, this dissertation establishes operando DRIFTS as a versatile platform for 

quantitatively investigating dynamic proton-related and catalytic processes in protonic ceramic 

systems. More importantly, by integrating operando spectroscopy with kinetic modeling, 

theoretical calculations, and advanced structural characterization, this work provides a 

comprehensive methodology for correlating atomic-scale structure, surface chemistry, transport 

kinetics, and catalytic performance. These findings offer fundamental design principles for 

developing next-generation protonic ceramic fuel cells, electrolyzers, membrane reactors, and 

related catalytic energy-conversion technologies. 
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Chapter 7 - Outlook 

DRIFTS can offer insights into surface intermediate species involved in catalytic 

processes. Its ability to provide real-time surface chemistry information is essential for 

understanding catalytic reactions and enhancing the overall cell performance of PCCs. However, 

despite its advantages, several challenges and opportunities remain for advancing DRIFTS as a 

technique for intermediate-temperature PCC research. This dissertation has significantly advanced 

the application of operando vibrational spectroscopy for protonic ceramic electrochemical cells by 

establishing quantitative DRIFTS methodologies, integrating H₂O/D₂O isotope exchange with 

kinetic analysis, correlating surface proton chemistry with bulk transport through combined 

DRIFTS–DFT–ECR analysis, and extending operando spectroscopy to catalyst reaction 

mechanisms under realistic operating conditions. These advances demonstrate the capability of 

operando spectroscopy to provide quantitative mechanistic insights across multiple functional 

components of PCCs. Despite these achievements, several important challenges remain and 

provide opportunities for future research: (i) further achieving quantitative analysis capabilities to 

extract more accurate information from IR signals; (ii) extending operando spectroscopy from 

half-cell configurations to fully integrated PCC devices under realistic electrochemical operating 

conditions, including simultaneous current loading, high steam partial pressure, and elevated 

pressure, and allowing for online analysis; (iii) integrating DRIFTS with complementary 

techniques such as mass spectrometry (MS), in situ Raman spectroscopy, X-ray spectroscopy, and 

neutron-based characterization to simultaneously monitor gas products, surface intermediates, and 

bulk structural evolution.; (iv) developing customized DRIFTS devices capable of operating under 

high temperatures, pressures, and complex gas environments; and (v) integrating modeling and AI 



148 

for spectral interpretation and mechanism prediction. These directions collectively aim to deepen 

mechanistic insights and guide materials optimization in PCC systems (Figure 7.1). 

 

Figure 7.1. Opportunities and challenges for applying DRIFTS to PCC research. 

 

 7.1 Quantitative analysis 

The previous discussion reviewed DRIFTS applied to PCCs, with DRIFTS mainly being 

employed as a qualitative method or semi-quantitative in PCCs. . In our work, quantitative 

operando DRIFTS methodologies were established by integrating time-resolved spectroscopy with 

kinetic analysis, H₂O/D₂O isotope exchange, and complementary DFT and ECR approaches, 

demonstrating the capability of DRIFTS to quantitatively investigate proton hydration, 

dehydration, and surface exchange kinetics. These advances significantly expand the role of 

DRIFTS beyond qualitative characterization. 
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Despite this progress, further developments are still needed to fully realize the quantitative 

potential of operando DRIFTS. DRIFTS can be an accurate quantitative tool for operando studies, 

provided that an appropriate analytical transformation of the diffused intensity is used. For 

electrochemical catalysis in PCC studies, quantitative analysis enables researchers to integrate 

spectral data with kinetic models more effectively. However, due to the complexity of diffuse 

reflectance spectra, such as calibration difficulties, baseline drift, and peak overlap, the 

relationship between spectral intensity and surface species concentration is often nonlinear. 

Therefore, calibration curves using reference samples to correlate spectral intensity and eliminate 

background interference should be carefully constructed.  

