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A B S T R A C T   

The necessity to accelerate green and low carbon technologies, to mitigate the pending energetic crisis, poten-
tiates the urgent search for alternative energy transfer methods. In this regard, Proton Ceramic Membrane Re-
actors (PCMRs) have shown great potential as a clean alternative for both energy production and the 
electrochemical synthesis of a wide range of chemical products. One of the most important is that of ammonia, 
where recent literature has demonstrated the potential use of PCMRs to either synthesize this chemical product 
or to use it as a fuel, and where suitable new electrodes must be developed. Hence, this work investigates the use 
of niobium (oxy)nitride (NbNxOy) in combination with proton ceramic conducting materials, as a new category 
of composite electrode for PCMRs applications. To achieve this goal, firstly, the chemical compatibility of the 
NbNxOy phase with the well-known proton conducting perovskite, yttrium-doped barium cerate (BaCe0.9Y0.1O3-δ, 
BCY10), was assessed. By X-ray powder diffraction, BaCe0.7Zr0.1Y0.2O3-δ (BCZY712) was shown to be chemically 
stable with the NbNxOy phase, surviving up to 850 ◦C, thus, facilitating the production of an electrolyte sup-
ported composite electrode film based on BCZY712-NbNxOy (40–60 vol%). Thermogravimetric experiments 
combined with X-ray diffraction were also made to assess the thermal stability of the NbNxOy material in both N2 
and 2 % H2/N2 atmospheres, revealing that NbNxOy decomposes into its parent oxide in N2, while retaining the 
pure (oxy)nitride phase in the more reducing conditions. The polarization behavior of the BCZY712-NbNxOy 
composite electrode was evaluated by electrochemical impedance spectroscopy under different gaseous condi-
tions of H2/N2 and NH3 atmospheres. The overall electrode mechanism was tentatively explained by three main 
steps, including i) proton incorporation/water release or adsorption/desorption of water, ii) gaseous hydrogen 
adsorption/desorption, and iii) interfacial transfer reaction of either protons or oxygen-ion vacancies. To the best 
of our knowledge, this is the first work that reports a detailed chemical compatibility study of niobium (oxy) 
nitride with a protonic ceramic matrix, while also outlining a detailed electrode mechanism under prospective 
conditions of hydrogenation/de‑hydrogenation of ammonia.   

1. Introduction 

The current requirements of low carbon strategies have led many 
companies to announce low-carbon or net zero strategies, in which the 
use of alternative fuels, such as hydrogen (H2) may play a crucial role. 
Nonetheless, despite the potential of the hydrogen economy compared 
to the current fossil fuel economy, several challenges remain to be 
addressed regarding the storage and distribution of hydrogen. Hydro-
gen’s volatility, very low flash point, invisible flame, and low volumetric 

energy density, pose several complications for storing and transporting 
energy in the form of pure hydrogen, with the necessary infrastructure 
based on pressurized hydrogen distributed in pipes, also requiring pro-
hibitively large investments [1–3]. 

On the other hand, a potential alternative is that of ammonia (NH3), 
which, like hydrogen, does not contain carbon in its structure, thereby 
avoiding the emission of CO2 upon its combustion, while also being easy 
to liquefy at relatively low pressure (1030 kPa) at ambient temperature; 
a key property that hydrogen cannot provide [3,4]. This makes the 
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storage and transportation of compressed liquid ammonia much simpler 
and safer compared to hydrogen and can provide a fuel with a superior 
volumetric density (11.3 GJ m− 3) than that of compressed natural gas 
(10.4 GJ m− 3) or gaseous (2.1 GJ m− 3) or liquid (8.5 GJ m− 3) hydrogen. 
Ammonia is also an important raw chemical for producing fertilizers, 
where the well-established infrastructures and facilities for transport 
and storage around the world would boost the usage of ammonia as a 
potential clean energy source in the near future [1–3,5,6]. 

