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Abstract

:

In the future, when fossil fuels are exhausted, alternative energy sources will be essential for everyday needs. Hydrogen-based energy can play a vital role in this aspect. This energy is green, clean, and renewable. Electrochemical hydrogen devices have been used extensively in nuclear power plants to manage hydrogen-based renewable fuel. Doped zirconate materials are commonly used as an electrolyte in these electrochemical devices. These materials have excellent physical stability and high proton transport numbers, which make them suitable for multiple applications. Doping enhances the physical and electronic properties of zirconate materials and makes them ideal for practical applications. This review highlights the applications of zirconate-based proton-conducting materials in electrochemical cells, particularly in tritium monitors, tritium recovery, hydrogen sensors, and hydrogen pump systems. The central section of this review summarizes recent investigations and provides a comprehensive insight into the various doping schemes, experimental setup, instrumentation, optimum operating conditions, morphology, composition, and performance of zirconate electrolyte materials. In addition, different challenges that are hindering zirconate materials from achieving their full potential in electrochemical hydrogen devices are discussed. Finally, this paper lays out a few pathways for aspirants who wish to undertake research in this field.
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1. Introduction


As a result of the Industrial Revolution and technological advancements, the globe requires alternative energy sources to supply the ever-increasing demand for energy [1,2,3]. In addition, With the rapid depletion of fossil fuel resources and the negative impact of fossil fuel combustion on our environments [4,5,6,7], scientists have turned their attention to other renewable sources, such as electrochemical hydrogen devices based on proton-conducting materials [8,9,10,11]. Proton conductors typically have positively charged protonic species, such as H+, H3O+, and NH4+ [12,13]. Proton-conducting materials provide higher conductivity at lower temperatures with longer lifetimes and less expense than traditional oxide ionic electrolyte conductors [14,15]. In addition, these conductors lose conductivity at higher temperatures due to reversible or irreversible loss of carriers [16]. These characteristics enable these materials to operate at narrow ranges of temperature.



Proton conductors can be used in various electrochemical energy devices, such as batteries, fuel-cell electrolytes, water electrolyzers’ membrane, hydrogen pumps, hydrogen sensors, and hydrogen gas separation systems [17,18,19,20]. Organic polymer, inorganic oxides, and lattice defect oxides are examples of the different types of proton conductors. Compared to the other proton conductors, lattice defect-type oxides, i.e., perovskite-type proton-conducting oxides, are the promising proton conductors due to having the highest proton conductivity and chemical stability within desired temperatures [12,21,22]. A typical chemical formula of a perovskite proton conductor is ABO3 (A = Ba, Ca, Sr, etc.; B = Zr, Ce, Tb, Th, etc.) [23,24]. In addition, perovskite materials have higher conversion efficiency and are less expensive than other proton conductors [25,26]. These unique properties of perovskite materials have increased their utility in renewable energy applications, especially in solar cells [27]. Among different types of perovskite proton-conducting materials, zirconate materials are the most widely studied/used due to their high chemical stability and excellent proton conductivity [16,28,29,30].



Zirconate materials such as BaZrO3-based materials are considered promising proton-conducting materials and are widely used in chemical and electrical sectors. However, many studies have shown that cerate-based proton conductors such as BaCeO3 have high proton conductivity among perovskite-based materials [12]. The drawback of BaCeO3-based materials is that they are unstable in CO2 and water vapor atmospheres, making them unsuitable for applications [31,32]. In contrast, BaZrO3-based proton conductors are stable in CO2 and water vapor environments which are attractive properties for electrochemical device application in harsh atmospheres [25]. Moreover, BaZrO3-based materials have better physical properties, including chemical stability and higher mechanical hardness than BaCeO3-based proton-conducting material [33]. Ken Kurosaki et al. reported that BaZrO3 exhibits high thermal conductivity due to the high strength between Zr and O [34]. However, the BaZrO3-based proton conductor’s proton conductivity is lower than the BaCeO3-based proton conductor, which can be improved by doping with trivalent cations such as Gd3+, Y3+, In3+, Yb3+ [35,36]. Pergolesi et al. have reported that Y3+ doped in BaZrO3 enhances chemical stability, but the poor sinterability increases grain-boundary resistance, which is responsible for reducing proton conductivity [37]. Therefore, the sintering temperature must be increased with decreased grain-boundary resistance to improve electrical properties in zirconate-based proton conductors [38]. Recent research has shown that In-doped zirconate-based perovskite proton conductors exhibit better sintering activities with excellent chemical stability [39]. Consequently, experiments with different doping concentrations and synthesis methods are used to develop high-performing doped BaZrO3 material.



Zirconate materials have low thermal conductivity, low dielectric loss, and very low thermal expansion coefficient [16,40,41], making them more favorable for electrochemical devices than other proton-conducting oxide materials. Furthermore, compared to other proton-conducting materials in hydrogen sensors, zirconate-based hydrogen sensors have been demonstrated to be affordable, portable, and temporally correct due to their high chemical stability, smaller dimensions, and cheapness [16,42]. Hydrogen can be separated in zirconate-based proton conductors in a controlled way simply by changing the applied current in the electrochemical cell; thus, they can be utilized as hydrogen pumps [16]. Zirconate proton conductors can be used as membrane separators at high temperatures, enabling them to act as a sensitive tritium monitor system [43]. Such a device is helpful in removing inference from radionucleotides and concentrating tritium, since it can operate like an electrochemical hydrogen isotope pump [43]. In addition, tritium release has been reported in zirconate proton-conducting material spheres as far back as 30 years ago, and scientists are making more advancements in that technology [44,45,46,47,48,49]. Research has established the reputation of zirconate materials as an efficient tritium recovery system. As a result, zirconate materials have garnered significant interest in the scientific community, and they have published numerous articles about their work. However, none of the papers go into depth about the utility of zirconium proton conductors in electrochemical device applications.



This comprehensive review discusses various aspects and potential of zirconate proton conductors in electrochemical device applications. The first section presents a short overview of proton-conducting zirconates and electrochemical hydrogen devices, including tritium monitoring systems, tritium recovery systems, hydrogen sensors, and hydrogen pumps. In the following section, we broadly discuss recent developments and potential of zirconate-based proton conducting materials used as an electrolyte in the application of electrochemical devices. The prospects and challenges of zirconate proton conductors in electrochemical applications are discussed in the final section of the review (Figure 1) based on the published literature and the authors’ experience.




2. Proton-Conducting Zirconates


Perovskite proton-conductor oxides, i.e., zirconates and cerate-based materials, are well-known proton conductors for electrochemical device applications due to their excellent physical properties [14,50]. BaZrO3 is a promising zirconate proton conductor widely used in refractory and electrical sectors. This material has excellent stability in a harsh environment, low proton migration, high melting temperature, high thermal expansion coefficient, excellent structure, and mechanical properties at high temperatures [51,52]. Furthermore, BaZrO3 does not show any phase transition between low and high temperatures, making it suitable for electrochemical devices, including tritium monitoring systems, tritium recovery systems, hydrogen sensors, and hydrogen pumps [46,53,54].



Although cerate-based proton conductor like BaCeO3, has the highest proton conductivity among other proton-conductor materials, it is unstable in water vapor and CO2 atmosphere, whereas BaZrO3 materials show stability in harsh weather (water vapor and CO2) [16]. Alkaline earth zirconates, such as those found in CaZrO3, BaZrO3, and SrZrO3, are typically more chemically stable and have more mechanical strength than alkaline earth cerate ceramics [55,56]. Many studies have shown that doping with BaZrO3 can enhance proton conductivity and high chemical stability. The general formula of doping zirconate is AZr1-xDxO3−δ, where trivalent dopant D is used to replace the tetravalent Zr to create oxygen vacancy, which is crucial for proton-conduction perovskite (ABO3) lattice structure [57]. The proton conductivity of the BaZrO3 is greatly affected by the type and amount of the dopant used in the barium zirconate. With increasing Zr materials, the electrolyte sintering temperature is also increased, and as a result, the ionic conductivity is decreased [58]. Moreover, BaZrO3 has high grain-boundary resistance which hinders electrochemical applications. Therefore, to improve the proton conductivity, it is essential to maintain a minimum grain-boundary resistance and high sintering temperature [59,60].



Studies have shown that Y-doped BaZrO3 (BaZr1−xYxO3−δ) exhibits excellent chemical stability with high proton conductivity [61]. For example, Liu et al. investigated BaZr1−xYxO3−δ electrolyte by partially replacing Zr4+ with neodymium (Nd3+) to enhance the sinterability and conductivity of the electrolyte [62]. The results showed that BaZr0.7 Nd0.1YxO3−δ had higher proton conductivity than BaZr1−xYxO3−δ electrolyte and that Nd3+ doping increased the chemical stability. However, neodymium (Nb) is a rare-earth element and expensive, which is not feasible for commercial application. On the other hand, mixed BaCeO3-BaZrO3 with dopant shows higher chemical stability but enriched Zr, restricting applications due to poor sintering and high grain-boundary resistance [63,64]. Therefore, further modification is required in zirconate to improve its proton conductivity with suitable stability for electrochemical application.




