Solid-state electrochemical synthesis of ammonia a review
Abstract
Ammonia is one of the most produced chemicals worldwide, and it is not only a major end product but also an important energy storage intermediate. The solid-state electrochemical synthesis of ammonia has the promise to overcome the limitations of the conventional catalytic reactors such as the limited conversion, severe environmental pollution and high energy consumption. Solid-state electrolytes either protonic or oxide ion conductors have been reviewed and particular emphasis is placed on their application to synthesise ammonia. The highest rate of ammonia formation according to the type of electrolyte utilised were in the following order; solid polymers > Ce0.8Gd0.2O2−δ - (Ca3(PO4)2-K3PO4) composites > fluorites > perovskites > pyrochlores although the catalysts in electrodes also play an important role. The highest rate reported so far is found to be 1.13×10−8 mol s−1 cm−2 at 80 °C with a potential of 2 V using Nafion membrane, SmFe0.7Cu0.1Ni0.2O3 (SFCN), and Ni-Ce0.8Sm0.2O2−δ as solid electrolyte, cathode and anode, respectively. Synthesising ammonia from steam and N2, bypassing H2 stage offers many advantages such as reduction of device numbers and then the overall costs. The factors affecting the rate of ammonia formation have been discussed as well.
Introduction
Ammonia (NH3) is one of the most widely produced chemicals worldwide, and it is not only a major end product but also an important energy storage intermediate. Ammonia is a colourless alkaline gas at ambient temperature which is lighter than air and has a unique pungent, penetrating odour [1]. Ammonia and hydrogen are similar in that both could be utilised as a storage medium and clean energy carrier [2, 3].
Based on the aforementioned properties, ammonia is believed to play an important role in the world future economy. The worldwide production of ammonia is approximately 100 million tons per year. Besides, ammonia finds a widespread use in various industrial sectors including energy, refrigeration, transportation, fertilisers (more than 80% of the produced ammonia) and other industries such as pharmaceuticals and explosives production [3]. In addition, ammonia contains 17.6 wt.% hydrogen and carbon-free at the end user. Ammonia is easy to store and transport, there is an increasing interest in using ammonia as an indirect hydrogen storage material [4–6]. The energy stored in ammonia can be recovered by direct ammonia fuel cells [3, 4, 7–9].
Ammonia synthesis has a long history of developments. In 1904, the German scientist Fritz Haber started conducting a research on producing ammonia. Four years later, Haber filed his patent on the synthesis of ammonia and he was awarded the Nobel Prize in Chemistry for this invention in 1918. Moreover, ammonia was successfully synthesised using the promoted iron-based catalyst which was discovered by Alwin Mittasch in 1910. Subsequently, Carl Bosch scaled up the ammonia synthesis process to industrial proportion for which he was awarded a Nobel Prize in 1931. Thus, today’s process is known as the Haber–Bosch process: a reaction of gaseous hydrogen and nitrogen on Fe-based catalyst at high temperature (~500 °C) and high pressure (150–300 bar) [1, 10, 11].
The demand for ammonia has increased as a result of its aforementioned applications. This led to the development of alternative routes to synthesise ammonia which have the potential to overcome the limitations of the conventional catalytic reactor. Additionally, the main limitations include the low ammonia conversion, severe environmental pollution and high energy consumption [12–14]. Several synthesis approaches constitute promising alternative methods to synthesise ammonia. One of the most promising methods is the electrochemical process using either solid-state electrolytes [12, 15] or molten salts [16, 17].
To the best of our knowledge, there have been no reviews in the literature on the solid-state electrochemical synthesis of ammonia. Therefore, it is beyond the scope of writing this review to give an overview of the researches that have been conducted thus far concerning the solid-state electrochemical synthesis of ammonia. The key topics discussed include electrolytic cell component requirements, solid-state electrolyte (proton and oxide-ion conductors) with an emphasis on their application in the field of ammonia synthesis. Solid polymer electrolyte such as Nafion was also used for electrochemical synthesis of ammonia which is included in this review although polymer electrolytes are not conventional solid materials which mean solid ceramic materials. Finally, the factors that affect the rate of ammonia formation are also discussed.
Solid-state electrolytic cell component requirements
The primary components of the solid-state electrochemical device are two porous electrodes (anode and cathode) separated by a dense solid electrolyte, which allows ion transport of either protons or oxide ions and serves as a barrier to gas diffusion [18, 19]. Schematics of solid-state electrochemical ammonia synthesis devices utilising proton conducting and oxide-ion conducting electrolytes are shown in Fig. 1a and b, respectively.