A sample’s absorbance and spectral properties are related and form the basis for many 

quantitative spectroscopic analyses. For DRIFTS experiments, Kubelka–Munk units and the 

Kubelka–Munk equation are usually used for quantitative analysis83, 94. However, misconceptions 

about Kubelka–Munk methods still exist in DRIFTS studies involving PCCs, even though 

alternative approaches like (pseudo-)absorbance have been proposed83, 94. Most research either 

defaults to the Kubelka–Munk function or uses absorbance log(1/R)) without clear justification, 

and the rationale for selecting a specific intensity transformation function is rarely discussed. 

Studies by Matyshak and Krylov, supported by subsequent research, show that pseudo-absorbance 

offers a more linear relationship with surface concentration in the relative reflectance range of 60–

100%83, 198. This range is relevant to many DRIFTS experiments where absorption by adsorbed 

species is weak. Additionally, the (pseudo-)absorbance method mitigates issues like baseline drift 

during measurements, making it preferable under these conditions. Only when reflectance drops 

significantly (<60%) does the Kubelka–Munk transform become more appropriate83.  
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The choice between using the Kubelka–Munk units and absorbance units is highly 

dependent on the experimental conditions, catalytic reactions, and specific catalysts. For example, 

in Meunier et al.’s study of the RWGS reaction over a Pt/CeO2 catalyst, absorbance units are more 

appropriate when investigating surface species by DRIFTS. The disappearance of the formate band 

(2948 cm–1) was tracked after replacing the reaction feed (1% CO2 + 4% H2 in Ar) with pure 

argon199. When Kubelka–Munk units were used, the formate bands became distorted due to a slight 

baseline shift. In contrast, the absorbance spectra remained well resolved and showed no 

significant distortion for the formate band. This discrepancy primarily resulted from the variation 

in the absorption and scattering properties of the catalyst upon introducing the reaction feed, with 

the reference spectrum being obtained under Ar.  

DRIFTS has been widely used in heterogeneous catalysis to quantitatively analyze surface 

species, offering valuable insights into catalytic mechanisms. For instance, Meunier et al. 

demonstrated this by investigating the reactivity of formate species on a Au/Ce(La)O2 catalyst 

during the WGS reaction200. They prepared standard samples with known sodium formate 

concentrations on a ceria-lanthana support and measured the C-H stretching vibration peak area at 

2830 cm–1 using DRIFTS (Figure 7.2a). In so doing, they established a calibration curve using 

standard samples, creating a linear correlation between the peak area and formate concentration 

(Figure 7.2b) and thereby enabling accurate quantification. Specifically, the peak area of formate’s 

characteristic band (2830 cm–1) is calculated through integration. This peak area is then converted 

into absolute concentration (e.g., mol/g) using the calibration curve. This method leverages the 

high sensitivity of DRIFTS and the precise linear relationship of characteristic peaks, making it a 

reliable technique for the quantitative analysis of surface species. At the same time, it highlights 

the potential of DRIFTS to not only quantify adsorbed species but also elucidate their roles in 
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catalytic processes, significantly advancing our understanding of heterogeneous catalysis. 

However, such comprehensive quantitative analyses are notably absent in the study of PCC 

systems. Incorporating these methodologies into PCC research could provide deeper insights into 

surface reactions and intermediates, paving the way for optimizing performance and stability in 

these systems. This represents a promising direction for future investigations. 

 

 7.2 Operando DRIFTS   

Operando spectroscopy refers to spectroscopic measurements conducted on a sample 

under working conditions, accompanied by simultaneous online product analysis. This term 

differentiates studies where online activity measurements are performed alongside spectroscopic 

measurements (operando DRIFTS) from those where only spectroscopic data are collected (in situ 

DRIFTS)94. More recently, operando DRIFTS has been extended from catalytic reactors to 

electrochemical devices. Meng et al.103 developed an operando DRIFTS platform capable of 

investigating proton-conducting ceramic electrolytes under realistic high-temperature fuel cell 

operating conditions. To the best of our knowledge, this represents the first operando DRIFTS 

study to probe the hydration dynamics of a proton-conducting ceramic electrolyte operating in a 

single-device configuration, enabling direct observation of surface hydroxyl evolution during 

electrochemical operation. This work significantly advances operando spectroscopy by bringing 

spectroscopic characterization closer to practical PCC operating conditions and establishes a 

foundation for investigating electrolyte surface chemistry under realistic electrochemical 

environments. 