3. Electrochemical Hydrogen Device


Electrochemical devices are an essential scientific innovation enabling the development of an electric vehicle for the future. The principles of electrochemistry have materialized in hydrogen storage [65], hydrogen sensor [66], and hydrogen compressor [67] applications, as well as different chemical sensor applications. The basic electrochemical hydrogen devices have the following components: anode (electrode), electrolyte (proton-conducting solid), and cathode (electrode) (Figure 2) [68]. Electrochemical hydrogen devices use two fundamental principles: electromotive force (EMF) and the hydrogen transport phenomenon of the electrolyte. Recently, electrochemical devices have extensively used proton-conducting zirconates [16]. The small radius of protons enables the ions to fit into the interlayer structure of the cathode.



These electrochemical devices utilize EMF the same as the principle of galvanic cells. The device is called a hydrogen sensor when EMF is used to produce signals. On the other hand, if the EMF force of the electrochemical cell is used to separate hydrogen, it is called a hydrogen pump. Radioactive isotopes like tritium (3H) can be separated using the same principles. An electrochemical reactor is necessary to convert water vapor and methane to tritium. Similarly, tritium can be monitored as a function of applied current, thus making this electrochemical device a platform for tritium monitoring. Moreover, separating radioactive molecules like Rn and enrichment of tritium can be effective for lower levels of tritium detection [69].



3.1. Tritium Monitoring Systems


From the public perception and safety-management perspectives of a fusion test facility, tritium monitoring faces unique and hazardous challenges. In that sense, detecting low levels of tritium has been one of the critical issues for the facilities that handle tritium. Tritium monitoring fulfills the purposes of (a) removal of interference of other radioactive materials, (b) discriminating between tritiated water vapor (HTO) and tritium molecules (HT), and (c) enrichment of tritium [70]. Usually, tritium monitors are constructed by combining an ionization chamber with semipermeable polymer membranes, such as silicone, Nafion, perfluorosulfonic acid resin, amide, etc. [71], which is used to selectively remove radioactive interference like radon and other chemical forms of tritium. The application of an electrochemical hydrogen pump using a proton-conducting oxide has also been proposed as a membrane separator [69]. Proton-conducting ceramics have unique characteristics that enable them to extract hydrogen from water vapor when DC current is passed through them at higher temperatures [71]. Among the proton-conducting ceramics, zirconates have shown the most promise because of their capability of higher hydrogen extraction. However, even within zirconates, CaZr0.9In0.1O3−α and SrZr0.9Yb0.1O3−α have shown the most potential as a tritium monitoring device, and their feasibility has been tested under various atmospheres and temperatures [72].




3.2. Tritium Recovery System


In a nuclear power system, especially in fusion reactors, tritium and its related compounds must be recovered for efficient recycling and radiation safety [73,74,75,76,77,78]. Typically in a fusion reactor, the radioactive isotopes are burned in high-temperature plasma, purged in an inert gas environment, recovered in a trap, and stored in a metal particle bed before being injected into the chamber again [79]. However, in more recent times, electrochemical cells have revolutionized the tritium fuel cycle and tritium recovery system [79]. The driving force of tritium transportation is enabled by electrochemical hydrogen (and related isotopes) transportation, whereby appropriate conductors can create the correct potential difference, which in turn can extract tritium selectively from a mixture of radiation gases [80]. Proton-conducting ceramic cells, mostly zirconates, have great potential to convert tritium (and related molecules) to electricity and vice versa so that they could be used for tritium (and other hydrogen isotopes) extraction [79]. Among the zirconate proton conductors, calcium and strontium zirconates are most widely used for their high conductivity and superior transfer properties [79,81]. Calcium zirconate with indium doping (CaZr0.9In0.1O3−α) is used in electrochemical tritium extraction cells [82], whereas strontium zirconate with ytterbium doping (SrZr0.9Yb0.1O3−α) is used in porous (Ni/SiO2 and NiO/SiO2) electrochemical cells at 600–700 °C for tritium recovery [79].




3.3. Hydrogen Sensors


Hydrogen is one of the promising alternatives to fossil fuels because of its high efficiency and positive environmental impact. The rapid expansion of hydrogen in the energy market is becoming critically important for accurately sensing hydrogen in all its forms. Monitoring hydrogen can help prevent the formation of explosive/flammable/combustible mixtures. Other hydrogen sensors are used in various metallurgical processes and industrial chemical refineries [83]. Standard hydrogen sensors can detect the presence of hydrogen gas at the parts per million (ppm) level [84]. Even though electrochemical, electrothermal, optical, and even acoustic sensors are available in the market, electrochemical sensors are the most affordable, portable, and temporally stable [16].



Interestingly, proton-conductor ceramic materials have been used as electrolyte materials in electrochemical hydrogen sensor cells. Because of the ease of synthesis and flexibility in the temperature range, zirconate proton-conducting ceramics have been most widely used [85]. Earlier studies have reported that calcium-based zirconates (CaZrO3) doped with indium (In), manganese (Mg), and scandium (Sc) can enhance physical and chemical properties, including proton conductivity and chemical stability [85,86,87]. These electrolytes can be used in conjunction with other sensing electrodes [83] and can act as self-reference electrodes [88]. These hydrogen sensors exhibit suitable sensing in various temperature ranges [89] and have superior reproducibility and stability [83].




3.4. Hydrogen Pumps


Hydrogen pumps are an essential tool used exclusively in nuclear reactor facilities, usually in the tritium recovery process. Hydrogen pumps provide advantages like minimal toxic emissions, carbon-free sustainability, and a cheaper renewable energy source. Several methods have been employed to materialize a hydrogen pump, for example, cryogenic distillation and pressure swing adsorption [90]. However, the most straightforward path for a hydrogen pump is through electrochemical cells [16]. When a direct current is delivered to the proton-conducting electrolyte, hydrogen at the anode is ionized to form protons in the electrolyte [16]. The electrolyte layer transforms the proton into hydrogen gas as it passes toward the cathode (Figure 2). This approach utilizes separated hydrogen in a regulated manner by applying an electrolyte current.



Proton-conducting perovskite oxides such as barium zirconate (BaZr0.1Ce0.7Y0.2O3−δ), calcium zirconate (CaZr0.96In0.04O3), and strontium zirconate (SrZr0.9Y0.1O3−α) are used as an electrolyte layer, and hydrogen is produced in the cathode [90,91,92]. Even though cerate-based perovskites can also be used as an electrolyte, cerate easily reacts with H2O and CO2 (usually present in the by-product gases) [92]. Because of the chemical stability and relative reactivity against carbon dioxide, zirconate-based perovskites like doped strontium zirconate with yttrium have been usedan electrolyte with palladium electrodes and utilized as a hydrogen pump [92]. To a similar end, scientists have used ytterbium doping for a similar hydrogen pump mechanism with Ni/SiO2 porous electrodes [79]. Zirconate perovskites also have higher mechanical strength than their cerate counterparts, which gives durability in harsh nuclear fusion environments.





4. Electrochemical Device Applications


The recent progress of zirconate-based materials as an electrolyte in electrochemical device applications, namely, tritium monitoring, tritium recovery, hydrogen sensor, and hydrogen pump systems, their performance and improved properties are discussed and presented in the following section.



4.1. Tritium Monitoring Systems


Due to their potential radioactive properties, low-level tritium detection is an imperative issue in tritium handling facilities. Recently, the development and utilization of various types of tritium monitors to control the background count of radiation, detection between HTO and HT, and tritium enrichment have been reported. Tanaka et al. (2004) [70] studied the extraction of hydrogen using argon with 20.7% oxygen content as fed gas to the anode under a wet air environment. The purpose of using this type of gas composition was to reproduce the operating environment of the tritium stack monitor. In addition, pasted platinum electrodes have been used, as the hydrogen evolution rate decreased under a wet oxygen environment for plated platinum electrodes [81]. The performance of the hydrogen pump was evaluated in terms of temperature, water vapor partial pressure, and gas flow rate. First, fed gas was supplied to the anode at 600, 700, and 800 °C, 3.5 V, and 91 mL/min. It was observed that the hydrogen evolution rate did not start before 700 °C. However, the maximum evolution rate was found to be 0.64 mL/min at 800 °C, and the rate of hydrogen recovery was 58%. Another parameter, e.g., proton transport number, which refers to the ratio of protonic current to total current, has been reduced to 0.52 due to electron-hole migration through an electrolyte with the proton. Under the above conditions, the hydrogen evolution rate was observed as 0.65 mL/min and 0.52 mL/min for a gas flow rate of 137 mL/min and 47 mL/min, respectively. However, the hydrogen recovery rate was much higher for 47 mL/min, e.g., 96%, whereas for 137 mL/min, it was only 38%. The dew point of water vapor was reduced to around 0.042%. Furthermore, the hydrogen evolution rate depends on water vapor partial pressure. It was reported that the hydrogen evolution rate and recovery rate were 0.67 mL/min and 60%, respectively, for 1.2% water vapor. The evolution rate increased by 1.15 times when water vapor partial pressure changed from 0.86 to 1.2% at 91 mL/min. As such, it is imperative to consider the fluctuation of the hydrogen evolution rate during the design of a tritium monitor using proton-conducting oxide. Figure 3 shows a typical schematic of a tritium monitor with proton-conducting material [70].