Proton Ceramic Membrane Reactors (PCMRs) have gained increasing 
attention, due to their capability to operate under ammonia-based fuels 
in fuel cell mode to produce electricity [4,7,8]. Conversely, they can also 
be operated in the inverse direction to produce ammonia directly from 
electricity and steam or hydrocarbons at ambient pressure [4,9,10]. This 
possibility can present several advantages when compared to the 
traditional Haber-Bosch (HB) process, such as a significant cost saving, 
as well as the elimination of the large carbon footprint of the standard 
natural gas route of the HB process [4,9,10]. 

The flexibility of these devices for both hydrogenation and de‑hy-
drogenation of ammonia is permitted using a solid-state proton-con-
ducting electrolyte membrane [4,9,10]. Typical electrolytes are based 
on perovskite proton conductors with very high protonic conductivity, 
such as doped barium cerate/zirconates (e.g., 10− 3 S cm− 1 at 400 ◦C 
[11–14]), which can have the ability to operate in very low humidity 
conditions (e.g., pH2O ≤ 10− 4 atm), an essential requirement to avoid 
ammonium (NH4

+) formation. Nonetheless, for both ammonia-based 
applications, the critical limitation, to date, is based on the lack of 
suitable electrode materials. For example, in the case of anodes for 
ammonia fuel oxidation, current Ni-based cermet materials suffer from 
poor chemical stability in NH3-containing fuels, yielding phase nitrifi-
cation to Ni3N (nickel nitride), with a potentially detrimental effect with 
respect to their catalytic behavior for ammonia oxidation [15–17]. 
Equally, in the case of ammonia formation electrodes, reported Faradaic 
efficiencies remain low (below 10–15 %), mainly due to the poor cata-
lytic activity/selectivity towards N2 reduction reaction [4,9,10,18]. 

Hence, alternative electrode materials are urgently required for these 
technologies. In this regard, recent works on transition metal (oxy)ni-
trides, based on vanadium, niobium, chromium, zirconium, etc., have 
been shown that these materials are stable in reducing conditions, while 
also being attractive as electrocatalysts for electrochemical ammonia 
synthesis [19–22]. However, with respect to their use in PCMRs, only 
one example was reported by Kyriakou et al. [21], to date, where the 
authors used a mixture of vanadium (oxy)nitride and iron as cathode 
material for the electrochemical synthesis of ammonia. While the per-
formance of this material was assessed in terms of ammonia formation 
and faradaic efficiency, limited attention has been given to the study of 
their fabrication and electrochemical behavior. 

Therefore, we study the use of niobium (oxy)nitride (NbNxOy) as a 
potential electrode component for PCMRs. Differing from previous 
literature on a single (oxy)nitride phase electrode, in our work, a com-
posite made with a perovskite proton-conducting ceramic is proposed. 
The current work underscores for the first time the chemical compati-
bility between the NbNxOy phase and the ceramic electrolyte, while also 
providing a method for electrode fabrication, followed by a detailed 
mechanistic study of the electrode mechanism in reducing atmospheres, 
using a symmetrical cell arrangement. The mechanism is tentatively 
explained for both oxidation and reduction reactions aiming to under-
stand the potential application of the novel composite electrode for both 
hydrogenation/de‑hydrogenation of ammonia. 

2. Experimental 

2.1. Powder synthesis 

BaCe0.7Zr0.1Y0.2O3-δ (BCZY712) electrolyte powder was synthesized 
by an acetate-H2O2 combustion method, as reported in detail previously 
[23]. Niobium (oxy)nitride (NbNxOy) material was produced by 

nitridation of niobium pentoxide (Nb2O5, Sigma-Aldrich) at 700 ◦C for 
12 h in a tubular furnace under a flowing NH3 atmosphere (Air Liquide, 
purity > 99.8 %). Phase purity was analyzed by X-ray diffraction (XRD) 
analysis using a Rigaku SmartLabSe diffractometer, 2θ = 20–80◦, with a 
scan rate 3◦ min− 1 (Cu-Kα radiation, wavelength of 1.5406 Å, 40 kV, 30 
mA). 

