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Abstract: In many industrial fields, there is a need to design and characterize on-line and on-board
hydrogen monitoring tools able to operate under extreme conditions. One of these applications
is in future nuclear fusion reactors, which will use hydrogen isotopes as a plasma fuel. In this
context, the measurement of the concentration of these hydrogen isotopes will be of interest to
ensure the correct operating conditions for such reactors. Hydrogen sensors based on solid-state
electrolytes will be the first step in the development of new analytical tools able to quantify
deuterium and tritium in aggressive environments. In the present work, amperometric hydrogen
sensors were constructed and evaluated using two solid-state electrolytes, BaCe0.6Zr0.3Y0.1O3-α

and Sr(Ce0.9Zr0.1)0.95Yb0.05O3-α. Prototype sensors were built in order to study their sensitivity in
on-line measurements. The experiments were performed in a reactor with a hydrogen-controlled
environment. The sensors were evaluated at 500 and 600 ◦C in amperometric mode by applying 2 and
4 V voltages between electrodes. Both sensors showed increases in sensitivity when the temperature
or voltage were increased.

Keywords: proton-conducting ceramics; perovskite; amperometric; hydrogen sensor

1. Introduction

In many industrial fields there is a need to design and characterize on-line and on-board gas
monitoring tools able to operate under high temperatures. A classic example is in the field of metallurgy,
in which gas accumulation may result in residual tensions and cause breakage of the material core or
negatively influence the processing [1–3]. One of these gases is hydrogen, which is usually controlled
using off-line monitoring methods in high-temperature processes.

An emerging field covering the development of new analytical tools able to quantify hydrogen
and its isotopes is nuclear fusion technology. In such reactors, the use of deuterium and tritium is
suggested as plasma fuels [4–6]. In this context, the development of specific probes to measure these
isotopes will be of major interest and could provide experimental proof of the tritium self-sufficiency
of these reactors.

The above-mentioned examples highlight a need in industry for the design and characterization of
on-line and on-board hydrogen monitoring tools able to operate under extreme conditions. Solid-state
proton conductors have attracted significant interest because of their chemical and physical durability,
especially at elevated temperatures, and also their ability to extend the application to electrochemical
hydrogen sensor systems for high-temperatures processes.
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Perovskite crystal structure materials show proton conductivity typically in the range of
400–1000 ◦C [7]. Point defects in the lattice, such as oxygen vacancies, allow this phenomenon [8].
To increase these defects in the crystal structure, doping materials are commonly used. The addition of
the dopants generates oxygen vacancies, which in the presence of water vapor or hydrogen, generate
hydroxyl ions [9–11], as shown in Reaction (1).

1
2

H2(g) + Ox
O � OH•O + e′ (1)

where Ox
O, OH•O, and e′ are an oxygen ion, a hydroxyl ion on the oxygen lattice site, and an electron,

respectively. Then, following the Grotthuss mechanism [12], protons can be transported along the
crystal structure. This conduction mechanism occurs due to conducting species, such as hydronium
ions [13,14] or protons [8]. In this case, the conducting species are H+ ions, which are always located
in the electronic cloud of an oxygen ion in the network. Thus, the Grotthuss mechanism can be
decomposed into two steps. First, a proton in a hydroxyl ion is reoriented around the oxygen
rapidly [15], then the proton jumps toward the nearest oxygen neighbour, creating a new hydroxyl [16].

Using this mechanism, electrochemical sensors based on proton-conducting, solid-state
BaCe0.6Zr0.3Y0.1O3-α and Sr(Ce0.9Zr0.1)0.95Yb0.05O3-α electrolytes were designed and evaluated under
different hydrogen concentrations. The effects of temperature and applied voltage on the sensors’
responses were evaluated and compared for both ceramics.

2. Materials and Methods

In previous works, different proton-conducting ceramics were evaluated [17–21]. From these
studies, BaCe0.6Zr0.3Y0.1O3-α (BaCeZrY) and Sr(Ce0.9Zr0.1)0.95Yb0.05O3-α (SrCeZrYb) were selected
as the most promising materials to be tested in future hydrogen sensors [18,19]. For this reason,
the present work focuses on these two proton-conducting oxides (BaCeZrY and SrCeZrYb).

2.1. Synthesis and Sintering of Ceramics

The BaCeZrY ceramic was synthesized by solid-state reaction [22]. Briefly, stoichiometric quantities
of powder reactants were mixed in a ball mill for 24 h: BaCO3 (Acros, Geel, Belgium, 99+%), CeO2

(Acros, 99.9%), 3%mol yttria-stabilized (YSZ, Sigma-Aldrich, St. Louis, MI, USA), Y2O3 (99.9%,
Alfa Aesar, Ward Hill, MA, USA). Then, 20 g of powder mixture was suspended in 40 mL of ethanol
(99.8%, Panreac, Barcelona, Spain) and ground in a planetary ball mill (RETSCH PM100) for 30 min at
350 rpm. Then, the mixture was dried and calcined for 24 h at 1400 ◦C. To ensure complete reaction,
the mixing and calcination processes were repeated once.

The SrCeZrYb ceramic was synthesized using the citrate method [23–25]. Briefly, to synthetize
20 g of ceramic powder, stoichiometric quantities of the precursors were mixed and dissolved in 700 mL
of deionized water: Sr(NO3)2 (Acros, 99+%), Ce(NO3)3 · 6H2O (Acros, 99.5%), ZrO(NO3)2 · xH2O
(Sigma-Aldrich, technical grade), Yb(NO3)3·xH2O (Alfa Aesar, 99.9% (REO)). Then, a second solution
of 700 mL of citric acid (Panreac, 99.5%) 0.6 M was also prepared in order to achieve a proper mixture
3:1 of citrates and metal ions. Then, both solutions were mixed and the pH was adjusted to 8 by adding
ammonia (PanReac, 30% v/v.) An amorphous gel was obtained through heating and stirring. Finally,
the product was dried and calcined at 1100 ◦C for 24 h.