In another study, Tanaka et al. (2005) [72] investigated the effect of electrode attachment procedures on hydrogen extraction from exhaust gas mixture (methane, hydrogen, and water vapor) by using CaZr0.9In0.1O3−α/SrZr0.9Yb0.1O3−α. The plated platinum electrode (4 µm, 1 µm thickness) and pasted platinum electrode were used to evaluate the performance of the hydrogen pump. To simulate the exhaust gas composition, argon gas containing 0.1% H2, 0.1% CH4, and 1.2% H2O-vapor was used as fed gas at 2 V. It was found that, at 800 °C, the evolution rate of hydrogen was 0.16 mL/min [93] for pasted electrodes, whereas for plated electrodes (4 µm), it was 0.46 mL/min, and 0.74 mL/min by CaZr0.9In0.1O3−α and SrZr0.9Yb0.1O3−α, respectively. The lower hydrogen evolution rate for pasted electrodes was attributed to methane oxidation, where the water vapor’s electrolysis produced oxygen, but for plated electrodes, the decomposition of methane and water vapor enhanced the hydrogen concentration (to 0.5%) on the anode side, leading to a higher evolution rate of hydrogen. On the other hand, in water vapor electrolysis with SrZr0.9Yb0.1O3−α electrolytes under a wet argon environment, the total current increased, but the hydrogen evolution rate was not increased for plated platinum electrodes (4 µm). The flow of electron holes through the electrolyte along with proton was the reason for this phenomenon. Porous pasted electrode and plated electrode (1 µm) may reduce electron-hole flow and increase proton flow by providing a better diffusion path for oxygen from the electrode–electrolyte interface to the outside of electrodes. Therefore, the pasted platinum electrode is useful for H2O-vapor, whereas the plated platinum electrode is useful for H2 and CH4.



Later, Tanaka et al. (2006) [71] studied the effect of a combination of a pasted platinum electrode as an anode and a plated platinum electrode wrapped with gold mesh as a cathode with CaZr0.9In0.1O3−α electrolyte in a hydrogen pump. During performance testing, wet argon gas (1.2% water vapor) with 20% oxygen was supplied to the anode, and dry argon gas to the cathode at 100 mL/min, 923 K, and 2 V. In these conditions, the maximum evolution rate of hydrogen was observed due to the flow of current through the whole surface of the cathode (Figure 4a) [71]. Afterward, hydrogen enrichment in a closed-loop system was executed using this setup. Different percentages of water vapor concentration—0.7%, 0.86%, 1.2%, and 1.7%—were tested (Figure 4b) [71]. With the increase in water vapor concentration, the current decreased slightly, enriched hydrogen concentration increased, and the hydrogen evolution rate decreased with time. The enhancement in hydrogen concentration can be depicted by the increase in proton conductivity, which eventually decreases total conductivity. The reduction in the H2-evolution rate was demonstrated by the enhancement of electrochemical hydrogen potential on the cathode side, so the performance of the hydrogen pump was not improved by hydrogen concentration enrichment below 1.7% in the closed-loop system. It was also reported that for extracting full water vapor under the described experimental conditions, the required electrode is 75 cm2.



Tanaka et al. (2008) [94] also designed a tritium monitor prototype with a closed-loop system consisting of CaZr0.9In0.1O3−α as an electrochemical hydrogen pump. The performance of the hydrogen pump was assessed at a temperature range of 873 to 1073 K by water vapor electrolysis. It was found that the proton transport number decreased at high temperatures, so for extracting hydrogen, a high temperature was not required. In addition, to extract a large amount of hydrogen, a large current was required to pass with a thin specimen consisting of a large surface area while lower voltage and temperature can be maintained to protect the cell from being damaged. By satisfying these conditions, at 973 K, 0.5 A, and 0.5 mm thickness, the rate of hydrogen extraction was reported as 1.8 cm3/min. Further increase in current caused a reduction in proton transport numbers, which can be attributed to the reduction in H2O-vapor partial pressure, rise in oxygen partial pressure in the anode, and an electron hole in a defect equilibrium reaction. Voltage decreased with increasing current. Furthermore, in the closed-loop system, the concentration of hydrogen was reported as 6% after 50 min at 0.625 A, 973 K.



To improve the performance of the hydrogen pump, Tanaka et al. (2008) [69] introduced a proportional countertype tritium monitor consisting of CaZr0.9In0.1O3−α using HTO vapor to extract HT. After the extraction, HT was carried out by a metal bellow pump, followed by mixing with air and p10 gas. Then, the pulse count of the tritium monitor was recorded and converted to the tritium concentration. Experimental conditions were 973 K, electrode area 62 cm2, feed gas flow rate 300 cm3/min, and 10 cm3/min for anode and cathode, respectively. The extraction was performed and controlled by an electric current, and the evolution was reported in terms of current density. It was reported that tritium concentration increased with current density. Nevertheless, at a constant current density, tritium concentration increased, whereas the hydrogen recovery rate decreased with increasing water vapor partial pressure on the anode side (Figure 5a) [69]. This phenomenon can be demonstrated by the inverse relationship of the hydrogen recovery rate with water vapor partial pressure [95] In addition, the measured concentration of the tritium using the proposed tritium monitor was 15% higher than the introduced concentration. Figure 5b shows the relationship between the tritium concentration in the compartmented anode and the estimated tritium concentration [69].



Tanaka et al. (2011) [43] designed a tritium monitor to extract the hydrogen and tritium over 873 K to 1073 K. In this process, the electrolysis of HTO was achieved by a hydrogen isotope pump that used CaZr0.91In0.1O3−α as a membrane separator. It was observed that the maximum evolution rate of both hydrogen and tritium was at 973 K. The decreasing solubility of proton and electrode reaction’s kinetic demonstrated a lower evolution rate at a higher temperature (>973 K). In the hydrogen isotope pump, the effect of isotope was found, which was attributed to the lower T/H ratio on the cathode side than the anode side, while on the anode side the T/H ratio was extremely low. This low T/H ratio also confirmed the possibility of extracting the tritium gas with hydrogen. In order to reduce the isotope effect, it was suggested by the research group to use a large electrode area so that the applied current can be increased, which eventually leads the hydrogen recovery rate to unity. Table 1 shows zirconate-based tritium monitors along with their relevant parameters.




4.2. Tritium Recovery Systems


Tritium recovery from exhaust gas is an important issue for nuclear fusion reactors. For this purpose, the palladium membrane is commercially used as a diffuser, but researchers are looking forward to an alternative due to its high cost and maintenance. Proton-conducting oxides showed promising characteristics in this regard. Tanaka et al. (2004) [93] demonstrated hydrogen extraction using a hydrogen pump consisting of a tube closed at one end made of a proton-conducting oxide as CaZr0.9In0.1O3−α due to its superior stability in the chemical environment and mechanical reliability. It was found that for a gas flow rate of 91 mL/min and fed gas (to anode) with 0.1% hydrogen at dry or wet conditions, experimental results of hydrogen evolution rate showed good agreement with theoretical results for applied voltage 0–3.5 V, except 2.5 V. The evolution rate of hydrogen exceeded the maximum value below 2 V in wet conditions. This phenomenon was demonstrated by the complete extraction of supplied hydrogen followed by the electrolysis of water vapor on the anode side.



On the other hand, for fed gas with 1% H2, the extraction of supplied hydrogen to the cathode side was 17% and 50% for the dry and wet conditions at 3.5 V, respectively. In addition, to investigate the water vapor electrolysis, 1.2% H2O-vapor-carrying argon gas was supplied at different flow rates (47, 91, 137 mL/min) to the anode at 3.5 V. In these conditions, the maximum evolution rate of hydrogen was reported as 0.67 mL/min at 137 mL/min. However, the “current efficiency” decreased up to 80% with current due to the increase in the partial pressure of oxygen and a decrease in the partial pressure of water vapor on the anode side. The contribution of methane decomposition in the evolution of hydrogen in the dry condition with 0.1% CH4 in argon gas was not even observed, whereas in the wet condition, the maximum rate of evolution was recorded as 0.37 mL/min while 3.5 V was applied. It was only 10% of evolved hydrogen on the cathode side. However, the maximum hydrogen evolution rate by CaZr0.9In0.1O3−α from the gas mixture (0.1% H2, 0.1% CH4, 1.2% H2O) was found at 0.34 mL/min under the wet condition and flow rate 91 mL/min. The decomposition of methane under wet conditions was initiated by the produced oxygen from the electrolysis of water vapor after the complete extraction of hydrogen in the anode for the pasted platinum electrode. Figure 6 shows the schematic of a typical tritium extraction system and the response of hydrogen evolution rate against various gases [93].