The chemical compatibility between the NbNxOy and the BCZY712 
materials was assessed by mixing powders of both compositions in a 
proportion of 50:50 wt% ratio, followed by pelletizing (uniaxial press-
ing) and calcination at 850 ◦C in a nominally dry (pH2O ~ 10− 5 atm) 10 
% H2/N2 atmosphere (formic gas, Air Liquide, purity > 99.8 %) for 12 h. 
The calcined mixture was then evaluated by XRD to analyze phase 
composition. 

2.2. Stability in different atmospheres 

The phase stability of the NbNxOy powders was assessed by ther-
mogravimetric experiments (TG) in nominally dry N2 (Air Liquide, pu-
rity > 99.8 %), 10 % H2/N2 (formic gas, Air Liquide, purity > 99.8 %), 
and 2 % H2/N2, i.e., 10 % H2/N2-N2 mixtures, at 900 ◦C, with a heating 
rate of 3 ◦C min− 1 and dwell time of 1 h. 

2.3. Symmetrical cell fabrication 

A symmetrical cell made with the BCZY712-NbNxOy|BCZY712| 
BCZY712-NbNxOy configuration was prepared. A dense BCZY712 elec-
trolyte substrate was fabricated by applying isostatic pressure (350 MPa 
for 15 min) and sintering at 1550 ◦C for 10 h. BCZY712-NbNxOy elec-
trode slurries were prepared by carefully mixing 40 vol% of the NbNxOy 
and 60 vol% of the BCZY712 powders with terpineol and stearic acid in 
an agate mortar. After that, two layers were symmetrically screen- 
printed on the surfaces of the densified BCZY712 substrate. The final 
BCZY712-NbNxOy|BCZY712|BCZY712-NbNxOy symmetrical assembly 
was heated in a dry reducing atmosphere (10 % H2/N2) at 500 ◦C for 2 h 
to evaporate organics, followed by sintering at 850 ◦C for 3 h. 

The morphology and microstructure of the symmetrical cell were 
observed by scanning electron microscopy (SEM, Hitachi SU-70) coupled 
with Energy-dispersive X-ray spectroscopy (EDS, Brucker Quantax 400 
detector) for analyzing the elemental mapping distribution. 

2.4. Electrochemical characterization 

Electrochemical studies were performed by electrochemical imped-
ance spectroscopy (EIS) using an Electrochemie-Autolab PGSTAT302N 
frequency response analyzer in the frequency range 1 MHz–0.01 Hz with 
a signal amplitude of 50 mV. 

Single atmospheres were composed of nominally dry 10 % H2/N2 
(formic gas, Air Liquide, purity > 99.8 %), NH3 (Air Liquide, purity >
99.8 %), and 75 % H2/N2, a mixture of 75 % of H2 (Air Liquide, purity >
99.8 %) and 25 % of N2 (Air Liquide, purity > 99.8 %) gases. Mea-
surements were performed at 50 ◦C intervals, in the direction of 
decreasing temperature, in the temperature range of 750–500 ◦C. 
Variation of the hydrogen partial pressure (pH2) was performed at 50 ◦C 
intervals in the direction of decreasing temperature, in the temperature 
range of 500–750 ◦C, by mixing nominally dry 10 % H2/N2 with N2 
mixtures until a minimum pH2 = 0.1 atm was achieved. These dry at-
mospheres, with values of pH2O ~ 10− 5–10− 4 atm [12], were achieved 
using an SGT super clean gas moisture filter. 

A complimentary measurement in wet conditions was also per-
formed by a wetted 10 % H2/N2 formic gas that had been bubbled 
through KBr-saturated H2O, allowing to achieve a pH2O ~ 10− 2 atm. The 
relative humidity was determined using a temperature and humidity 
sensor (JUMO, 907023). The gases were applied to the measurement jig 
with a maximum total flowrate of 50 mL min− 1, supplied by Bronkhorst 
Thermal Mass flow Controllers (EL Flow). Oxygen sensor values were 
measured using a YSZ (Friatec) sensor inserted in the sample jig. 
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The dwell time at each temperature before each measurement was 1 
h, and stability was confirmed by performing repeated impedance 
measurements after an additional 1 h. The obtained impedance spectra 
were fitted using a non-linear least squares fitting (equivalent circuits) 
using the software ZView© (Scribner Associates), allowing to calculate 
the resistance and the capacitance values associated with each individ-
ual process. 