Once both ceramic powders were synthetized, pellets of each ceramic were prepared. In both
cases, 0.8 g of the ceramic powder was pressed in a 13 mm mould by applying 30 MPa pressure for 1 h.
After this, BaCeZrY pellets were sintered at 1400 ◦C for 30 h and SrCeZrYb at 1300 ◦C for 12 h.

2.2. Sensor Construction

The sensors were constructed using alumina tubes (Al-23 Tube, both ends opened, OD 16 mm, ID
12 mm, 200 mm length, Alfa Aesar) and the sintered pellets of the solid-state electrolytes. Figure 1
shows a schematic representation of the hydrogen sensor.
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Figure 1. (A) Scheme showing the structure of the hydrogen sensor and (B) a picture of the sensor.  

It can be seen in Figure 1A that the ceramic pellet was joined on one side of the alumina tube  
(Alfa Aesar,) using a binder composed of 45% regular glass, 35% aluminum oxide (Friatec Ceramics, 
95%), and 20% sodium aluminum oxide (Alfa Aesar) dispersed within the smallest possible water 
volume in order to obtain a thick paste. The pellet was seated on it, dried, and heated up using a 
vertical tubular furnace at 1100 °C for 1 h. 

Both sides of the pellet were platinized using a platinum ink (Alfa Aesar). In order to improve 
the electrical contact, platinum wires, which were used as positive and negative poles, were 
connected to a platinum mesh on both sides of the pellet (see Figure 1). 

2.3. Electrochemical Measurements 

Measurements were performed using a stainless steel reactor connected to a temperature 
controller unit. The external side of the platinized pellet was used as a working electrode (anode) and 
the inner side was used as a counter-electrode (cathode). Figure 2 shows a schematic representation 
of the reactor.  

As shown in Figure 2, the sensor was placed through the reactor cover using a feedthrough to 
avoid any gas leakage. The system was heated to the working temperature using a clamp-type 
electrical resistance (1500 W) and a PID-type (Proportional–Integral–Derivative) temperature 
controller (Fuji PXR4) with a K-type thermocouple. To reduce energy losses, the reactor was 
thermally isolated using a Kaowool™ insulator. 

The hydrogen concentration was fixed or changed by mixing different flow rates of high-purity 
argon (99.9992%) and hydrogen calibration mixtures (0.5% H2 and 5% H2 in Ar), all of which were 
supplied by Carburos Metálicos. The flow rates were controlled using mass flow controllers 
(Bronkhorst EL-FLOW). In the working electrode compartment (anode), the gas mixture entered the 
system using a stainless steel tube through an inlet reactor port. In the counter-electrode (cathode), 
gas was injected on the inner chamber of the sensor using an alumina tube. The sensor’s platinum 
wires were connected to a PalmSens EmStat3+ Blue potentiostat–galvanostat to perform the 
electrochemical measurements. 

Once the system was assembled at room temperature, the reactor was initially purged with high-
purity argon to remove oxygen and after 1 h the temperature was raised to the working temperature 
(500 °C or 600 °C). Then, the desired hydrogen concentration was set and the current flowing through 
the electrodes was measured. In the working electrode (WE), a constant 500 mL/min flow rate was 
used, while in the counter-electrode (CE), 10 mL/min of high-purity argon was used. At each working 
temperature, measurements were performed by applying 2 V and 4 V between the WE and CE. This 
operational voltages for amperometric sensors were optimized in previous studies [20]. The response 
time of the sensor was calculated by fixing a stability criterion. This consisted of the time needed to 
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Figure 1. (A) Scheme showing the structure of the hydrogen sensor and (B) a picture of the sensor.

It can be seen in Figure 1A that the ceramic pellet was joined on one side of the alumina tube
(Alfa Aesar,) using a binder composed of 45% regular glass, 35% aluminum oxide (Friatec Ceramics,
95%), and 20% sodium aluminum oxide (Alfa Aesar) dispersed within the smallest possible water
volume in order to obtain a thick paste. The pellet was seated on it, dried, and heated up using a
vertical tubular furnace at 1100 ◦C for 1 h.

Both sides of the pellet were platinized using a platinum ink (Alfa Aesar). In order to improve the
electrical contact, platinum wires, which were used as positive and negative poles, were connected to a
platinum mesh on both sides of the pellet (see Figure 1).

2.3. Electrochemical Measurements

Measurements were performed using a stainless steel reactor connected to a temperature controller
unit. The external side of the platinized pellet was used as a working electrode (anode) and the
inner side was used as a counter-electrode (cathode). Figure 2 shows a schematic representation of
the reactor.

As shown in Figure 2, the sensor was placed through the reactor cover using a feedthrough
to avoid any gas leakage. The system was heated to the working temperature using a clamp-type
electrical resistance (1500 W) and a PID-type (Proportional–Integral–Derivative) temperature controller
(Fuji PXR4) with a K-type thermocouple. To reduce energy losses, the reactor was thermally isolated
using a Kaowool™ insulator.

The hydrogen concentration was fixed or changed by mixing different flow rates of high-purity
argon (99.9992%) and hydrogen calibration mixtures (0.5% H2 and 5% H2 in Ar), all of which were
supplied by Carburos Metálicos. The flow rates were controlled using mass flow controllers (Bronkhorst
EL-FLOW). In the working electrode compartment (anode), the gas mixture entered the system using a
stainless steel tube through an inlet reactor port. In the counter-electrode (cathode), gas was injected on
the inner chamber of the sensor using an alumina tube. The sensor’s platinum wires were connected
to a PalmSens EmStat3+ Blue potentiostat–galvanostat to perform the electrochemical measurements.