Later, to enhance the hydrogen extraction rate and electrode reactions for real-time application, Tanaka et al. (2004) adopted a new technique of preparing electrodes that includes electroless platinum plating on yttria-stabilized zirconia (YSZ) instead of using platinum paste [81]. For hydrogen pump and water vapor electrolysis experiments, wet argon gas with and without 1% hydrogen was used as fed gas into the anode. The applied voltage was between 2 and 0 V. SEM showed that the plated electrode surface consisted of small particles and pores of about 10 nm in size, while the pasted surface consisted of 1 µm pores (Figure 7) [80]. It was reported that the hydrogen evolution rate in the hydrogen pump increased by 3.2 times and the current increased by 3.5 times for plated electrodes compared to the pasted one. This phenomenon was attributed to the presence of a highly dense three-phase boundary due to the small particles. On the other hand, in the experiment of water vapor electrolysis, the current increased 1.5 times, but the hydrogen evolution rate decreased by 10%. With the presence of small pores on the plated surface, oxygen cannot diffuse easily into the electrode–electrolyte interface, which eventually increases the partial pressure of oxygen in the anode. As a result, electron-hole current increased, and “current efficiency” became less than unity, so the hydrogen evolution rate decreased.



In another study, Tanaka et al. (2012) [82] investigated the recovery of hydrogen isotope under vacuum on the cathode side using CaZr0.9In0.1O3−α electrolyte with pasted and plated electrode. In addition, the mass transfer process was also evaluated. Experimental results showed that the performance of the hydrogen pumps improved under vacuum. It was demonstrated by reducing voltage between electrodes under vacuum conditions after applying direct current compared to the atmospheric pressure, irrespective of the electrode attachment procedures. Electrochemical impedance spectroscopy (EIS) was used to observe the mass transfer process. Two important impedance parameters, Wsr and Wsc, confirmed that gas diffusivity increases relatively using pasted electrodes under vacuum conditions. Later, the microstructure study found that the larger pore size of pasted electrodes led to better gas diffusivity.



Tirui et al. (2014) [80] also used tube-type CaZr0.9In0.1O3−α to extract hydrogen efficiently and economically by an electrochemical hydrogen pump. According to Faraday’s law, hydrogen extraction was performed from the mixture of He and H2 at a voltage of less than 3.5 V DC. Various parameters, such as hydrogen concentration, temperature, current density, and voltage control hydrogen extraction, were used. It was found that higher hydrogen concentration enhanced the performance of the hydrogen pump. For example, at 2.35 V, 973 K, and 664 ppm, the hydrogen evolution rate was found as 0.0672 mL/min whereas for 2.61 V, 973 K, and 1128 ppm, it was 0.1046 mL/min, which indicates a 55% increase in hydrogen evolution rate. The performance of the hydrogen pump was characterized by the temperature range 873–1073 K, but the maximum hydrogen evolution rate was 0.12 mL/min at 1023 K, while the H2 and current density were 0.12% and 0.113 mA/cm2. Although the maximum H2 evolution occurred at 1.34 V, it coincided with the theoretical value at 1.15 V (Figure 8a). Figure 8b shows the hydrogen evolution rate against the applied current [80]. In addition, under these conditions with the feed gas flow rate of 100 mL/min, the efficiency of hydrogen evolution of the hydrogen pump was recorded as higher than 99%, and the transportation number was around 1.0. Furthermore, the estimated electrolytic current and number of ceramic tubes were reported as 9.46 × 10−3 A and 25, respectively, for the CIPITISE-TSE application at CIAE.



The effect of another proton-conducting oxide, SrZr0.8In0.2O3−α, on the performance of hydrogen pumps under various environments and temperatures (673–873 K) was investigated by Tanaka et al. (2008) [96]. Wet argon was passed to the anode while pressure and current were 1.22 kPa and 75 mA, respectively. Results showed that with the increase in temperature, voltage and proton transport number (PTN) decreased under water vapor electrolysis. Maximum PTN was observed at 823 K and started to decrease with temperature. Similar results were found under these conditions when helium-carrying water vapor and hydrogen were passed to the anode at a pressure of 1.22 kPa and 1 kPa, respectively, but the transport number of oxygen ions increased with temperature. In both cases, mixed conduction occurred, which is responsible for the lower PTN. It was concluded that a higher temperature was not necessary to enhance hydrogen pump performance and a low temperature is practically favorable to reduce the migration of oxygen ions, leading to lower oxide degradation. The authors also studied the impact of oxygen partial pressure on the cathode side on hydrogen pump performance. The pressure was maintained over the range of 0.02 Pa to 1 kPa. It was found that the performance of the hydrogen pumps enhanced with increasing oxygen partial pressure, which can be attributed to the enhancement of proton transport numbers (above 102 Pa) and reduction of voltage. Furthermore, the comparison of the performance of the hydrogen pump based on SrZr0.8In0.2O3−α and CaZr0.9In0.1O3−α was studied during underwater vapor electrolysis at 873 K. Even though both showed mixed conduction at elevated temperatures, proton conductivity and electrical resistance were lower for SrZr0.8In0.2O3−α- than CaZr0.9In0.1O3−α-based hydrogen pumps. These results indicate that proton conductivity is the major parameter to enhance the performance of the hydrogen pump.



Tanaka et al. (2010) [97] also used SrZr0.9Yb0.1O3−α to extract hydrogen from a gas mixture. To simulate the gas mixture present in a hydrogen processing unit, argon gas carrying hydrogen and methane at 0.1 kPa and water vapor at 1.2 kPa were passed into the system at 973 K, 85 cm3/min. The hydrogen and water vapor concentration at the anode outlet was observed as 0.5% and 1%, respectively, while methane was not detected. This phenomenon was successfully demonstrated by the decomposition of methane and part of the water vapor into hydrogen gas. Considering the hydrogen pump composed of 0.5 kPa H2 and 1 kPa water vapor, it was found that with the increasing current density (up to 1.1 mA/cm2) hydrogen evolution rate increased linearly along with the theoretical value. After 1.1 mA/cm2, it increased nonlinearly, but became much smaller than the theoretical values, which depicted the migration of other charge carriers to the proton conductor. However, until 0.4 V, 1.1 mA/cm2, hydrogen extraction to the cathode was executed by hydrogen pumping, while PTN was unity. Then, hydrogen extraction was executed by water vapor electrolysis, and the presence of oxygen was observed at 0.95 V. Later, oxygen supplied electron holes and oxide ions. These carriers are responsible for the reduced efficiency of the hydrogen pump and the reduction of electrolytes. This issue could be solved by reducing the operating temperature to less than 773 K.



Fukada et al. (2007) [79] conducted a study that proposed a ceramic cell with one end closed tube consisting of SrZr0.9Yb0.1O3−α to recover tritium from the exhaust gas. The porous electrodes of this cell were composed of Ni/SiO2 and NiO/SiO2. The fed gas supplied to the anode was wet methane or hydrogen, whereas for the cathode, it was wet oxygen. Results showed that regardless of the supplied conditions (CH4 + H2O, H2 + H2O), all the j-V curves can be correlated by the linear equation V = E0 − jd/σ under direct-current (DC) method or a temperature range 600–700 °C. In addition, EMF (E0) and overall conductivity (σ) were determined in terms of the partial pressure of H2O on the anode side and the temperature. It was observed that the mass transfer process of CH4 + H2O’s products CO and H2 took place by counter diffusion and normal diffusion method, respectively, through the porous anode, which eventually affected E0. Conversely, overall proton conductivity was affected by the reduction reaction rate of oxygen between the interface of ceramic and the cathode NiO/SiO2. This phenomenon was similar for both supplied conditions. Additional tests were conducted by feeding CH4 without H2O into the fuel-cell system. From SEM-EDX, it was found that carbon deposition occurred at the cathode interface, which was not observed with H2O until six months. All these findings depicted the stable operation of SrZr0.9Yb0.1O3−α ceramic cell to extract Q2 (Q = H, D, T) successfully. Table 2 shows different zirconate-based tritium recovery systems and their related parameters.




4.3. Sensor Devices


Perovskite materials such as ACeO3 (where A is either Ba or Sr) can act as a high proton-conducting electrolyte in hydrogen sensor devices, but their poor chemical stability limits their application [98,99]. However, indium-doped CaZrO3 shows better chemical stability than ACeO3 at higher operating temperatures, but has relatively lower proton conductivity [100]. Moreover, the sensing properties of the sensor devices mainly depend on the proton conductivity, and conductivity depends on the doping effect and phase composition. Therefore, the solid-state reaction method produces the In-doped CaZrO3 to improve the sensitivity. Chen et al. (2016) [89] investigated the connection between the calcination temperature and the fabrication of CaZr0.9In0.1O3−δ electrolyte during the solid-state reaction procedure. Figure 9 shows the schematic of the hydrogen sensor and the experiment setup [89]. It was found that CaZrO3 can be produced from ZrO2 and CaO directly at 1000 °C or at two stages creating an intermediate product (CaZr4O9) at a higher temperature of 1000 °C to 1200 °C. The indium-doping process mainly occurs in CaZrO3 between 1200 °C and 1400 °C. From the Emf response of the sensor, the authors found out that the Emf value of the sensor based on CaZr0.9In0.1O3−δ electrolyte is close to the theoretical value and has a proton transport number close to unity (0.95). This proves the excellent sensing capability of the indium-doped electrolyte. On the other hand, due to the lower proton transport number (0.85) and Emf, undoped CaZrO3 does not show good sensing properties.