3. Results and discussion 

3.1. Phase purity and chemical compatibility analysis 

Chemical compatibility is an important feature to ensure the higher 
lifetime and performance of cell components [24]. In this regard, by 
using X-ray diffraction (XRD), the chemical reactivity between the 
NbNxOy compound and BCZY712 electrolyte composition in 10%H2/N2 
was evaluated. Fig. 1a shows the diffractogram obtained for the syn-
thesized BCZY712 electrolyte composition, where a pure phase was 
obtained, being indexed to the expected orthorhombic symmetry 
[25,26]. Moreover, both materials, NbNxOy and BCZY712, do not show 
inter-reactivity at 850 ◦C, for 12 h, as verified in Fig. 1b. Conversely, at 
950 ◦C, both phases reacted, leading to the formation of a BaNb2O6 
phase, which was reported to be a solid solution within the BaO-Nb2O5 
system [27]. Thus, the temperature of 850 ◦C was selected to perform 
the sintering of electrodes used in the subsequent sections. 

3.2. Stability of the NbNxOy phase 

To evaluate the stability of the NbNxOy phase, thermogravimetric 
(TG) measurements were made in conditions near the predicted stability 
limit of this material: pure N2 and 2 % H2/N2, from RT to 900 ◦C, as 
shown in Fig. 2.a. After measurements, powders were analyzed by XRD 
to identify possible phase decomposition (Fig. 2.b) while Rietveld anal-
ysis was used to monitor potential lattice parameter changes. 

In a pure N2 atmosphere, NbNxOy shows a total weight gain of ~10 
%, which initiates at T ~ 100 ◦C (Fig. 2.a), due to the partial oxidation 
and decomposition of niobium (oxy)nitride into niobium pentaoxide 
(Nb2O5) (Fig. 2.b), according to, 

NbOxNy(s)+
(

2.5 − x
2

)

O2(g)→
1
2

Nb2O5(s)+
(y

2

)
N2(g) (1) 

In contrast, in a 2 % H2/N2 atmosphere, the weight variation remains 
effectively constant (Fig. 2.a). From the XRD pattern in Fig. 2.b, it is 
possible to observe that the NbNxOy phase maintains the structural 
integrity of its rock-salt structure, albeit with a slight peak shift towards 
higher 2θ angles, corresponding to a lattice parameter change of 4.3116 
(3) to 4.3377(2), which may be related to a slight increase in the N/O 
ratio of the anionic sublattice [28]. 

3.3. Microstructure of the sintered film and thermal expansion coefficient 

Fig. 3 depicts the thermal expansion coefficient (TEC) of the NbNxOy 
material measured in the temperature range of 200–800 ◦C, upon 
heating. A constant TEC value of 8.24 × 10− 6 ◦C− 1 was determined in 
the whole measured temperature range. Conversely, the BCZY712 ma-
terial (Fig. 3) exhibits a change in slope at around 600 ◦C, which is 
potentially related to the typical dehydration of this material at high 
temperatures, as expected for this type of proton-conducting perovskites 
[29,30]. In this regard, the recent review from Løken et al. [31] ascribed 
this behavior to the loss of protons from the perovskite structure, 
resulting in a decrease in apparent TEC with increasing temperature, as 
observed, while the hydrated BCZY712 material should possess a con-
stant TEC value of around 12 × 10− 6 ◦C− 1, in agreement to the current 
results at lower temperatures [31]. Therefore, within the targeted 
temperature range of operation for these materials (400–600 ◦C), the 
similarity of the measured TEC values for these two materials, highlights 
another potential advantage of using NbNxOy as an electrode material, 
in comparison to that of metallic Ni-BCZY cermets which show a much 
higher TEC of around 17–18 × 10− 6 ◦C− 1 [32,33]. 