Once the system was assembled at room temperature, the reactor was initially purged with
high-purity argon to remove oxygen and after 1 h the temperature was raised to the working
temperature (500 ◦C or 600 ◦C). Then, the desired hydrogen concentration was set and the current
flowing through the electrodes was measured. In the working electrode (WE), a constant 500 mL/min
flow rate was used, while in the counter-electrode (CE), 10 mL/min of high-purity argon was used.
At each working temperature, measurements were performed by applying 2 V and 4 V between the WE
and CE. This operational voltages for amperometric sensors were optimized in previous studies [20].
The response time of the sensor was calculated by fixing a stability criterion. This consisted of the time
needed to obtain a response with a variability lower than 0.1% with respect to the average response
measured in the last minute.
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Figure 2. Representation of the reactor where the electrochemical measurements were performed, 
showing connections to external systems (WE: Working electrode, RE: Reference Electrode, CE: 
Counter-electrode). 

3. Results and Discussion 

3.1. Characterization of the Proton-Conducting Electrolytes 

Ceramic pellets were characterized before the sensors were mounted. To this aim, XRD analysis 
was performed and compared with bibliographic results to verify the crystallographic structure. The 
instrument used was a Malvern Panalytical Empyrean using Cu Kα radiation. The surfaces of 
sintered pellets were also studied using an SEM electron microscope (JEOL JSM-5310). Figure 3 shows 
the XRD spectra and SEM micrographs of both electrolytes. 

Figure 3A shows that a single perovskite phase was obtained when the BaCeZrY pellet was 
analyzed. The obtained spectra matched with data shown in the literature [26]. Figure 3B shows the 
morphology of the BaCeZrY pellet’s surface. No cracks were observed in the micrograph, despite the 
presence of some pores. For that reason, the pellet’s cross-section was analyzed using SEM to evaluate 
the presence of crossing channels. The micrographs showed that there were few pores inside the 
pellet, but no preferential channels or cracks were observed.  

In Figure 3C it can be seen that the XRD spectra obtained for the SrCeZrYb ceramic matched the 
data in the literature [24]. There were no extra peaks, meaning that additional phases were not present 
in the material and a single perovskite-type structure was satisfactorily obtained. Figure 3D 
corresponds to a micrograph of the SrCeZrYb sintered pellet surface. As shown in Figure 3D, the 

Figure 2. Representation of the reactor where the electrochemical measurements were performed,
showing connections to external systems (WE: Working electrode, RE: Reference Electrode, CE:
Counter-electrode).

3. Results and Discussion

3.1. Characterization of the Proton-Conducting Electrolytes

Ceramic pellets were characterized before the sensors were mounted. To this aim, XRD analysis
was performed and compared with bibliographic results to verify the crystallographic structure.
The instrument used was a Malvern Panalytical Empyrean using Cu Kα radiation. The surfaces of
sintered pellets were also studied using an SEM electron microscope (JEOL JSM-5310). Figure 3 shows
the XRD spectra and SEM micrographs of both electrolytes.

Figure 3A shows that a single perovskite phase was obtained when the BaCeZrY pellet was
analyzed. The obtained spectra matched with data shown in the literature [26]. Figure 3B shows the
morphology of the BaCeZrY pellet’s surface. No cracks were observed in the micrograph, despite the
presence of some pores. For that reason, the pellet’s cross-section was analyzed using SEM to evaluate
the presence of crossing channels (see supplementary material: Figure S1). The micrographs showed
that there were few pores inside the pellet, but no preferential channels or cracks were observed.

In Figure 3C it can be seen that the XRD spectra obtained for the SrCeZrYb ceramic matched the
data in the literature [24]. There were no extra peaks, meaning that additional phases were not present in
the material and a single perovskite-type structure was satisfactorily obtained. Figure 3D corresponds
to a micrograph of the SrCeZrYb sintered pellet surface. As shown in Figure 3D, the ceramic surface
had grains of different sizes, and that its surface was compact, dense, and without inconsistencies.
No cracks, holes, or crossing channels were observed on the pellet surface.
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of the sensor without activation at an applied voltage of 4 V after 1 h was 575 μA. After this initial 
measurement, the sensor was kept at 500 °C and at the open-circuit potential for 24 h in a 5% 
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compared with the results obtained without activation. Finally, the sensor was kept again in 5% 
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Figure 3. SEM and DRX characterization: (A) XRD pattern of BaCeZrY ceramic pellet; (B) sintered
BaCeZrY ceramic pellet surface SEM micrograph; (C) XRD pattern of SrCeZrYb ceramic pellet;
(D) sintered SrCeZrYb ceramic pellet surface SEM micrograph.

3.2. Sensor Activation

Perovskite-type conducting electrolytes are not only proton conductors but also ionic oxygen
conductors [27]. This property can cause an offset in electrochemical measurements because oxygen
competes with hydrogen for the ionic conduction. In order to remove oxygen trapped in the pellet
structure after sintering, sensors were kept at 500 ◦C in a 5% hydrogen atmosphere (WE and CE) for
24 h to activate it. To verify the effectiveness of this process, the background current was measured
before and after the activation process. Measurements were performed at 500 ◦C at an applied potential
of 4 V (between WE and CE) and using a gas flow of high-purity argon at 500 mL/min in the WE and
10 mL/min in the CE. Figure 4 shows the background current measured after and before activation
with both BaCeZrY and SrCeZrYb sensors.

Figure 4A shows the background current in high-purity argon at different activation times (0, 24,
and 48 h) using the BaCeZrY sensor. It can be observed (see Figure 4A) that the measured current
of the sensor without activation at an applied voltage of 4 V after 1 h was 575 µA. After this initial
measurement, the sensor was kept at 500 ◦C and at the open-circuit potential for 24 h in a 5% hydrogen
(diluted in argon) environment at a constant rate of 50 mL/min in both compartments (WE and CE).
Once this period had elapsed, measurements in a high-purity argon environment were registered again
at 4 V. The blue line in Figure 4A shows that the measured current after 24 h activation was reduced
to 239 µA. This means that the steady-state signal was reduced by 60% compared with the results
obtained without activation. Finally, the sensor was kept again in 5% hydrogen for a new cycle of 24 h
(for a total of 48 h of activation) and the blank measurement was repeated. In this case, the signal after
1 h was 198 µA. It can be seen that the reduction achieved after 48 h was considerably lower than the
value obtained at 24 h (17% lower).
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Figure 4. Comparison between the amperometric blank response without activation and activated
(A) for 24 h and 48 h with the BaCeZrY sensor and (B) for 24 h with the SrCeZrYb sensor.