Matsumoto and Iwahara (2000) [101] developed an electrochemical device that can be used to detect hydrogen and deuterium by using EMFs of cells with the proton-conducting electrolyte CaZr0.90In0.10O3−α. The authors proposed that the EMF of the cell had two components: (1) voltage difference due to the difference in mobility of deuterium and proton, and (2) different reaction rates of D2 and H2 at the platinum electrodes. The EMF measured at 700 °C of the H2 || D2 cell was found to be 16.9 mV which was constant in all atmospheres and similar to a previous study by the same authors [102]. The cell’s EMFs linearly increased with deuterium molar concentration in the H2 and D2 gas mixture. The fabricated hydrogen isotope sensor was very stable and responsive.



Kalyakin et al. (2019) [103] studied amperometric-type hydrogen sensors with CaZr0.95Sc0.05O3–δ electrolyte in the application of humidity analysis. The sensor consists of two electrodes: YSZ having oxygen-ionic conductivity and CaZr0.95Sc0.05O3–δ having protonic and oxygen-ionic conductivity, produced by glycine glycerin nitrate combustion synthesis. The sensor was tested in wet air, with a partial pressure of vapor ranging from 0.025 atm to 0.11 atm. From the voltage-current analysis, it was seen that with the increase of voltage across the electrode of the sensor, the current rises to a limiting value, and the higher the partial pressure is, the higher the limiting current. XRD pattern and SEM showed that CaZr0.95Sc0.05O3–δ crystal has an orthorhombic perovskite structure, and when sintered at 1550 °C, it has well-formed and dense grains with a relative density of 99%, which contributes to its good sensing properties. From the conductivity analysis, the authors noticed that CaZr0.95Sc0.05O3–δ electrolyte shows electronic and ionic conductivity at high temperatures (800 °C), but only ionic conductivity at a lower temperature (600 °C and 700 °C) due to the constant conductivity value over the range of different partial pressure of oxidation atmosphere [103]. It can be concluded from their study that CaZr0.95Sc0.05O3–δ can be used as a mix-ionic conductive electrolyte at relatively high temperatures and in dry oxidation atmospheres.



The performance of amperometric hydrogen sensors primarily depends on the electrolytes and sensing electrodes. Among the proton-conducting electrolytes, In3+-doped calcium zirconate is chemically stable and has been used in hydrogen sensors [104,105]. On the other hand, the performance of nanostructured ZnO as sensing electrodes has been studied recently [106,107,108,109]. Dai et al. (2012) [83] have proposed an amperometric hydrogen sensor with a bilayer proton conducting electrolyte, CaZr0.9In0.1O3−α, and ZnO electrode as sensing materials. Figure 10 shows the fabrication process of the proposed hydrogen sensor [83]. The principle of the sensors is based on current measurement in the case of applied voltage on the nanostructured ZnO anode. From the XRD pattern, it can be concluded that CaZr0.9In0.1O3−α is stable under pure CO2, H2, and wet Ar atmospheres. Arrhenius’s plot of the proton conductivities of the electrolyte shows that it has a good proton conductivity, making it an excellent choice for hydrogen sensors. After using ZnO as a sintering aid in the electrolyte, it is noticed from SEM images that ZnO effectively densifies the electrolyte. ZnO also helps to improve the sensor response by increasing the reaction sites due to its porous nature. I–V characteristics of the sensor exhibit the reversibility property, and the current response increase when the hydrogen concentration changes from 0 ppm to 500 ppm. The amperometric transient graphs show that the response time and recovery time increase with the increase in temperature because of the higher electrochemical kinetics at increased operating temperature. The response/recovery times are inversely proportional to the gas flow rate. Loading of the sensor materials also has an impact on the sensitivity of the sensor. ZnO 5 mg exhibits a higher current response compared to the 2 mg of ZnO loading. The hydrogen sensor is also stable under extended exposure to hydrogen gas at 700 °C. Further research is needed to improve this sensor’s sensitivity and long-term stability.



Ohshima et al. (2010) [110] investigated the transportation of hydrogen through molten salt LiF-NaF-KF (Flinak) by a hydrogen sensor consisting of proton-conducting oxide as a solid electrolyte. At first, the hydrogen sensor was validated by exposing it to an environment of Ar-H2. In this environment, the partial pressure of hydrogen was known. During this test, it was observed that the hydrogen sensor showed stability in Flinak while the temperature was not changing. In addition, the EMF of the sensor showed agreement with the theoretical EMF at this condition. Nevertheless, with the temperature change, the EMF value varied significantly from the theoretical EMF. The temperature change was measured between the free surface and the position where the sensor was immersed. Hydrogen transport through Flinak was controlled by the temperature dependence of Henry’s law. Its value was calculated by using the measured EMF. It was found that Henry’s constant has negative temperature dependence for the transportation of hydrogen through Flinak.



Okuyama et al. (2016) [88] investigated the proton dissolution mechanism and electrochemical properties of a hydrogen sensor with proton-conducting Mn-doped calcium zirconate (CaZr1-xMnxO3-d, x = 0.05, 0.005) electrolyte. The conduction and protonation of the electrolyte were primarily analyzed when the electrolyte was exposed to a hydrogen atmosphere. According to the study of Kurita et al. (2019) [111], when the reference electrode has a low proton transport number, the EMF of the proton conductor mainly depends on the hydrogen activity of the working electrode. Therefore, developing a hydrogen sensor using CaZr1-xMnxO3-d does not require knowing the hydrogen concentration of the reference gas. This allows the electrolyte to serve as a self-standard electrode. Experimental conditions include flowing wet air to the reference electrode and flowing different ratios of hydrogen and argon gas to the working electrode. Electron spin resonance (ESR) analysis suggests that hydrogen flow causes a reduction in manganese ions from Mn3+ to Mn2+. IR diffusion–reaction analysis, which is observed at 3300 cm−1 and caused by O−H vibration, also shows similar spectra, suggesting that from the reduction of Mn ion, CaZr1-xMnxO3-d acquires protons. Hence, conductivity increases with the increased hydrogen flow since the reduction of manganese ions increases proton conduction. The activation energies of conductivity for CaZr0.995Mn0.005O3-d and CaZr0.95Mn0.05O3-d in reducing atmosphere (H2/H2O) are 0.63 eV and 0.66 eV, respectively, whereas in an oxidizing atmosphere (O2/H2O), they are 1.23 eV and 1.10 eV, respectively. This result suggests that the predominant charge carrier differs in these two atmospheres. Moreover, from the EMFs of hydrogen concentration cells, it is concluded that CaZr1-xMnxO3-d exhibits hole conduction in the oxidizing environment during proton conduction in a reducing environment. Table 3 shows the zirconate-based hydrogen sensors and the related parameters.




4.4. Hydrogen Pumps


Hydrogen energy is very environmentally friendly, as opposed to carbon-based fuel (oil, natural gas), which leads to global warming. An efficient method of hydrogen production is an important topic that was investigated by Sakai et al. 2008 [112]. Figure 11 shows the operating principle of the electrolysis mechanism, the SEM characterization of zirconate, and the hydrogen evolution rate for different electrodes [112]. For electrolysis, different kinds of electrode materials were used, e.g., platinum as both cathode and anode, Sr0.5Sm0.5CoO3 (SSC-55) as an anode, Ni with an interlayer of SrCe0.95Yb0.05O3−α (SCYb) as cathode, and SrZr0.9Y0.1O3−α (SZY-91) with partial doping of cerium, i.e., SrZr0.5Ce0.4Y0.1O3−α (SZCY-541) as electrolyte. This type of electrochemical device is known as a hydrogen pump. The proton-conducting electrolyte used in their study was prepared by the solid-state reaction method. To overcome one of the limiting factors of the performance, i.e., overpotentials, the authors used SZY-91 electrolytes with different types of electrodes instead of platinum. When platinum electrodes with SZY-91electrolyte were used for electrolysis, overpotentials were found to be very high, indicating electrolysis’s poor efficiency. This is due to the electric current conduction and ionic currents during the electrolysis process. The authors were not sure whether this electric current is caused by holes or electrons, which makes room for further investigation in the future. When the SSC-55 anode and Ni cathode were used in place of platinum electrodes, the overpotential was significantly lower. SSC-55|SZY-91|Ni cell showed improved efficiency of current. As SCYb was inserted between the electrolyte and Ni cathode, the overpotential of the cathode was significantly reduced, but the hydrogen evolution rate significantly differed from the theoretical value in the high current density region. As such, SZCY-541 was used instead of the SZY-91 electrolyte to improve the current efficiency. In this case, overpotential was slightly smaller than using SZY-91, yet the current efficiency, as well as hydrogen evolution rate, was significantly improved. Therefore, the authors concluded that partial doping of Ce improved the cell’s performance by reducing electric current and enhancing ionic transport.