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The general requirements for the components of the electrochemical synthesis of ammonia devices are summarised as follows [18–22];
· The electrolyte materials should exhibit high ionic conductivity in the range of 10−2 S cm−1 in order to minimise the ohmic losses, negligible electronic conductivity, mechanical strength and chemical stability in both oxidising/reducing environments.
· The solid electrolyte must be highly dense in order to be gas tight.
· Both electrodes must be stable at the operating temperature and have suitable porosity and pore size to improve the catalyst surface area and enhance the catalytic activity.
· The catalyst should possess high electronic conductivity and sufficiently high catalytic activity for ammonia synthesis.
· A good catalyst (electrode) should be a very effective hydrogen trap. By this, it is meant that the electrochemically supplied H+ reacts on the catalyst surface to form the desired product and does not desorb to form gaseous hydrogen (H2).
· The thermal expansion coefficients of both electrodes must be matched to that of the electrolyte to give stable interfaces and prevent material failure of the electrolyte due to the thermal expansion mismatch with other cell components.
· The cost of raw materials and fabrication should be as low as possible.
Solid-state electrolytes
Solid-state electrolytes or fast solid-state ionic conductors are an important class of materials that have received great attention because of their potential applications in gas separations, sensing of chemical species, solid oxide fuel cells, solid-state batteries, ammonia synthesis and decomposition [12, 23–26]. Recently, Garagounis et al. [27] reviewed the recent applications of the solid electrolytes in heterogeneous catalysis and chemical cogeneration. Basically, the solid electrolytes are characterised according to the conduction ions. Among these ions; proton (H+), oxygen (O2−), lithium (Li+), copper (Cu+), sodium (Na+), silver (Ag+) and fluorine (F−) are very common [28]. Recently, Lerch et al. [29] reviewed the possibility of nitrogen ion conduction (N3−) in solids such as zirconium and tantalum oxide nitrides.
In fact, Wagner [30] was the first to propose the utilisation of solid electrolytes in heterogeneous catalysis. Since then, solid-state electrolytic cells have been widely employed to study several catalytic reaction mechanisms and to provide alternative electrocatalytic routes to produce industrially important chemicals. It should be mentioned that oxygen ion conductors were used in most of the above applications [31].
Comparisons between a solid-state electrolytic reactor and a conventional heterogeneous catalytic reactor have been widely made. It was found that the conversions are higher than those predicted by thermodynamic equilibrium using a solid-state electrolytic reactor. For instance, very high pressures are required for the industrially important catalytic processes namely; methanol and ammonia synthesis because the equilibrium conversion increases with increasing the total pressure. However, by using a solid-state electrolytic reactor, the requirements for high pressures are eliminated or even reversed [31–33]. The discussion below will be restricted only to solid-state proton and oxygen conductors.
Electrochemical synthesis of ammonia based on proton conducting electrolytes
Solid-state proton conductors (SSPC) represent a class of ionic solid electrolytes that have the ability to conduct hydrogen ions (H+) [34]. It should be noted that Stotz and Wagner were the first to discuss the existence of protons in CuO, Cu2O, NiO and in some stabilised zirconia at elevated temperature in the presence of water vapour [35].
In 1981, Iwahara et al. [36] found that some perovskites, namely strontium cerate (SrCeO3) exhibited good protonic conductivity at high temperatures (600–1000 °C) in hydrogen containing atmosphere. Since then, several investigations have focused on the protonic conductivity of these materials [37–40].
According to Krug and Schober [41], the ideal proton-conducting electrolyte should possess two main features namely high hydrogen mobility and high hydrogen concentration. Kreuer [42, 43] has reviewed the proton conduction phenomena and the potential applications of the proton conductors in electrochemical devices. The proton conductivities of some solid-state electrolytes are listed in Table 1.
Table 1 The protonic conductivity of some solid electrolyte materials.
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Proton-conducting materials have found wide range of applications as electrolytes in fuel cells, solid state batteries, hydrogen separators, steam electrolysers and ammonia synthesis and decomposition [12, 44–48]. Kreuer et al. [49] classified the solid-state proton conductors according to their operating temperature into high-, intermediate and low-temperature proton conductors. The proton conductors, rates of ammonia formation and synthesis temperatures are listed in Table 2.
[image: ]
[image: ]
[image: ]
In terms of preparation methods, several synthesis approaches have been employed to prepare SSPC. The conventional solid-state reaction from oxide or carbonate precursors has been widely used. However, this method suffers from some drawbacks such as high temperature requirements and formation of secondary phases [50–52]. Besides, several wet chemical methods have been utilised such as hydrothermal, co-precipitation, sol–gel process, Pechini method, citrate method and microemulsion. All these methods have the ability to reduce the sintering temperature and to provide high purity, high degree of crystallinity and good homogenous phases [53–56].