Figure 4B shows the background current data obtained during the activation process using the
SrCeZrYb sensor at 500 ◦C and at an applied voltage of 4 V between the WE and CE. Similar behaviour
was observed as for the previous ceramic. When the measurement was performed without activation,
the signal after 1 h was 111 µA. After 24 h in a 5% H2 atmosphere, the measurement in high-purity
argon was 54 µA after 1 h. The signal after activation was reduced by 50% compared with the signal
without activation.

As shown in the above-mentioned experiments, an activation process must be performed for
both ceramics. It was considered that 24 h was the proper period of time to activate the sensors.
The oxygen source in the ceramics was attributed to air trapped inside the pellets during the shaping
procedure [28]. The activation process using H2 fulfilled two functions. First, the displacement of
trapped oxygen in the pellet, eliminating its contribution to the background current. At the same time,
the material, which did not have intrinsic protons, incorporated them in the perovskite structure [29].
In this way, the electrolyte was ready to ionically conduct protons (as suggested by the Grotthuss
mechanism [12,15,16,30–34]), ensuring that no oxygen contribution was obtained.

3.3. Amperometric Measurements

3.3.1. SrCeZrYb Electrolyte

The first set of experiments was performed with the SrCeZrYb sensor at 500 ◦C and by applying
4 V between the electrodes. All measurements (see supplementary material: Figures S2–S5) were
performed after the sensor’s activation. The WE total gas flow was 500 mL/min and 10 mL/min in the
CE compartment. In both cases, high-purity argon was used as a covering gas to perform the blank
measurement after activation. The H2 concentration in the anode (WE) ranged between high-purity
argon (blank measurement) and 800 ppm of H2. The results are shown in Figure 5.

At the beginning of the experiment (see Figure 5), high-purity argon was injected into the reactor
and the measured current became stable at around 5.3 µA, which was considered as the blank signal.
When 200 ppm of H2 was injected, the response of the sensor increased to 8.2 µA. From 200 to 400 ppm,
the signal increased to 11.3 µA, which represented a 3.1 µA increment. At 600 ppm, the current
decreased to 13.6 µA (2.3 µA increment). Finally, at 800 ppm, the measured signal increased to 16.4 µA
(2.8 µA increment). The transient state observed when the hydrogen concentration was changed could
have been caused by local differences in the electrochemical activity along the overall surface of the
pellet. The stabilization time of the mass flow controllers could also have contributed. The response
time for the measurements was also evaluated. This parameter was calculated as the time needed
to obtain a response variability lower than 0.1% with respect to average values from the last minute.
The average value from 200 to 600 ppm was close to 15 min.
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Figure 5. Chronoamperometry performed at 500 ◦C and 2 V with the SrCeZrYb sensor.

In order to analyze the sensor’s performance, the corrected current was represented as a function
of the hydrogen concentration. The corrected current was calculated by subtracting the blank current
from all measurements. The calibration curves obtained from the experiments at 500 ◦C by applying
2 and 4 V are both presented in Figure 6.

Comparing the obtained calibration curves at the same temperature (500 ◦C) when 2 V and 4 V
were applied between the electrodes (see Figure 6), similar trends were observed. A small increase
can be seen in the sensitivity between both voltages (10%). The slopes of the calibration curves were
0.0134 µA/ppm at 2 V and 0.0147 µA/ppm at 4 V. This phenomenon is explained by the increase in ion
mobility caused by the change of the electric field. It can also be observed in Figure 6 that when 2 V
was applied between the electrodes, the linear regression fit better than when 4 V was applied.

In a second set of experiments the sensor response was measured at 600 ◦C. In this case, it was
expected that the sensor response should increase. Perovskite-type materials are ion conductors due to
oxygen vacancies in their structures. These point defects are dependent on temperature. At higher
temperatures, more oxygen vacancies are formed, resulting in more ionic conductivity [35]. Figure 7
shows the corrected current vs. H2 concentration at 600 ◦C and voltages applied between electrodes of
2 V and 4 V.
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between electrodes.

As Figure 7 shows, linear trends were obtained and the slopes of the calibration curves were
0.0549 µA/ppm at 2 V and 0.0666 µA/ppm at 4 V. It can be seen that the sensitivity increased slightly
when the applied voltage was changed from 2 V to 4 V (21%). However, similarly to the results at
500 ◦C, the results fit better in a linear regression model at 2 V than 4 V.

In order to analyze the temperature effect on the sensitivity of the sensor, the obtained regression
parameters are listed in Table 1 at both working temperatures (500 ◦C and 600 ◦C) at 2 V. Data obtained
at 4 V were discarded for linear regression parameters (see Figures 6 and 7).

Table 1. Sensitivity results obtained from chronoamperometry tests with the SrCeZrYb sensor at 2 V
and at 500 ◦C and 600 ◦C.

Operational Conditions Sensitivity/µA·ppm−1 Range/ppm Response Time/min

500 ◦C—2 V 0.0134 200–800 15
600 ◦C—2 V 0.0549 200–800 8

It can be seen in Table 1 that when the working temperature was increased from 500 ◦C to
600 ◦C, the sensor’s sensitivity increased. When the applied voltage was 2 V, an increment of 100 ◦C
increased the sensitivity by a factor of 4. At 500 ◦C and 2 V, the sensor’s sensitivity was 0.0134 µA/ppm,
while, at 600 ◦C it increased to 0.0549 µA/ppm.

Note that the change of temperature from 500 ◦C to 600 ◦C implied an increase of proton carriers
(OH•O) in the electrolyte lattice [36] and an increase of ion mobility [37]. Consequently, the ionic
conductivity of the sensor increased. The increase of proton carriers implied increased intensity, and as
a result increased sensitivity.