The performance of a hydrogen pump consisting of proton-conducting oxide SrZr0.8In0.2O3−α under various environments and temperature were investigated by Tanaka et al. (2008) [96]. Performance evaluation of the hydrogen pump was done by passing direct current within the temperature range 673–873 K. Wet argon and hydrogen gas were used as a fed gas at a pressure 1 kPa to the anode side. Results showed that mixed conduction (electron-hole, protonic, oxygen ion) occurred through SrZr0.8In0.2O3−α electrolyte at a higher temperature, but with the increase in temperature, voltage and proton transport numbers decreased under water vapor electrolysis. The maximum proton transport number was observed at 823 K and started to decrease with temperature. Conversely, with the presence of hydrogen on the anode side, the proton transport number of oxygen ions increased with increasing temperature. It was concluded that a higher temperature was not necessary to enhance hydrogen pump performance, and a low temperature is practically favorable to reduce the migration of oxygen ions, leading to lower oxide degradation. The authors also studied the impact of oxygen partial pressure on the cathode side on hydrogen pump performance. The pressure was maintained over the range of 0.02 Pa to 1 kPa. It was found that the performance of the hydrogen pumps was enhanced with increasing oxygen partial pressure, which can be attributed to the enhancement of proton transport numbers (above 102 Pa) and reduction in voltage. Furthermore, the comparison of the performance of hydrogen pumps based on SrZr0.8In0.2O3−α and CaZr0.9In0.1O3−α was studied under water vapor electrolysis at 873 K. Even though both showed mixed conduction at elevated temperatures, proton transport numbers and electrical resistance were lower for the SrZr0.8In0.2O3−α- than the CaZr0.9In0.1O3−α-based hydrogen pump. In addition, Figure 1 clearly shows that for 1.5 V, the protonic current of SrZr0.8In0.2O3−α was 37 mA, whereas for CaZr0.9In0.1O3−α, it was 0.41 mA. In addition, the hydrogen evolution rate was higher for CaZr0.9In0.1O3−α. These results indicate that proton conductivity is the major parameter to enhance the performance of the hydrogen pump.



Sakai et al. (2009) [92] used palladium as an electrode to enhance the performance of the hydrogen pump. Since proton-conducting electrolyte SZY-91 was used, hydrogen was directly produced in the cathode without any separation process. The electrolyte was prepared by solid-state reaction, and palladium electrodes were prepared by a sputtering method to measure the hydrogen evolution rate and screen-printing method to measure the morphological effect of the electrode. In this paper, the electrodes were designed without a three-phase boundary (TPB) to improve the performance, which is a different technique compared to the authors’ previous study [113]. This was possible due to the palladium’s special property, i.e., hydrogen permeability. Since hydrogen ions can easily penetrate the porous palladium electrodes, the authors were able to design the electrodes without TPB, which improved the pump’s performance. The experiment showed that overpotentials at cathode and anode using sputtered palladium electrodes were significantly reduced compared to platinum electrodes. However, the overpotential of the cathode did not reduce as much as that of the anode, so future research is needed to improve the performance of the palladium cathode. When pasted palladium was used as an electrode, cathode overpotential showed a constant nature upon the sintering temperature change. On the contrary, the overpotential of anode sintered at 900 °C showed a higher value while anode sintered at 1400 °C showed almost zero overpotential. From the electrode morphology, the authors explained that in the case of 1400 °C sintering temperature, the electrode was dense and uniformly covered with the electrolyte, which increased the contact area. This indicates that the rate-determining step (RDS) of the anode reaction takes place at the interface of the electrolyte/electrode. Partial pressure of hydrogen did not affect the anode performance. On the other hand, anode sintered at 900 °C was porous, so overpotential was high.



Fukada et al. (2009) [114] studied fuel cells with proton-conducting SrZr0.9Yb0.1O3−α electrolyte to produce hydrogen directly from methane reliably and effectively. They investigated the RDS of mass hydrogen transfer from the anode through the electrolyte to the cathode for the proper design of the hydrogen pump. The experiment was tested with a ceramic tube made of SrZr0.9Yb0.1O3−α and porous Ni/SiO2 electrodes because they are not prone to react with CO2 or CO, and tubes with Ni electrodes are more cost-effective than the platinum electrode. As the moist methane (CH4 + H2O) is supplied to the porous Ni/SiO2 anode, the CH4 dissociation reaction (    CH  4  +      H   2  O = CO + 2  H 2   ) occurs with the steam and produced H2 gathers on the Ni/SiO2 electrode surface. From the Arrhenius plot of electrolyte and electrode resistance, it was noticed that polarization resistance was larger than the ohmic resistance, and the resistance related to the CH4 dissociation reaction was the RDS of the hydrogen transfer process from anode to cathode. Besides, reaction resistance at the cathode compartment was found to be negligible in the transfer process, which led the author to conclude that the rate-determining step was in the anode compartment. On the contrary, at the temperature range over 700 °C, the rate-determining step was found to be the proton transfer through the SrZr0.9Yb0.1O3−α electrolyte, and the activation energy for proton transfer was 31.5 kJ/mol. It was also found that when the temperature was below 700 °C, the resistance related to the reaction at the cathode regulated the transfer rate of hydrogen.



Chen et al. (2012) [115] investigated the mechanism of proton conduction across the grain boundary of 5 mol% yttrium-doped polycrystalline strontium zirconate (p-SZY5), used as a hydrogen pump. This electrolyte is chemically stable compared to barium zirconate [116] and showed the highest proton conductivity at ~5 mol% concentration [117,118,119,120]. Before the experiment, the authors assumed a potential barrier at the grain boundary, which restricts proton transport, and the grain boundary acts as a Schottky junction. From the Arrhenius plot of average grain boundary and bulk conductivities, it can be noted that the activation energy for average grain boundary conductivity (1.22 eV) was almost twice compared to the activation energy for bulk conductivity (0.59 eV). Besides, average grain boundary conductivity was significantly lower than the bulk conductivity (almost 4–5 orders of magnitude) over the temperature range. Therefore, it verifies the authors’ assumption of limiting the protonic current across the grain boundary in p-SZY5. Furthermore, from the I-V characteristics of the grain boundary, the authors noticed that grain-boundary current increases nonlinearly with the increase of grain boundary voltage, which is almost similar to the properties of back-to-back Schottky junction. This proves that due to the presence of the Schottky barrier, the internal proton transport in p-SZY5 is reduced. Table 4 summarizes the zirconate-based hydrogen pumps and their relevant parameters.



Tanaka et al. (2010) [97] proposed a hydrogen pump consisting of SrZr0.9Yb0.1O3−α to extract hydrogen from a gas mixture. To simulate the gas mixture present in a hydrogen processing unit, argon gas carrying hydrogen and methane at 0.1 kPa and water vapor at 1.2 kPa was passed into the system at 973 K, 85 cm3/min. The measurements of gases (H2, CH4) at the inlet and outlet of the anode were made by a thermal conductivity detector (TCD) and hydrogen flame ionization detector (FID), respectively. The hydrogen and water vapor concentration at the anode outlet was observed as 0.5% and 1%, respectively, while methane was not detected. This phenomenon was successfully demonstrated by the decomposition of methane and part of water vapor into hydrogen gas. Considering the hydrogen pump composed of 0.5 kPa H2 and 1 kPa water vapor, it was found that with the increasing current density (up to 1.1 mA/cm2) hydrogen evolution rate increased linearly along with the theoretical value. After 1.1 mA/cm2, it increased nonlinearly but became much smaller than the theoretical values, which depicted the migration of other charge carriers to the proton conductor. However, until 0.4 V, 1.1 mA/cm2, hydrogen extraction to the cathode was executed by hydrogen pumping while the proton number (PN) was unity. Then, hydrogen extraction was executed by water vapor electrolysis, and the presence of oxygen was observed at 0.95 V (Figure 12a). In addition, Figure 12b shows gas concentration change at the outlet as a function of temperature [97]. Later, oxygen supplied electron-hole and oxide ions. These carriers are responsible for the reduced efficiency of the hydrogen pump and the reduction of electrolytes. This issue could be solved by reducing the operating temperature to less than 773 K. But proton conduction was also getting reduced at a low operating temperature which is a big challenge in using SrZrO3-based proton conductors. Furthermore, during the investigation of the methane decomposition mechanism, it was observed that carbon did not deposit into the substrate. In addition, the following catalytic reaction (Equations (1) and (2)) [97] was postulated based on the experimental results (only for plated electrode), which shifted to the right side during hydrogen extraction and confirmed the usefulness of a hydrogen pump consisting of proton conductor in hydrogen recovery.


CH4 + H2O = CO + 3H2



(1)






CO + H2O = CO2 + H2



(2)
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Table 3. Zirconate based hydrogen sensors.
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Electrolyte Materials

	
Synthesis Method

	
Density

	
Electrode

	
Proton Conductivity (mS·cm−1)/Temperature (°C)

	
Atmospheres

	
Hydrogen Concentration (Unit)/Temperature (°C)

	
Working Temperature (°C)

	
Ref.