However, despite these advances, the development of integrated online analysis remains 

limited. Current operando DRIFTS studies in PCCs primarily focus on spectroscopic observations, 

while simultaneous quantitative analysis of gas-phase products under electrochemical operation is 
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still lacking. The absence of synchronized online product analysis restricts the direct correlation 

between surface intermediate evolution, reaction kinetics, and electrochemical performance. 

Future developments should therefore integrate operando DRIFTS with complementary online 

analytical techniques, such as MS and GC, to enable simultaneous monitoring of surface species, 

gaseous products, and electrochemical responses. Such multimodal operando platforms would 

provide a more comprehensive understanding of reaction mechanisms and degradation processes 

in protonic ceramic electrochemical cells. While DRIFTS measurements under constant current or 

voltage conditions are essential for investigating realistic electrochemical surface processes112, the 

online analysis of reactor effluents offers additional advantages. Firstly, it enables the collection 

of kinetic data directly linked to the simultaneously obtained spectroscopic data, regardless of 

whether the cell operates as an ideal reactor. Secondly, it helps determine whether the activity data 

gathered in the operando reactor are kinetically meaningful by comparing them with data from a 

conventional “ideal” reactor designed for accurate kinetic measurements. This integrated approach 

allows for simultaneous monitoring of surface species via DRIFTS and gas-phase products via 

MS. Such operando setups provide real-time insights into reaction mechanisms, bridging the gap 

between surface processes and catalytic performance. For example, the combination of DRIFTS 

and MS has been effectively used to correlate the evolution of surface adsorbates with the 

production rates of reaction products, enabling a more comprehensive understanding of adsorption, 

desorption, and reaction kinetics on PCC surfaces. In Meunier’s study, DRIFTS, with its shallow 

analysis depth (a few hundred microns), focuses on characterizing surface species at the upper part 

of the catalyst bed199. Meanwhile, MS, located at the reactor exit, detects the effluent’s gas-phase 

composition (Figure 7.2c)199. The integration of in situ MS during steady-state isotopic transient 

kinetic analysis (SSITKA) enables differentiation between primary reaction intermediates and 
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spectator species. This setup simultaneously monitors surface species reactivity via DRIFTS and 

gas-phase product formation using MS during SSITKA. For example, in a study on the water–gas 

shift reaction, the reaction product CO2 was monitored simultaneously via DRIFTS and MS199. 

The DRIFTS signal at the front of the catalyst bed and the MS data at the reactor exit produced 

identical results, demonstrating the complementary nature of these techniques for providing a 

unified understanding of reaction dynamics. Since DRIFTS and MS data correspond to different 

parts of the reactor, ensuring homogeneity in the gas-phase composition along the catalyst bed is 

essential. This alignment ensures that the gas-phase composition observed by DRIFTS at the front 

of the bed matches the composition measured by MS at the reactor exit. DRIFTS can provide 

chemical information and interface with other instruments that offer physical and compositional 

insights on the same sample, with common instruments including TGA, GC, and MS. 

 

 

Figure 7.2. (a) DRIFTS curve for an Au-free Ce (La)O2 material in Ar impregnated with 0.125 

wt.% of formate deposited from sodium formate at 373 K (solid line), and DRIFTS curve for 0.6 

at. % Au + 7.3 at. % La/CeO2 under 2% CO + 7% H2O in Ar at 458 K (dotted line). (b) Calibration 

plot relating to the formate CH stretching band area of the Ce (La)O2 sample impregnated with 
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various loadings of sodium formate. The dotted line is associated with the in situ spectrum shown 

in a. 200. (c) DRIFTS-MS-SSITKA technique for operando investigation. 199.  