3.3.2. BaCeZrY Electrolyte

In a new set of experiments, chronoamperometric measurements were performed at 500 ◦C
and 4 V with the sensor based on the BaCeZrY ceramic. All measurements (see supplementary
material: Figures S6–S9) were performed after the sensor’s activation. The WE total flow gas rate was
set to 500 mL/min. Different mixtures of argon and hydrogen were used to change and fix the H2

concentration at the WE. Here, 10 mL/min of high-purity argon was injected in the CE compartment.
The H2 concentrations used in the anode (WE) ranged between 0 and 200 ppm. From 0 to 100 ppm,
the hydrogen content was increased in 20 ppm steps. The change from 100 to 200 ppm was done with
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a single step. Changes in hydrogen concentration were made after approximately 1 h. Figure 8 shows
the registered current over time in these conditions.
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At the beginning of the experiment, as shown in Figure 8, pure argon was injected in the reactor.
The initial current was 412 µA, then after 1 h it stabilized at 354 µA. This value was considered as
the blank signal. Then, the hydrogen content was increased inside the reactor to 20 ppm. The sensor
response increased rapidly and stabilized at 360 µA. The signal increase obtained according to the
blank signal was 6 µA. At 40 ppm, the response was 365 µA, which represented a 5 µA increase.
At these low concentrations, the intensity was very similar to the background signal. At 60 ppm of
hydrogen, the registered increments were higher after each hydrogen concentration change. At 60 ppm,
the increment was 11 µA, at 80 ppm it was 25 µA, and at 100 ppm the intensity increased to 30 µA.
After the stabilization of the signal at 100 ppm, the H2 content was increased to 200 ppm. This increment
increased the signal from 431 µA to 548 µA (117 µA increment).

As can be observed in Figure 8, the response obtained is a second-order system. For these types
of systems, the characteristic parameters are the delay time (time required to reach 50% of the final
value the very first time), rise time (time required to rise from 10 to 90% of the final value), and peak
time (time required to reach the first peak of the overshoot). The parameters shown in Figure 8 are:
delay times from 1 to 2 min, rise times from 0.7 to 4.7 min, and peak times from 2 to 5 min. In the
other experiments performed with this ceramic, the values of these parameters were of the same order
of magnitude.

The average response time for the sensor was 8 min (time needed to obtain a response variability
lower than 0.1% with respect to average values from the last minute). In this case, from 20 to 100 ppm,
the sensor needed 4 min to stabilize the signal. Note that the response time when the concentration
was increased from 100 ppm to 200 ppm was 22 min. This change in the response time was attributed
to the large change in the hydrogen concentration compared with the previous steps.

In order to analyze the trend of the sensor response as a function of the hydrogen concentration,
the corrected current vs. the H2 concentration was represented. Figure 9 shows the corrected currents
as a function of the H2 concentration at 500 ◦C by applying 2 V and 4 V between electrodes.

As shown in Figure 9, data obtained at H2 concentrations lower than 60 ppm were discarded.
These points were too similar to the background current, which induced a loss of linearity in the sensor
response. As a result, 60 ppm was considered as the minimum hydrogen concentration that the sensor
was able to quantify.
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Figure 9. Calibration curves obtained with the BaCeZrY sensor by applying 2 V and 4 V between the
electrodes at 500 ◦C.

Furthermore, significant differences can be noted when 4 V and 2 V currents were applied between
the electrodes. When the applied voltage was 4 V, larger current values were obtained. As with the
SrCeZrYb sensor, this phenomenon is explained by the increase in ion mobility caused by the change
of the electric field.

The sensitivity obtained at 2 V was 0.6086 µA/ppm, while at 4 V it was 1.2272 µA/ppm. This means
a sensitivity increment of 102% occurred when the applied voltage was changed from 2 V to 4 V. It is
worth mentioning that at both voltages, the same linear concentration range was obtained (60–200 ppm).
Finally, the average time needed to stabilize the signal after each H2 concentration change below
100 ppm when 2 V was applied was 6 min. This result was of the same order of magnitude as that
obtained when 4 V was applied (4 min below 100 ppm).

The same calibration procedure was repeated at 600 ◦C. The corresponding calibration curves are
shown in Figure 10.
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It can be seen in Figure 10 that the sensor response obtained at 600 ◦C was very similar to that
obtained at 500 ◦C (see Figure 6). After adjusting the data using linear regression, the obtained
sensitivity values were 1.4044 µA/ppm at 2 V and 2.5052 µA/ppm at 4 V. This means a sensitivity
increment of 78% occurred when the applied voltage was changed from 2 V to 4 V. The linear
concentration range was 40–200 ppm at both applied voltages. The average response time below
100 ppm was around 5 min at both applied voltages.

In order to analyze the temperature effect on the sensitivity of the sensor, the regression parameters
as well as the response time are shown in Table 2 at both working temperatures (500 ◦C and 600 ◦C)
and applied voltages (2 V and 4 V).

Table 2. Sensitivity results obtained from chronoamperometry tests with the BaCeZrY sensor at 500 ◦C
and 600 ◦C and at 2 V and 4 V.

Operational Conditions Sensitivity /µA·ppm−1 Range/ppm Response Time/min

500 ◦C—2 V 0.6086 60–200 6
600 ◦C—2 V 1.4044 40–200 5
500 ◦C—4 V 1.2272 60–200 4
600 ◦C—4 V 2.5052 40–200 4

Table 2 shows that when the applied voltage was 2 V at 500 ◦C, the sensor sensitivity was
0.6086 µA/ppm, while at 600 ◦C it increased to 1.4044 µA/ppm. It can be observed that an increase
in the working temperature implies an increment in the sensor sensitivity. In this situation (applied
voltage of 2 V), an increment of 100 ◦C increased the sensitivity by a factor close to 2. The same effect
was observed when the applied voltage was 4 V. At 500 ◦C, the sensor sensitivity was 1.2272 µA/ppm,
whereas at 600 ◦C it increased to 2.5052 µA/ppm. In this situation (applied voltage of 4 V), an increment
of 100 ◦C increased the sensitivity by a factor of 2. As was the case when using SrCeZrYb, this fact was
attributed to the increase in the ionic conductivity due to the increment in the working temperature.