The ammonia synthesis principle
It might come as a surprise to the people who are new to the field of ammonia synthesis that the Haber–Bosch process—developed at the beginning of the twentieth century—is still the dominant process used. As previously mentioned, it involves the reaction of gaseous nitrogen and hydrogen (Eq. 3.1) on a Fe-based catalyst at high pressure (150–300 bar) and high temperature (~500 °C). The reaction is exothermic (109 kJ mol−1 at 500 °C) which means that the conversion increases with decreasing the operating temperature. Thus, high temperature is required to achieve industrially acceptable reaction rates. Nevertheless, major drawbacks include the fact that the conversion to ammonia (10–15%) is thermodynamically limited [12], environmental pollution is severe and energy consumption is high [13, 14].
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Panagos et al. [32] proposed a model process using solid state proton conductor to overcome the thermodynamic constraints of the reversible reaction (3.1). The principle is explained in Fig. 1a and Fig. 2 using either H2 or steam (H2O), respectively.
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In the electrolytic cell, two metal electrodes are placed on both sides of the proton conductor. The gaseous H2 passing over the anode will be converted to H+ (Eq. 3.2). Hydrogen in the form of protons will be transported to the cathode where the half-cell reaction (Eq. 3.3) will take place; hence Eq. 3.1 is the overall reaction.
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Recently, Skodra and Stoukides [57] proposed another ammonia synthesis principle using steam rather than molecular H2 (Fig. 2). The H2O passing over the anode will be converted to H+ and O2:
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Then the protons will be transported through the electrolyte to the cathode where the half-cell reaction (Eq. 3.3) takes place
Hence the overall reaction is:
[image: ]
Perovskite-type oxides
The perovskite-type oxides have the typical formula ABO3, in which the A-site is occupied by a large 12-coordinated cation typically a rare earth and the B-site is occupied by a small six-coordinated cation (BO6octahedra) frequently a transition metal [58]. Figure 3 represents the typical perovskite structure of barium cerate-based oxides (BaCeO3).
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Many zirconate and cerate perovskite oxides namely CaZrO3, strontium zirconate (SrZrO3) or SrCeO3 show reasonable proton conductivity at elevated temperatures and under hydrogen-containing atmosphere. Additionally, their formula could be written as AB1−xMxO3−δ in which M is a trivalent cation such as Y3+, Gd3+, Yb3+, Nd3+, Sm3+ etc. or divalent cation such as Ca2+ and δ the oxygen deficiency in the oxide lattice [47, 59, 60].
SrCeO3-based electrolytes
As reported by Iwahara et al. [36], SrCeO3-based oxides were the first class of perovskites that exhibit protonic conductivity under hydrogen containing atmosphere and elevated temperatures. The basic formula of doped strontium cerates can be written as follows SrCe1−xMxO3−δ in which M is an aliovalent cation such as Yb3+, Sc3+, Y3+, etc.
Based on the model proposed by Panagos et al. [32], Marnellos and Stoukides [12] in 1998 reported an alternative route to synthesise ammonia from its elements (H2 and N2) at atmospheric pressure for the first time using the solid-state proton conductor strontia-ceria-ytterbia (SCY) in the form of SrCe0.95Yb0.05O3 as an electrolyte and palladium (Pd) as the electrodes. In addition, greater than 78% of the supplied protons were converted into ammonia.
Two years later, Marnellos et al. [15, 44] used the aforementioned conditions to synthesise ammonia using two different reactors (double- and single-chamber cells) and it was found that nearly 80% of the electrochemically supplied hydrogen was converted into ammonia at 570– 750 °C and atmospheric pressure.
More recently, Skodra and Stoukides [57] reported the synthesis of ammonia for the first time from nitrogen and steam rather than molecular hydrogen. It is worth stressing that using steam instead of hydrogen is advantageous in that the costs of both the production and further purification of hydrogen will be eliminated. At the anode, steam is electrolysed to H+ and O2 (Eq. 3.5) and only H+ will be transported through the solid electrolyte to the cathode where it reacts with the adsorbed nitrogen to produce ammonia (Eq. 3.3). This means that only nitrogen needs purification and pure oxygen can be produced at minimal cost. The ammonia was synthesised successfully in electrolytic cell at 450– 700 °C using SCY, Ru-based catalyst, and Pd as solid electrolyte, cathode and anode, respectively. However, the conversion of either nitrogen or steam into ammonia was low, primarily due to the difficulty of imposing high proton fluxes through the electrolytic cell and the poor electrical conductivity of the working electrode.