Fig. 4a shows the microstructure of the sintered electrode film made 
of the BCZY712-NbNxOy film produced by the screen-printing method. 
The electrode film, with a thickness of ~20 μm, shows a porous 
microstructure (as shown in the magnification), also presenting an 
average grain size at the submicron level. The porosity shown to be 
present can be suggested to be fundamental to facilitate good gas phase 
diffusion to the TPB [34]. Also, good adhesion between the cathode and 

Fig. 1. X-ray diffraction (XRD) patterns of a) 40 vol% of NbNxOy-BCY10 composite before and after exposure at 850 ◦C, 750 ◦C and 650 ◦C in 10 % H2/N2 b) Ba1- 

xCe0.9Y0.1O3-δ powders c) 40 vol% of NbNxOy-Ba1-xCe0.9Y0.1O3-δ powders after heating at 850 ◦C in 10 % H2/N2 for 12 h. 
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electrolyte interface can be noted, potentially benefitted by the similar 
values for the thermal expansion coefficient determined for the 
BCZY712 and NbNxOy samples (Fig. 3). Moreover, from the Energy- 
dispersive Spectroscopy (EDS) analysis, a coherent mixing between 
both phases was achieved, potentially resulting in a good percolation of 

both phases [34–36]. 

3.4. Electrochemical behavior of the BCZY712-NbNxOy electrode 

Electrochemical Impedance Spectroscopy (EIS) was performed using 
a symmetrical cell made with the BCZY712-NbNxOy|BCZY712| 
BCZY712-NbNxOy configuration, which was prepared to study the 
electrochemical characteristics of the BCZY712-NbNxOy electrode. 
Measurements were made in the temperature range of 500 ◦C–750 ◦C in 
different atmospheres. Fig. 5a shows example impedance spectra ob-
tained at 750 ◦C in 75 % H2/N2, 2 % H2/N2 and in pure NH3. The 
impedance spectra are similar in shape among all samples, being 
composed of two semicircles at high- and middle-frequency, with 
resistance terms denominated RHF and RMF, respectively. Additionally, a 
low-frequency electrode tail, can also be observed, although it cannot be 
completely resolved within the frequency range of the equipment 
measurement window. This low-frequency tail is noted to disappear 
with decreasing temperature (results not shown). 

To fit the impedance data, an equivalent circuit, inset in Fig. 5.b, 
consisting of an inductance (L) in series with a resistor (Rohm), which 
represents the cell ohmic resistance, two distributed R||Q elements and a 
Warburg element was used. The resistance (R), the pseudo-capacitance 
(Q), and the parameter n are the values extracted for each semicircle 
applying the fitting model. The polarization resistance values obtained 
were multiplied by the electrode area and divided by a factor of 2 due to 
the symmetrical cell configuration. By using the following equation, it is 

Fig. 2. a) Thermogravimetric (TG) analyses made on NbNxOy powders in different atmospheres in the temperature range RT to 900 ◦C; b) X-ray diffraction (XRD) 
patterns of the resultant powders after treatment compared to the as-synthesized NbNxOy powder. 

Fig. 3. Linear expansion (%) obtained for the NbNxOy and the BCZY712 sin-
tered bars, measured in a nominally dry 10 % H2/N2 atmosphere in heating 
mode (200–800 ◦C). 

Fig. 4. a) Cross-section microstructure of the symmetrical cell made with the BCZY712-NbNxOy|BCZY712|BCZY712-NbNxOy configuration (40 vol% of the NbNxOy 
phase) (the inset presents a detailed view with a higher magnification); b) corresponding energy-dispersive spectroscopy (EDS) mapping. 
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possible to calculate the true capacitance: 

C = R(1− n)/nQ(1/n) (2) 

From the first inspection of Fig. 6, it is possible to observe a less 
resistive behavior with the increase of %H2 present in the atmosphere. 
Additionally, it is possible to observe that NbNxOy shows a lower total 
resistance in 75 % H2/N2 than in pure NH3. 

The BCZY712-NbNxOy electrode shows a value with the order of 
magnitude in the range of 10− 6–10− 5 F cm− 2 and 10− 3–10− 2 F cm− 2 

associated with the semicircle at high- and middle-frequency, respec-
tively. From a comparison of these calculated values with typical values 
of other comparable electrodes in the literature, RHF can be most likely 
associated with interfacial transfer phenomena, while RMF can be asso-
ciated with surface reactions occurring at the triple phase boundaries 
(TPBs) [35,37,38,40]. 