The variability of both the SrCeZrYb and BaCeZrY sensors was analyzed. In both cases, this
parameter was around 10%, indicating the good reliability of these devices, considering that they are
in the development stage.

3.4. Comparison with Other Sensors Reported in the Literature

The obtained results were compared with other hydrogen sensors reported in the literature with
similar conditions [38,39]. Table 3 shows the analytical parameters of the hydrogen sensors presented
in this work and others found in the literature.

Table 3. Analytical parameters of the hydrogen sensors developed in this work and those found in
the literature.

Reference Electrolyte Operational Conditions Sensitivity/µA·ppm−1 Range/ppm

[38] La0.9Sr0.1YO3-α 550 ◦C—2 V 0.0077 1000–33,000
[39] La0.95Sr0.05YO3-α 800 ◦C—0.75 V 0.2085 5000–40,000

This work Sr(Ce0.9Zr0.1)0.95Yb0.05O3-α
500 ◦C—2 V 0.0134 200–800
600 ◦C—2 V 0.0549 200–800

This work BaCe0.6Zr0.3Y0.1O3-α
500 ◦C—2 V 0.6086 60–200
600 ◦C—4 V 2.5052 40–200

It can be seen in Table 3 that the sensors presented in this work showed a linear relationship between
the current and hydrogen concentration in the low hydrogen partial pressure range (approximately
40–200 ppm). Note that this concentration range is smaller than the results shown by other authors in
similar working conditions (from thousands of ppm to tens of thousands ppm, see Table 3). It is worth
mentioning that the linear concentration range of the sensors presented in this work is close to the
expected tritium concentrations of future breeding systems (700 ppm [40]). This fact gives the sensors
a great chance of being used in breeding blankets in future nuclear fusion reactors.
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It may also be worth discussing the fact that the developed sensors had higher sensitivities than
other sensors in the literature (see Table 3). For example, La0.95Sr0.05YO3-α at 800 ◦C and 0.75 V had a
sensitivity of 0.2085 µA/ppm [39]; in contrast, the BaCeZrY sensor in the worst case scenario (500 ◦C
and 2 V) showed a value of 0.6086 µA/ppm, which is three times higher than the La0.95Sr0.05YO3-α

sensor. In addition, it was also demonstrated that the sensitivities of the sensors presented in this work
increased when increasing the working temperature or applied voltage. This fact gives the sensors high
versatility. In other words, it is possible to tune the analytical parameters of the sensors by changing
the temperature or applied voltage.

4. Conclusions

SrCeZrYb and BaCeZrY ceramics were satisfactorily synthetized and sintered. The activation
process used for the sensors (24 h at 500 ◦C in 5% H2 in argon) decreased the blank signal by about
50–60%. This fact was attributed to the presence of trapped oxygen in the pellets during the shaping
process, which caused an offset in amperometric measurements due to competition with hydrogen for
the ionic conduction.

The SrCeZrYb sensor was evaluated at 500 and 600 ◦C by applying 2 and 4 V between the
electrodes. At the same voltages, sensitivity increases were observed when the temperature was
increased. At 2 V, the sensitivities were 0.0134 µA/ppm at 500 ◦C and 0.0549 µA/ppm at 600 ◦C.
Nevertheless, the operability range was lower than with the BaCeZrY sensor, because at 4 V the data
did not fit properly with the linear regression model.

The BaCeZrY sensor showed a sensitivity increase when the temperature or voltage were raised,
with values between 0.61 µA/ppm (2 V and 500 ◦C) and 2.51 µA/ppm (4 V and 600 ◦C) being obtained.
The relationship between sensitivity, temperature, and voltage makes this sensor a very versatile
analytical tool, because its operational parameters can be tuned by modifying the working conditions.

Both sensors were demonstrated to be valid for the final application. On the one hand, the SrCeZrYb
sensor showed linearity in the required range (200–800 ppm). On the other hand, the BaCeZrY sensor,
which showed better sensitivity results, had a lower operation range. Nevertheless, this fact could
be solved by diluting the samples to obtain a final concentration within the sensor’s range. In future
studies, ceramic powders will be shaped using other geometries, which will increase the surface area
in order to improve the electrochemical response.
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Author Contributions: Conceptualization, S.C. and J.A.; methodology, A.H., I.S., S.C., and J.A.; validation, A.H.,
I.S., S.C., and J.A.; formal analysis, A.H., I.S., and S.C.; investigation, A.H., I.S., S.C., and J.A.; resources, A.H. and
I.S.; data curation, A.H. and I.S.; writing—original draft preparation, A.H. and I.S.; writing—review and editing,
A.H., I.S., S.C., and J.A.; supervision, S.C. and J.A.; project administration, S.C. and J.A.; funding acquisition, S.C.
and J.A. All authors have read and agreed to the published version of the manuscript.

Funding: The present work has been carried out thanks to funds from Ministeriop de Ciencia, Innovación y
Universidades, grant number RTI2018-095045-B-I00.

Acknowledgments: The authors wish to thank C. Colominas and A. Ramos at Institut Químic de Sarrià for
XRD analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hoyt, W.B.; Caughey, R.H. High Temperature Metal Deterioration In Atmospheres Containing
Carbon-Monoxide and Hydrogen. Corrosion 1959, 15, 21–24. [CrossRef]

2. Jones, C.P.; Scott, T.B.; Petherbridge, J.R.; Glascott, J. A surface science study of the initial stages of hydrogen
corrosion on uranium metal and the role played by grain microstructure. Solid State Ionics 2013, 231, 81–86.
[CrossRef]

3. Biezma, M. The role of hydrogen in microbiologically influenced corrosion and stress corrosion cracking.
Int. J. Hydrog. Energy 2001, 26, 515–520. [CrossRef]

http://www.mdpi.com/1424-8220/20/24/7258/s1
http://dx.doi.org/10.5006/0010-9312-15.12.21
http://dx.doi.org/10.1016/j.ssi.2012.11.018
http://dx.doi.org/10.1016/S0360-3199(00)00091-4


Sensors 2020, 20, 7258 13 of 14

4. Breeze, P. Nuclear Power. In Power Generation Technologies; Elsevier: Amsterdam, The Netherlands, 2014;
pp. 353–378.

5. Morse, E. Nuclear Fusion. Graduate Texts in Physics, 1st ed.; Springer International Publishing AG, Ed.;
Springer International Publishing AG: Cham, Switzerland, 2018; ISBN 9783319981703.