 

In addition, direct ammonia protonic ceramic fuel cells (DA-PCCs) have emerged as a 

promising technology for efficient energy conversion201, 202. Ammonia (NH3) is an attractive fuel 

alternative to hydrogen, offering several advantages such as easier storage and transportation, high 

volumetric energy density, and carbon-free composition203. Meanwhile, as a cutting-edge 

electrochemical platform, PCCs can also enable NH3 synthesis under moderate pressures and low-

to-intermediate temperatures, driven by surplus electricity from solar and wind energy4, 203. These 

complementary features make DA-PCC systems highly appealing for affordable energy 

infrastructures. In DA-PCCs, both ammonia activation and proton transport are central to the cell’s 

operation, leading to complex surface chemistry that is not yet fully understood. As discussed by 

Liang et al. in a recent review, key mechanistic insights into ammonia decomposition in protonic 

ceramic fuel cells remain limited, particularly under low-temperature and real operating 

conditions203. In contrast, low-temperature ammonia fuel cells have seen the widespread use of 

DRIFTS to study transient nitrogen-containing surface intermediates (e.g., –NH2, –NH2, N≡N), 

providing valuable insights into ammonia oxidation pathways under operando conditions204. 

However, DRIFTS applications in DA-PCCs are still extremely limited. This highlights a clear 

knowledge gap. Applying DRIFTS to DA-PCCs would be instrumental in elucidating surface 

mechanisms and guiding the rational design of catalytic materials for ammonia-fueled ceramic 

systems. We believe this represents a timely and important direction for future research. 
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 7.3 Complementary techniques 

Combining DRIFTS with other in situ techniques is a promising direction for advancing 

operando/in situ DRIFTS studies, as it can provide a more comprehensive understanding of 

surface chemistry. However, the combination of such techniques has rarely been applied in the 

field of PCCs. Although DRIFTS is a surface-sensitive technique that cannot provide bulk 

structural information, integrating it with complementary techniques such as XRD, TGA, and TPD 

can significantly broaden its utility. For instance, while DRIFTS is limited in its ability to probe 

bulk properties, XRD can effectively provide detailed information about the bulk structure of 

materials, making the combination of these methods highly valuable for comprehensive material 

characterization. As a future direction, these integrated approaches can bridge the gap between 

surface-level DRIFTS data, bulk material characteristics, and theoretical understanding, leading to 

more significant insights that will advance the existing understanding of their mechanisms and 

enhance performance. 

In addition, despite its numerous successful prior applications, DRIFTS faces several 

inherent limitations when applied to high-temperature PCC environments. One of the major 

challenges is thermal radiation from the sample and surroundings, which can introduce significant 

background interference and complicated spectral interpretation. Additionally, prolonged 

exposure to elevated temperatures can degrade IR-transparent window materials, reducing optical 

transmission and decreasing the signal-to-noise ratio. Evidence suggests that KBr and CaF2 are 

commonly used as window materials due to their good infrared transparency81, 82, 143. However, 

both exhibit limitations under harsh conditions. KBr is highly hygroscopic, and CaF2 may undergo 

structural degradation in reactive atmospheres or elevated temperatures. The choice of window 

material can thus directly affect the accuracy, stability, and reproducibility of DRIFTS 
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measurements under operando conditions. To ensure reliable spectral acquisition, careful control 

of environmental parameters and periodic calibration are required. Coupling DRIFTS with 

complementary techniques such as MS, in situ Raman spectroscopy, or synchrotron-based infrared 

sources may help overcome these limitations. Such multi-modal approaches offer more robust 

insights into surface reaction mechanisms and can improve confidence in the interpretation of data 

obtained under realistic PCC operating conditions205-207. 