Fig. 6 shows the hydrogen partial pressure (pH2) dependence of the 

high-frequency polarization resistance (RHF) of the BCZY712-NbNxOy 
electrode obtained in nominal mixtures of 10 % H2/N2 and N2 gases, in 
the temperature range 500–600 ◦C. Data at higher temperatures were 
not included as the RHF term gradually decreases, disappearing at high 
temperatures (T ≥ 650 ◦C). Moreover, RHF is shown to have a weak 
dependence on the pH2 level. This behavior resembles the typical 
interfacial transfer processes occurring at the electrode-electrolyte 
interface, corroborating the very low capacitance values estimated for 
this term (10− 6–10− 5 F cm− 2) [38,41]. Due to the proton-conducting 
nature of the BCZY712 phase, the formation of protonic charge car-
riers could be expected [43,44], 

H2O+V
˙̇+O×

O ↔ 2OH˙
O

O (3) 

Thus, the following equation could characterize the RHF processes: 

OH˙
O,electrode +Ox

O,electrolyte ↔ OH˙
O,electrolyte +Ox

O,electrode (4) 

However, in nominally dry reducing conditions, it is well-known 
that, above 400 ◦C, a gradual transition is typically observed from 
proton to oxygen-ion conductivity [11,12], thus, the formation of 
competing oxygen-ion vacancies (V˙̇

O) cannot be excluded, 

V
˙̇+Ox

O,electrolyte ↔ V
˙̇+ Ox

O,electrode
O,electrolyte

O,electrode (5) 

In this respect, the Ea values registered for RHF (varying in the 1.24 
eV–1.79 eV for the different atmospheres, Table 1), measured across the 
temperature range 750–500 ◦C, are much higher than that expected for 
pure protonic conductivity, i.e., typically around 0.50 eV [14], sug-
gesting that oxygen-ion partial conductivity may be relevant, where a 
value of 1.6 eV was previously reported in reducing atmospheres [12]. 
In addition, no n-type electronic conductivity is expected due to the very 
low Ce reducibility in the perovskite under these measurement condi-
tions [12]. This behavior was also reported for other doped‑barium 
cerates, where only under severe reducing conditions and very high 
temperatures there is an appreciable alteration of the oxygen-vacancy 
concentration [45,46], with a subsequent impact in the n-type elec-
tronic transport [12]. 

Fig. 7 shows the middle-frequency polarization resistance (RMF) as a 
function of the temperature of the BCZY712-NbNxOy electrode for NH3, 
75 % H2N2 and 10 % H2/N2 atmospheres. As one can see, the RMF 
contribution decreases by nearly one order of magnitude upon 
increasing the pH2 from 0.1 atm to 0.75 atm, across the complete tem-
perature range. 

Nonetheless, a remarkable behavior is shown in the case of the NH3 
atmosphere, where the RMF term shows a much higher Ea value, than 
that of the H2/N2 atmospheres. In this regard, incomplete ammonia 
decomposition must be considered, as also shown experimentally by 
Miyazaki et al. [47] for Ni-based cermet anodes, under a pure NH3 at-
mosphere, given by 

2NH3(g)→3H2(g)+N2(g) (6) 

This behavior results in a sharp increase in the Ea value to 1.81 eV, in 
comparison to the Ea values determined for both 75 % H2/N2 (1.31 eV) 
and 10 % H2/N2 (1.24 eV) atmospheres (Table 1), thus, suggesting that 

Fig. 5. a) Impedance spectra of the symmetrical cell with BCZY712-NbNxOy 
electrode measured in dry 10 % H2/N2, 75 % H2/N2 and NH3 at 750 ◦C (the 
numbers indicate the decades (log10) of the measuring frequencies; the high- 
frequency intersect was removed for better visualization). b) Equivalent cir-
cuit used to fit the impedance spectra. 
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Fig. 6. The hydrogen partial pressure (pH2) dependence of the high-frequency 
polarization resistance (RHF) of the BCZY712-NbNxOy electrode obtained in 
nominal mixtures of 10 % H2/N2 and N2 atmospheres in the temperature 
range 500–600 ◦C. 