6. Mannone, F. (Ed.) Safety in Tritium Handling Technology; Eurocourses: Nuclear Science and Technology;
Springer: Dordrecht, The Netherlands, 1993; Volume 1, ISBN 978-94-010-4844-6.

7. Bonanos, N. Perovskite Proton Conductor. In Encyclopedia of Applied Electrochemistry; Springer: New York,
NY, USA, 2014; pp. 1514–1520.

8. Marrony, M. Proton-Conducting Ceramics: From Fundamentals to Applied Research, 1st ed.; Jenny Stanford
Publishing: Singapore, 2015; ISBN 9789814613842.

9. Benes, A.; Molinari, A.; Witte, R.; Kruk, R.; Brötz, J.; Chellali, R.; Hahn, H.; Clemens, O. Proton Conduction in
Grain-Boundary-Free Oxygen-Deficient BaFeO2.5+δ Thin Films. Materials 2017, 11, 52. [CrossRef] [PubMed]

10. Rodriguez, J.A.; Fernández-García, M. (Eds.) Synthesis, Properties, and Applications of Oxide Nanomaterials;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007; ISBN 978-0-471-72405-6.

11. Snijkers, F.M.; Buekenhoudt, A.; Cooymans, J.; Luyten, J.J. Proton conductivity and phase composition in
BaZr0.9Y0.1O3−δ. Scr. Mater. 2004, 50, 655–659. [CrossRef]

12. Agmon, N. The Grotthuss mechanism. Chem. Phys. Lett. 1995, 244, 456–462. [CrossRef]
13. Mistewicz, K. Recent Advances in Ferroelectric Nanosensors: Toward Sensitive Detection of Gas,

Mechanothermal Signals, and Radiation. J. Nanomater. 2018, 2018, 1–15. [CrossRef]
14. Mistewicz, K.; Nowak, M.; Paszkiewicz, R.; Guiseppi-Elie, A. SbSI Nanosensors: From Gel to Single Nanowire

Devices. Nanoscale Res. Lett. 2017, 12, 97. [CrossRef]
15. Shimojo, F.; Hoshino, K.; Okazaki, H. Effects of doped acceptor ions on proton diffusion in perovskite oxides:

A first-principles molecular-dynamics simulation. J. Phys. Condens. Matter 1998, 10, 285–294. [CrossRef]
16. Norby, T. Solid-state protonic conductors: Principles, properties, progress and prospects. Solid State Ionics

1999, 125, 1–11. [CrossRef]
17. Juhera, E.; Calvet, M.; Revuelta, A.; Abellà, J.; Colominas, S. High temperature hydrogen selective solid-state

electrolyte sensor fabricated by slip casting. Fusion Eng. Des. 2019, 146, 2066–2069. [CrossRef]
18. Llivina, L.; Colominas, S.; Abellà, J. Evaluation of the response time of H-concentration probes for tritium

sensors in lead–lithium eutectic alloy. Fusion Eng. Des. 2014, 89, 1397–1401. [CrossRef]
19. Borland, H.; Llivina, L.; Colominas, S.; Abellà, J. Proton conducting ceramics for potentiometric hydrogen

sensors for molten metals. Fusion Eng. Des. 2013, 88, 2431–2435. [CrossRef]
20. Juhera, E.; Colominas, S.; Abellà, J. Amperometric hydrogen sensors for application in fusion reactors.

Fusion Eng. Des. 2017, 124, 901–904. [CrossRef]
21. Juhera, E.; Colominas, S.; Abellà, J. Operating modes of electrochemical H-concentration probes for tritium

sensors. Fusion Eng. Des. 2015, 98–99, 1710–1714. [CrossRef]
22. Ricote, S.; Caboche, G.; Heintz, O. Synthesis and proton incorporation in BaCe0.9−xZrxY0.1O3−δ.

J. Appl. Electrochem. 2009, 39, 553–557. [CrossRef]
23. Hung, I.M.; Chiang, Y.J.; Wang, Y.H.; Jang, J.S.C.; Lee, S.W. Electrical properties and hydrogen flux

performance of Sr(Ce0.6Zr0.4)1−xYxO3−∆ ceramic proton conductors. Int. J. Hydrogen Energy 2017, 42,
22149–22158. [CrossRef]

24. Zhang, J.; Wen, Z.; Han, J.; Wu, J.; Huang, S.; Zhu, X. Synthesis and characterization of proton conducting
Sr(Ce1−xZrx)0.95Yb0.05O3−δ by the citrate method. J. Alloys Compd. 2007, 440, 270–275. [CrossRef]

25. Zhang, J.; Wen, Z.; Huang, S.; Wu, J.; Han, J.; Xu, X. High-temperature proton conductor
Sr(Ce0.6Zr0.4)0.9Y0.1O3−δ: Preparation, sintering and electrical properties. Ceram. Int. 2008, 34, 1273–1278.
[CrossRef]

26. Katahira, K.; Kohchi, Y.; Shimura, T.; Iwahara, H. Protonic conduction in Zr-substituted BaCeO3.
Solid State Ionics 2000, 138, 91–98. [CrossRef]

27. Lim, D.-K.; Park, C.-J.C.-N.; Choi, M.-B.; Park, C.-J.C.-N.; Song, S.-J. Partial conductivities of mixed conducting
BaCe0.65Zr0.2Y0.15O3-δ. Int. J. Hydrog. Energy 2010, 35, 10624–10629. [CrossRef]