	
CaZr0.9In0.1O3− δ

	
Solid state reaction

	
N/A

	
ZnO/Pt

	
2.01 ×1 0−4/700

	
Wet Ar

	
50–500

	
500–700

	
[83]




	
2.23 × 10−4/700

	
Air

	
50–500

	
500–700




	
2.41 × 10−4/700

	
4000 ppm H2/Ar

	
50–500

	
500–700




	
CaZr0.95Mn0.05O3−α

	
N/A

	
Relative density 98%

	
Pt/Pt

	
N/A

	
N/A

	
N/A

	
N/A

	
[88]




	
CaZr0.9In0.1O3−δ

	
Solid state reaction

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
[89]




	
CaZr0.95Sc0.05O3−α

	
Glycine-nitrate combustion

	
Relative density 99%

	
Yttria stabilized zirconia/Pt

	
N/A

	
N/A

	
N/A

	
675–750

	
[103]




	
CaZr0.9In0.1O3−δ

	
Glycine-nitrate combustion

	
N/A

	
Pt

	
N/A

	
N/A

	
N/A

	
N/A

	
[121]




	
CaZr0.9In0.1O3−δ

	
N/A

	
N/A

	
Pd

	
N/A

	
N/A

	
N/A

	
N/A

	
[110]
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	Electrolyte Materials
	Fabrication Method
	Thickness (µm)
	Electrode Type
	Feed Gas at Anode
	Feed Gas at Cathode
	Sample Gas
	Flow Rate (L/min)
	Temperature (°C)
	Ref.





	SrZr0.9Yb0.1O3−α
	Solid state reaction
	500
	Pt
	1% O2 + 99% Ar
	1% H2 + 99% Ar
	N/A
	N/A
	600–800
	[112]



	SrZr0.9Yb0.1O3−α
	Solid state reaction
	500
	Pd
	N/A
	N/A
	1% H2 + 99% Ar
	N/A
	800
	[92]



	SrZr0.9Yb0.1O3−α
	N/A
	N/A
	Ni/SiO2
	CH4-Ar or H2-Ar
	N/A
	CH4 + H2O
	N/A
	600–800
	[114]



	SrZr0.95Yb0.05O3−α
	Pecchini method
	200–300
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	[115]



	SrZr0.8Yb0.2O3−α
	N/A
	720
	Pt
	Wet H2 gas or wet Ar
	Wet Ar
	N/A
	0.1
	N/A
	[96]



	SrZr0.9Yb0.1O3−α
	N/A
	1500
	Pt
	CH4 + H2
	N/A
	N/A
	0.1
	N/A
	[97]










5. Challenges and Prospects


Zirconated-based proton-conducting materials used as electrolytes in electrochemical devices face significant challenges. These challenges primarily involve performance, material selection, doping concentration, temperature, proton conductivity, cost, and water vapor concentration. In the following section, this paper presents the challenges and prospects of using zirconated materials in electrochemical devices.



5.1. Tritium Monitoring Systems


The common issue in CaZr0.9In0.1O3−α-based hydrogen pump performance is the fluctuation of hydrogen evolution rate at a high temperature, which eventually causes the use of multiple tubes to meet the commercial grade proportional counter [70]. However, several other factors that lower the hydrogen pump performance are the fluctuation in the concentration of H2O-vapor in the anode compartment, an increase in the conductivity of electron-hole and oxide-ion, electrode conductivity, etc. In addition, high water vapor concentration in fed gas negatively affects the hydrogen pump performance, such as hydrogen recovery rate decreases with increasing H2O-vapor concentration which was an issue [71]. Although the H2-evolution rate using proton-conducting oxides increases with high temperature and voltage, low-temperature proton-conducting oxides are more desirable. In this regard, SrZr0.9Yb0.1O3−α was found most suitable to extract maximum hydrogen at low temperatures, which is advantageous. Nevertheless, many ceramic tubes were required to obtain desired hydrogen evolution rate in the tritium monitoring system. Another issue in the application of proton-conducting ceramics with a pasted platinum electrode was the instantaneous evolution of water vapor on the cathode side after applying voltage (Figure 13) [97].



In water vapor electrolysis with a closed-loop system, hydrogen concentration was five times the water vapor concentration at the anode side after 50 min. It should be 10 times after 10 min in an actual application, which is a big challenge for a tritium monitoring system [122]. The introduction of a proportional type tritium monitor can solve this issue by detecting low-concentration tritium. Moreover, the concentration of tritium is increased with the increasing current density while the concentration is in the range of two orders in magnitude [69]. The use of wet argon gas as fed gas was proved as a useful method to decontaminate the tritium from the membrane separator [43].




5.2. Tritium Recovery System


The current density is a factor that represents the performance of a tube-type proton conducting oxide. Enhancement of current density depends on a better preparation procedure for the electrode. In addition, the hydrogen evolution rate increases with current density under vacuum on the cathode side at a high temperature (973 K) after applying direct current. It was found that using an electroless platinum electrode instead of pasted electrode provides enhanced hydrogen evolution rate and current in the hydrogen pump. However, only the current increased in water vapor electrolysis, but the hydrogen evolution rate does not change, so to improve the hydrogen evolution rate, an electrode of better oxygen diffusivity is required. Posted electrode plays a vital role in this case due to its large pore size, but the vacuum condition on the cathode side must be confirmed [82]. High vacuum conditions may further enhance the hydrogen recovery rate, which needs to be investigated. A large electrode surface area is also required to increase the current density in applying tube-type proton conducting oxide. Otherwise, the requirement for the number of tubes would increase, which may increase the overall cost. Another parameter that should be considered to enhance the performance of proton-conducting oxide is proton conductivity instead of total conductivity. Increasing the oxygen partial pressure on the cathode side increases the proton conductivity and electrical resistance by preventing the reduction of proton-conducting oxide. It is also reported that the reduction of proton conducting oxide, e.g., SrZr0.9Yb0.1O3−α, can be prevented by reducing the operating temperature, but proton conduction is also reduced at a low operating temperature, which is a big challenge of using SrZrO3-based proton conductors. Hence, BaZrO3-based proton-conducting oxide can be a future candidate for operating at intermediate temperatures with higher proton conductivity [97].




5.3. Sensor Devices


Although using a zirconate-based proton conductor for hydrogen sensors has significant advantages, some challenges remain. The sensing properties depend mainly on the proton conductivity, which depends on the doping effects. However, when the calcination temperature is higher than 1400 °C, there is no improvement in doping found in the electrolyte. Even at 1550 °C, the doping effect degrades significantly [89]. Limiting current hydrogen sensors are the current-type hydrogen sensor that consists of a proton conductor with high chemical stability and proton conductivity [123,124]. Recent studies have reported that the limiting current is increased with increasing voltages across the electrode in the hydrogen sensor, and also partial pressure is proportional to the limiting current [123,124,125].



Zirconate electrochemical hydrogen sensor systems often use potentiometric, amperometric, and impedimetric mechanisms for sensing. Amperometric methods are the most widely available in hydrogen sensors. However, amperometric sensors, for example, CaZr0.95Sc0.05O3–δ electrolyte-based hydrogen sensors, are limited by electrotype–electrode interfaces [83]. This is because the sensor’s performance depends not only on the zirconate electrolyte but also on the electrode used in the system. Therefore, further research needs to be done on the electrode material and its compatibility with the zirconate electrolytes. Even though ZnO [83], Pt [89], etc., have been used as electrode materials, their characterization remains a mystery, and therefore the maximum sensing performance remains unrealized in the scientific community. Moreover, the effects of these microstructures on the triple-phase boundary (gas–electrode–electrolyte) are not fully known [83]. One more limitation of amperometric sensors is that this sensor needs to be a reference electrode that acts as the control electrode. This is required because the hydrogen signal needs to be subtracted from this reference to get the actual signal (noise reduction).



However, finding a suitable zirconate material and concentration for the electrolyte is still challenging, and prospective researchers have a lot of potential to work in that area. Doping is one more critical area where scientists still need to optimize the doping concentration to get maximum hydrogen sensor performance. Indium, ytterbium, manganese, and scandium have been used as doping materials [83,88,103]; however, the field remains open for prospective new doping materials (and concentration) that can improve the sensor performance beyond the current level. Finally, our current hydrogen sensors’ operating temperature range is unknown. The temperature likely affects the performance, and the performance at high temperatures has not been evaluated. Since doping the zirconates remains challenging at a higher temperature, so does hydrogen sensor performance [89]. The study of sensing characteristics at high temperatures remains open for prospective researchers.




5.4. Hydrogen Pumps


Hydrogen pumping technologies are essential in a nuclear fusion plant. These hydrogen pumps utilize the methods of electrochemical cell technologies where some researchers used zirconate ceramic materials as electrolytes [97] and platinum/palladium/nickel materials as electrodes [79,92,112]. The main drawback of these methods still lies with material selection. The electrolyte surface becomes narrow because of the three-phase boundary, resulting in low electrode (electrochemical cell) performance [92]. A study has reported that palladium is used as an electrode (instead of platinum) with strontium zirconate materials to minimize the effect of three-phase boundaries [92]. Still, finding the right electrode–electrolyte combination for maximum performance of hydrogen pumps is a crucial challenge for prospective researchers in this field. Some studies reported a few models to explain the boundary conditions. One model assumes that a potential barrier is present at the three-phase boundaries, which limits the protonic conductivity. Another model assumes that the grain boundary is like a Schottky junction and that the protonic current follows thermionic emissions [115]. More innovative models are required from prospective scientists to explain this characteristic so we can finally overcome this barrier.