Table 1 
Activation energy (Ea) values obtained for the polarization resistances under 
different atmospheres.  

Term Atmosphere Activation energy (Ea)/eV 

RHF 

NH3 (pH2 < 0.75 atm)  1.24 
Dry H2/N2 (pH2 = 0.75 atm)  1.74 
Dry H2/N2 (pH2 = 0.1 atm)  1.44 

RMF 

NH3 (pH2 < 0.75 atm)  1.84 
Dry H2/N2 (pH2 = 0.75 atm)  1.31 
Dry H2/N2 (pH2 = 0.1 atm)  1.24 

RLF Dry H2/N2 (pH2 = 0.75 atm)  0.22  
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free H2 fraction plays an important role on this term. Moreover, this 
result also highlights that NbNxOy is not a good catalyst for NH3 disso-
ciation at low temperatures, due to the different behaviors of the middle- 
frequency polarization resistance (RMF) observed under 75 % H2/N2 and 
NH3 atmospheres; a potentially promising result for the potential use of 
this material for ammonia production. To further understand this pH2 
behavior of the composite electrode in further depth, Fig. 8 shows the 
dependence of RMF on pH2, which is shown to have a strong negative 
power dependence, m ~ − 0.5, for all measured temperatures. 

The typical rate-limiting steps for H2 reaction at the surface usually 
involve either dissociative adsorption (or also, H2 desorption in the 
reverse reaction) [35,38], 

H2(g)↔ H2,ads (m = 0.5) (7)  

or oxidation reaction of hydrogen (or also, reduction of protons to 
hydrogen in the reverse reaction) [38]. 

Hads ↔ H+
ads + e− (m = 0.25) (8) 

Based on the m = 0.5 dependence observed in Fig. 8, RMF can be best 
attributed to the adsorption/desorption of H2 at the surface of the 
electrocatalyst, Eq. (7). Moreover, the larger resistance of RMF compared 
with RHF suggests that the former is the dominant rate limiting step for 

the BCZY712-NbNxOy electrode [35,38]. 
Fig. 9a shows the temperature dependence of the low-frequency 

polarization resistance (RLF). The analysis in the whole measured tem-
perature range was not possible in pure NH3 or in the 10 % H2/H2 at-
mospheres. Nonetheless, in the case of the 75 % H2/H2 atmosphere, the 
RLF term is clearly shown to have a low temperature dependence, Ea =

0.22 eV (Table 1), as typically expected for gas-phase-related processes 
[48]. Moreover, the magnitude of the RLF term is also observed to be 
similar in both NH3 and 75 % H2 atmospheres, as shown in Fig. 9.b for 
the measurement temperature of 800 ◦C, while, in the 10 % H2/H2 at-
mosphere, RLF increases by almost one order of magnitude at this tem-
perature, suggesting a negative dependence of RLF on the pH2 level 
(Fig. 9b). 

Based on previous reports on proton-conducting composite elec-
trodes, the low-frequency polarization resistance (RLF) to proton incor-
poration (or water release in the reverse reaction) may be ascribed to the 
following reactions [34,49–52], 

H2Oads +V
˙̇→Ox

O,electrode ↔ 2OH˙
O,electrode

O (9)  

and/or water adsorption (or desorption in the reverse reaction), 

H2O(g)↔ H2Oads (10) 

In this respect, Fig. 10 compares the impedance dispersions of the 
BCZY712-NbNxOy electrode tested in both nominally dry (pH2O ~ 10− 5 