28. The Complete Book On Glass And Ceramics Technology, 2nd ed.; NIIR Board of Consultants & Engineers (Ed.)
National Institute of Industrial Research: New Delhi, India, 2005; ISBN 978-8178330334.

http://dx.doi.org/10.3390/ma11010052
http://www.ncbi.nlm.nih.gov/pubmed/29286321
http://dx.doi.org/10.1016/j.scriptamat.2003.11.028
http://dx.doi.org/10.1016/0009-2614(95)00905-J
http://dx.doi.org/10.1155/2018/2651056
http://dx.doi.org/10.1186/s11671-017-1854-x
http://dx.doi.org/10.1088/0953-8984/10/2/007
http://dx.doi.org/10.1016/S0167-2738(99)00152-6
http://dx.doi.org/10.1016/j.fusengdes.2019.03.104
http://dx.doi.org/10.1016/j.fusengdes.2014.01.034
http://dx.doi.org/10.1016/j.fusengdes.2013.05.055
http://dx.doi.org/10.1016/j.fusengdes.2017.01.049
http://dx.doi.org/10.1016/j.fusengdes.2015.03.005
http://dx.doi.org/10.1007/s10800-008-9745-6
http://dx.doi.org/10.1016/j.ijhydene.2017.06.072
http://dx.doi.org/10.1016/j.jallcom.2006.09.016
http://dx.doi.org/10.1016/j.ceramint.2007.03.007
http://dx.doi.org/10.1016/S0167-2738(00)00777-3
http://dx.doi.org/10.1016/j.ijhydene.2010.07.122


Sensors 2020, 20, 7258 14 of 14

29. Xia, C.; Mi, Y.; Wang, B.; Lin, B.; Chen, G.; Zhu, B. Shaping triple-conducting semiconductor
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ into an electrolyte for low-temperature solid oxide fuel cells. Nat. Commun.
2019, 10, 1707. [CrossRef]

30. Matzke, T.; Cappadonia, M. Proton conductive perovskite solid solutions with enhanced mechanical stability.
Solid State Ionics 1996, 86–88, 659–663. [CrossRef]

31. Pionke, M.; Mono, T.; Schweika, W.; Schober, H.; Springer, T. Proton diffusion in Ba[Ca1+x)/3Nb2−x]O3−x/2

studied by quasielastic neutron scattering. Phys. B Condens. Matter 1997, 234–236, 95–96. [CrossRef]
32. Münch, W. A molecular dynamics study of the high proton conducting phase of CsHSO4. Solid State Ionics

1995, 77, 10–14. [CrossRef]
33. Kreuer, K.D. Proton-Conducting Oxides. Annu. Rev. Mater. Res. 2003, 33, 333–359. [CrossRef]
34. Kreuer, K. H/D isotope effect of proton conductivity and proton conduction mechanism in oxides.

Solid State Ionics 1995, 77, 157–162. [CrossRef]
35. Keeble, D.J.; Wicklein, S.; Dittmann, R.; Ravelli, L.; Mackie, R.A.; Egger, W. Identification of A-and B-site

cation vacancy defects in perovskite oxide thin films. Phys. Rev. Lett. 2010, 105, 226102. [CrossRef]
36. Barison, S.; Battagliarin, M.; Cavallin, T.; Doubova, L.; Fabrizio, M.; Mortalò, C.; Boldrini, S.; Malavasi, L.;

Gerbasi, R. High conductivity and chemical stability of BaCe1−x−yZrxYyO3−δ proton conductors prepared
by a sol–gel method. J. Mater. Chem. 2008, 18, 5120. [CrossRef]

37. Singhal, S.C.; Kendall, K. High-Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications,
1st ed.; Singhal, S.C., Kendall, K., Eds.; Elsevier: Amsterdam, The Netherlands, 2003; ISBN 9781856173872.

38. Kalyakin, A.; Lyagaeva, J.; Medvedev, D.; Volkov, A.; Demin, A.; Tsiakaras, P. Characterization of
proton-conducting electrolyte based on La0.9Sr0.1YO3-δ and its application in a hydrogen amperometric
sensor. Sens. Actuators B Chem. 2016, 225, 446–452. [CrossRef]

39. Kalyakin, A.; Fadeyev, G.; Demin, A.; Gorbova, E.; Brouzgou, A.; Volkov, A.; Tsiakaras, P. Application of Solid
oxide proton-conducting electrolytes for amperometric analysis of hydrogen in H2+N2+H2O gas mixtures.
Electrochim. Acta 2014, 141, 120–125. [CrossRef]

40. Farabolini, W.; Ciampichetti, A.; Dabbene, F.; Fütterer, M.A.; Giancarli, L.; Laffont, G.; Puma, A.L.; Raboin, S.;
Poitevin, Y.; Ricapito, I.; et al. Tritium control modelling for a helium cooled lithium–lead blanket of a fusion
power reactor. Fusion Eng. Des. 2006, 81, 753–762. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-019-09532-z
http://dx.doi.org/10.1016/0167-2738(96)00231-7
http://dx.doi.org/10.1016/S0921-4526(96)00893-9
http://dx.doi.org/10.1016/0167-2738(95)00045-8
http://dx.doi.org/10.1146/annurev.matsci.33.022802.091825
http://dx.doi.org/10.1016/0167-2738(94)00265-T
http://dx.doi.org/10.1103/PhysRevLett.105.226102
http://dx.doi.org/10.1039/b808344d
http://dx.doi.org/10.1016/j.snb.2015.11.064
http://dx.doi.org/10.1016/j.electacta.2014.06.146
http://dx.doi.org/10.1016/j.fusengdes.2005.07.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis and Sintering of Ceramics 
	Sensor Construction 
	Electrochemical Measurements 

	Results and Discussion 
	Characterization of the Proton-Conducting Electrolytes 
	Sensor Activation 
	Amperometric Measurements 
	SrCeZrYb Electrolyte 
	BaCeZrY Electrolyte 

	Comparison with Other Sensors Reported in the Literature 

	Conclusions 
	References