Another critical challenge is the high overpotential of platinum-based electrodes when used with zirconate conductors [92]. High electrode overpotentials led to the poor efficiency of the electrolytes in the pump. The method of doping with electrolytes proved to be a feasible solution to resolve this problem. Sakai et al. reported that palladium instead of platinum can be used as electrodes in SrZr0.9Yb0.1O3−α electrolytes to improve the performance of the hydrogen pump [92,126]. However, this cannot significantly reduce the problem of overpotential at the cathode.



The hydrogen pumps consisting of SrZr0.9Yb0.1O3−α faced significant challenges in maintaining the theoretical hydrogen evolution rate at higher current flow due to the migration of other charge carriers to the proton conductor [97]. Furthermore, zirconate-based ceramics also lead to high electrolyte analysis and low hydrogen pumping characteristics. To overcome this challenge, prospective researchers should collectively focus on developing methods to innovate novel materials for electrode/electrolyte for electrochemical hydrogen pumps. Finally, more research is required to precisely pinpoint the rate-limiting step of the hydrogen pump.





6. Conclusions


The slow depletion of fuel sources and awareness of green alternatives drives the scientific community to focus their efforts on cleaner sources of energy and fuel alternatives. Electrochemical method-based energy sources have garnered considerable attention among researchers for their potential in clean and renewable energy sources. Compared to the other proton-conducting materials used in electrochemical methods as an electrolyte, zirconate-based perovskite proton-conducting materials are the most promising materials due to their excellent proton conductivity and chemical stability in a wide temperature range. In this paper, we have reviewed the existing literature on the potential of zirconate materials as an electrolyte in tritium sensors, tritium recovery systems, hydrogen sensor devices, and hydrogen pump devices. We have drawn the following conclusions based on the existing literature.




	
CaZr0.9In0.1O3−α and SrZr0.9Yb0.1O3−α proton conductors are extensively used for tritium monitoring. These materials have minimal interference with other radioactive molecules and perform well in higher temperature ranges.



	
CaZr0.9In0.1O3−α, SrZr0.8In0.2O3−α, and SrZr0.9Yb0.1O3−α can be utilized in a tritium recovery system. Furthermore, since they have proton conductivity more than cerates, their performance as a tritium recovery system is superior.



	
Using different concentrations of calcium zirconates and materials (CaZr0.9In0.1O3–δ, CaZr0.95Sc0.05O3–δ, CaZr1-xMnxO3-d), researchers were able to successfully implement an effective hydrogen sensor device that is capable of operating in an extensive temperature range and without the need for a reference electrode.



	
CaZr0.9In0.1O3−α, SrZr0.9Y0.1O3−α, and SrZr0.9Yb0.1O3−α electrolyte zirconate materials have been used as electrochemical hydrogen pumps. These materials have excellent hydrogen extraction properties and can minimize the rate-limiting step.








Using zirconate materials in electrochemical cells presents unique challenges to prospective researchers. Researchers over the years have come up with innovative computational and laboratory approaches to address these challenges. The challenges in the fields mentioned above are described as follows:




	
Zirconate-based tritium monitoring system faces the challenge of hydrogen rate fluctuation. In addition, the real-time concentration is sometimes unreliable because of low temporal resolution. Decontamination of the membrane separator is an additional challenge for the zirconate electrolyte tritium sensor.



	
In a tritium recovery system, the main challenge is the operating temperature of the zirconate materials. Although alternate materials are adequate to address the issue, finding the perfect materials remains challenging.



	
Challenges in hydrogen sensor devices include electrode/electrolyte material selection, doping concentration, and temperature dependence in performance.



	
In electrochemical hydrogen pumps, material selection still poses a considerable challenge. Problems associated with overpotentials are a massive problem in anodic electrode materials. Moreover, there is a requirement for an innovative model with three-phase boundary conditions that will explain the correct emission and conductivity.








In this paper, we have laid out the utility of zirconate-based proton conductors in terms of tritium monitor, tritium recovery, a hydrogen sensor device, and hydrogen pumps. We have also pointed out the challenges and prospects of zirconate materials, which give a path to perspective researchers to make a meaningful contribution in this field.
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Figure 1. An outline of the main points of this review shown schematically. 
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Figure 2. The fundamental design and operation of a proton-exchange membrane (PEM)-based electrochemical hydrogen device. Reprinted with permission from Ref. [68]. Copyright 2019 Elsevier. 
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Figure 3. A schematic representation of the tritium monitor in combination with the proton-conducting material. Reprinted with permission from Ref. [70]. Copyright 2004 Taylor & Francis. 
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Figure 4. (a) Change in hydrogen evolution rate with time for different electrode combinations, (b)Time series response of current (top panel), water vapor concentration at the anode outlet (middle panel), and hydrogen concentration (bottom panel) against enrichment characteristics. Reprinted with permission from Ref. [71]. Copyright 2006 Elsevier. 
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Figure 5. (a) Change in tritium concentration and hydrogen recovery rate with water vapor partial pressure, (b) relationship between the tritium concentration in anode compartmented the estimated tritium concentration. Reprinted with permission from Ref. [69]. Copyright 2015 Taylor & Francis. 
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Figure 6. (a) A schematic representation of hydrogen extraction system with proton-conducting ceramic on one end, (b) response of hydrogen evolution rate (top panel) and hydrogen, methane, and water vapor concentration (bottom panel) as a function of current. Reprinted with permission from Ref. [93]. Copyright 2004 Taylor & Francis. 
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Figure 7. SEM of electrode surface; (a) pasted electrode (a magnification of ×10,000), (b) plated electrode (a magnification of ×10,000) and (c) plated electrode (a magnification of ×50,000). Reprinted with permission from Ref. [81]. Copyright 2004 Taylor & Francis. 
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Figure 8. (a) Hydrogen evolution rate versus current under various temperatures, (b) The hydrogen evolution rate, and efficiency as a function of current (gas mass flow rates). Reprinted with permission from Ref. [80]. Copyright 2014 Elsevier. 
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Figure 9. (a) Schematic of H2 sensor with a sintered CaZr0.9In0.1O3−δ (b) Experimental setup for hydrogen sensor in various partial pressure gases. Reprinted with permission from Ref. [89]. Copyright 2016 Elsevier. 
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Figure 10. Chemical composition of materials and the schematic of the fabrication process of the hydrogen sensor. Reprinted with permission from Ref. [83]. Copyright 2012 Elsevier. 
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Figure 11. (a) Operating principle of steam electrolysis cells based on proton-conducting electrolytes (b) SEM images of the cross section of SCYb interlayer SZCY-541 electrolyte (top), SCYb interlayer (middle) and nickel electrode (bottom) (c,d) hydrogen evolution rate of the steam electrolysis cell with SZCY-541 electrolyte, SSC-55 anode, nickel cathode and SCYb interlayer at 800 °C (c) and 600 °C (d). Reprinted with permission from Ref. [112]. Copyright 2009 Elsevier. 
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Figure 12. (a) Variation of current density and gas concentrations at the outlet of the anode and cathode as a function of applied voltage, (b) gas concentration change at the outlet as a function of temperature; here hydrogen, methane, carbon monoxide, carbon-di oxide, and water vapor are shown. Reprinted with permission from Ref. [97]. Copyright 2010 Elsevier. 
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Figure 13. Time evolution of hydrogen and water vapor at the cathode outlet under the wet atmosphere containing oxygen; (a) applied voltage and current, (b) concentration of water vapor and hydrogen. Reprinted with permission from Ref. [97]. Copyright 2005 Taylor & Francis. 
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Table 1. Zirconate-based tritium monitoring systems.
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	Electrolyte Materials
	Proportional Counter Volume (m3)
	Mixing Ratio
	Flow Rate (L/min)
	Sensitive Volume (L)
	Tritium Counting Efficiency (%)
	Calibration Factor (kBq/m3 per cps)
	Background Rate in Tritium Channel (cps)
	Minimum Detectable Activities (Bq/m3)
	Ref.





	CaZr0.9In0.1O3−α
	0.0013
	1:04
	0.2 air/0.8 P10
	0.26
	55
	7
	0.4–3
	100–5400
	[69]



	CaZr0.9In0.1O3−α
	0.0013
	N/A
	0.091
	N/A
	N/A
	N/A
	N/A
	1300
	[70]
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Table 2. Zirconate-based tritium recovery systems.
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	Electrolyte Materials
	Sintering Condition
	Sample Gas Mixture Used at Anode
	Sample Gas Mixture Used at Cathode
	Electrode Type
	Operating Temperature (°C)
	Ref.





	CaZr0.9In0.1O3−α
	800 °C for 1 h
	He + H2
	He
	Pt
	650–800
	[80]



	SrZr0.9Yb0.1O3−α
	N/A
	CH4 + H2
	O2 + H2O
	Ni/SiO2 and NiO/SiO2
	600–700
	[79]



	CaZr0.9In0.1O3−α
	N/A
	N/A
	N/A
	Pt
	800
	[93]



	CaZr0.9In0.1O3−α
	N/A
	N/A
	N/A
	Pt
	800
	[81]



	CaZr0.9In0.1O3−α
	N/A
	N/A
	N/A
	Pt
	700
	[82]
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