atm) and wet (pH2O ~ 10− 2 atm) conditions at 750 ◦C. From this com-
parison, it can be immediately observed that the RLF process is only 
predominant in nominally dry conditions, while effectively disappearing 
in wet conditions. This strong dependence on the pH2O level suggests that 
the adsorbed water (H2Oads) may be involved in the process. The pres-
ence of the low-frequency electrode tail is characteristic of diffusion 
processes, possibly suggesting that the molecular gaseous water diffu-
sion is rate limiting under dry conditions, being further impaired at 
lower pH2 values (which are expected to result in slightly lower intrinsic 
pH2O values [12]), while, conversely, being promoted under the wet 
conditions. This concept may be further corroborated by the very high 
capacitance values estimated for this term (>1 F cm− 2), (characteristic 
of diffusion limited behavior) [34,49–52]. In contrast, both the RHF and 
RMF processes are shown to be effectively independent of the pH2O level. 
In wet conditions, therefore, the RMF process becomes predominant, in 
agreement with a previous work by Nasani et al. [35] made on Ni-BZY 
analogs and concurring with their suggested limiting electrode mecha-
nisms described above. 

To summarize the above information, a tentative global electrode 
mechanism for the 40 vol% BCZY712-NbNxOy composite electrode will 
now be elaborated. In this respect, Fig. 11 illustrates the possible reac-
tion steps described by the elementary steps of the polarization resis-
tance that were determined in the previous sections. The reaction steps 
are provided in terms of both oxidation and reduction reactions. Hence, 
the mechanism for the electrochemical oxidation of gaseous H2 involves 
three main steps, namely, i) proton incorporation/water release or 
adsorption/desorption of water, ii) gaseous hydrogen adsorption/ 
desorption, and iii) interfacial transfer reaction of either protons or 
oxygen-ion vacancies. As shown in Fig. 11, the surface reactions can 
occur predominantly at the triple phase boundaries (TPBs) [55]. Finally, 
in the specific case of the ammonia formation reaction, further studies 
under applied cathodic polarization are necessary together with quan-
titative ammonia-formation techniques, such as gas chromatography, to 
provide further data for the interpretation of the electrode mechanism 
towards NH3 synthesis. 

4. Conclusions 

The current work provides a systematical approach to processing, 
electrode fabrication, chemical stability, and electrochemical charac-
terization of a new category of a composite electrode made of niobium 
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Fig. 7. The temperature dependence of the middle-frequency polarization 
resistance (RMF) of the BCZY712-NbNxOy electrode obtained in nominally dry 
NH3, 75 % H2/N2, and 10 % H2/N2 atmospheres. 
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Fig. 8. The hydrogen partial pressure (pH2) dependence of the middle- 
frequency polarization resistance (RMF) of the BCZY712-NbNxOy electrode ob-
tained in nominal mixtures of 10 % H2/N2 and N2 atmospheres in the tem-
perature range 500–750 ◦C. 
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(oxy)nitride (NbNxOy) and a proton-conducting perovskite. 
BCZY712 was shown to be chemically stable up to 850 ◦C, thus, 

facilitating the sintering process of the electrode film. Moreover, ther-
mogravimetric experiments combined with X-ray diffraction after tests 
were also made to assess the thermal stability of the NbNxOy material in 

both N2 and 2 % H2/N2 atmospheres, revealing that NbNxOy de-
composes into parent oxides in N2, while, conversely, retaining its phase 
purity in reducing conditions. 

The polarization behavior of BCZY712-NbNxOy composite electrode 
(40/60 vol%) compositions was evaluated by electrochemical imped-
ance spectroscopy under different atmospheric conditions. The overall 
electrode mechanism was tentatively explained by three main steps, 
including, i) proton incorporation/water release or adsorption/desorp-
tion of water, ii) gaseous hydrogen adsorption/desorption, and iii) 
interfacial transfer reaction of either protons or oxygen-ion vacancies. 
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% H2/N2 (pH2O ~ 10− 2 atm) at 750 ◦C. The numbers indicate the decades 
(log10) of the measuring frequencies. 

Fig. 11. Illustration of possible electrode reactions occurring when using NbNxOy-BCZY712 electrocatalysts in a NH3- or H2-based atmosphere in nominally dry 
reducing conditions. The overall electrode mechanism was tentatively explained by three main steps, including, i) proton incorporation/water release or adsorption/ 
desorption of water, ii) gaseous hydrogen adsorption/desorption, and iii) interfacial transfer reaction of either protons or oxygen-ion vacancies. 
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the work reported in this paper. 
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