 

 7.4 Customized equipment  

Current commercial DRIFTS equipment is primarily designed for low-temperature 

systems, posing challenges for studying specific intermediate-temperature PCCs. Generally, PCC 

operation requires intermediate-temperature conditions, a controlled gas atmosphere, and the 

simultaneous application of electrical current. Furthermore, PCCs for power generation or energy 

storage must be sealed within a specialized fixture to ensure gas-tightness and maintain separate 

working atmospheres for the oxygen and hydrogen electrodes, which introduces additional 

complexities for designing custom DRIFTS chambers. Therefore, appropriately modified 

commercial equipment is needed to fully utilize DRIFTS in the analysis of PCCs. For example, 

the design incorporates a sealable button cell holder that separates the two working electrodes and 

allows the application of external voltages or currents. By enabling measurements through 

charging or discharging, this platform helps probe real electrochemical working conditions. It is 

expected to reveal potential links between surface species behavior and device-level performance 

and holds strong potential for advancing operando spectroscopic techniques in future PCC 

research. 
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 7.5 Modeling and machine learning 

The interpretation of DRIFTS spectra often involves complex, overlapping vibrational 

features, making it challenging to unambiguously identify surface species and reaction 

mechanisms using conventional analysis methods. To overcome these limitations, integrating 

computational modeling and machine learning (ML) with DRIFTS has emerged as a promising 

approach to enhance interpretability and predictive accuracy, thereby accelerating material 

discovery and optimization. 

Computational modeling methods, particularly DFT, have traditionally provided 

theoretical benchmarks for assigning vibrational modes observed in DRIFTS experiments32, 38, 42, 

208. In previous sections of this review, we primarily discussed the use of DFT modeling to 

calculate reaction pathways and adsorption energies, showing how it significantly aids in revealing 

catalytic mechanisms. Beyond these applications, DFT also plays a vital role in simulating 

molecular structures and their corresponding vibrational frequencies. These theoretical simulations 

confirm the presence and nature of experimentally observed surface species and intermediates, 

providing additional confidence in spectral assignments. Moreover, DFT enables the prediction of 

the adsorption geometries, binding energies, and vibrational behavior of molecules adsorbed on 

surfaces, thus delivering the comprehensive theoretical foundation essential for accurately 

interpreting experimental DRIFTS spectra. Additionally, advanced simulation techniques such as 

ab initio molecular dynamics (AIMD) can further capture dynamic aspects of surface reactions 

under realistic operating conditions, thereby deepening the mechanistic understanding derived 

from operando DRIFTS data. 

Recently, ML approaches have further advanced this capability by extracting quantitative 

structural and compositional information directly from experimental spectral data209-211. A 



158 

representative example is the work by Usoltsev et al., which demonstrated the use of ML 

algorithms trained on the DRIFT spectra of CO adsorbed on palladium hydride (PdHx)
212. Their 

models successfully predicted key structural descriptors such as hydride stoichiometry and Pd–Pd 

interatomic distances with high accuracy. Figure 7.3a illustrates the experimental DRIFT spectra 

collected under varying hydrogen pressures, clearly showing spectral shifts correlated to hydride 

formation. Figure 7.3b provides an example of the descriptor selection process used for 

experimental spectra, illustrating how spectral peaks and their positions are identified and 

parameterized through Gaussian fitting, which serves as a critical preprocessing step enabling the 

effective training and performance of the ML model. Figure 7.3c validates the high predictive 

accuracy of the ML model, displaying strong correlations between ML-predicted and 

experimentally measured structural descriptors, specifically Pd–Pd interatomic distances and 

lattice constants. The integration of ML in this manner not only automates spectral interpretation 

but also directly yields quantitative insights into structural transformations, surpassing the 

limitations of traditional analytical methods. 

 

Figure 7.3. Integration of ML with DRIFTS for quantitative structural analysis of PdHx. (a) 

Experimental DRIFT spectra collected under varying hydrogen pressures. (b) Descriptor selection 

and Gaussian fitting of spectral peaks. (c) ML model validation, showing excellent correlation 
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between predicted and experimentally measured structural descriptors of Pd–Pd interatomic 

distances. 212.  

However, challenges remain before we can fully realize the potential of modeling and ML 

in DRIFTS analysis. These include the need for large, high-quality training datasets, ensuring the 

generalizability and robustness of ML models, and developing explainable artificial intelligence 

approaches to maintain interpretability. Future research should focus on addressing these 

limitations through improved experimental–computational workflows and interdisciplinary 

collaboration, unlocking new opportunities for accelerated materials discovery and deeper 

mechanistic insights into PCCs and related electrochemical systems. 
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