BaCeO3-based electrolytes
BaCeO3 are one of the most studied proton conducting materials. Doped barium cerates BaCe1−xMxO3−δ in which M is a trivalent cation such as Y3+, Gd3+, Yb3+, Nd3+, Dy3+ or Sm3+ are considered as good candidate as proton conducting materials for solid oxide fuel cells (SOFC) [40, 57, 61]. In addition, these materials exhibit higher proton conductivity than zirconate oxides such as SrZrO3 [62]. However, below around 800 °C, these oxides are not stable in air and lose the protonic conduction because they easily react with carbon dioxide to form alkaline earth carbonates [50].
Gd-doped barium cerate (BCGO) in the form of BaCe0.8Gd0.2O3−δ was prepared via the citrate method and used as a solid electrolyte to synthesise ammonia. Ag–Pd was utilised as electrodes and the rate of ammonia formation was up to 3.09×10−9 mol s−1 cm−2 at 480 °C [63]. Chen et al. [64] reported the use of the microemulsion method to prepare gadolinium-doped BaCeO3 owing to its advantage in reducing the sintering temperature, the formation of high purity phases and the homogeneity of the components.
Ammonia was synthesised in an electrolytic cell based on BCGO in the form of BaCe0.85Gd0.15O3−δ as a solid electrolyte and Ni-BCGO and Ag–Pd were used as anode and cathode, respectively. The rate of ammonia formation was then 4.63×10−9 mol s−1 cm−2 at 480 °C. Li et al. [65] employed the sol–gel process to prepare the single and double-doped BaCeO3 oxides in form of BaCe0.9Sm0.1O3−δ (BCS) and BaCe0.8Gd0.1Sm0.1O3−δ (BCGS), respectively. BCS and BCGS were used as solid electrolytes and Ag–Pd as electrodes. Ammonia was synthesised at atmospheric pressure and the rates of ammonia formation were found to be up to 5.23×10−9 and 5.82×10−9 mol s−1 cm−2 for BCS and BCGS, respectively, at 620°C.
Y-doped BaCeO3 (BCY) in the form of BaCe0.85Y0.15O3−δ has been prepared by the microemulsion method and successfully applied as a solid electrolyte to synthesise ammonia at atmospheric pressure. Ag–Pd alloy was used as electrodes and the rate of ammonia formation was 2.1×10−9 mol s−1 cm−2 at 500 °C with an applied current of 0.75 mA [66].
Recently, Wang et al. [67] successfully assembled a tri-layer membrane reactor for ammonia synthesis at atmospheric pressure comprised of a thin electrolyte membrane (~30 μm) (BaCe0.85Y0.15O3−δ, BCY) and two electrode layers (Ni-BCY anode substrate and Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) cathode). Ammonia was successfully synthesised from H2 and N2 in a membrane electrolytic reactor and the maximum rate of ammonia formation 4.1×10−9 mol s−1 cm−2 at 530 °C was obtained with an imposed DC current of 1 mA. The results indicated that the rate of ammonia formation was higher than that of BaCe0.85Y0.15O3−δ (thickness ~ 0.8 mm) [66].
Dy-doped BaCeO3 in form of BaCe0.85Dy0.15O3−δ was synthesised by the means of microemulsion process and employed for ammonia synthesis at atmospheric pressure and intermediate temperature. Ag–Pd was used as electrodes and ammonia was successfully synthesised from wet H2 and dry N2 at a rate of 3.5×10−9 mol s−1 cm−2 at 530 °C with an imposed current of 1.2 mA. In addition, the results confirmed that Dy-doped BaCeO3 electrolyte has excellent proton conduction at an intermediate temperature (300– 600 °C) and it could be utilised as an alternative proton conductor for application at this temperature range [61].
Ca-doped BaCeO3 (BCC) exhibits lower proton conductivity compared to rare earth metals oxide-doped BaCeO3. However, due to the rich source and cheapness of calcium oxide, Ca-doped BaCeO3 is still interesting [68]. Iwahara et al. [60] reported that BaCe1−xCaxO3−δ exhibits both protonic and oxide ionic conduction at high temperatures (600–1,000 °C). Liu et al. [68] investigated the protonic conductivity of BCC at intermediate temperature in the range of 300–600 °C and its application in ammonia synthesis. BCC in the form of BaCe1.9Ca0.1O3−δ was synthesised by microemulsion route and utilised as solid electrolyte and Ag–Pd as electrodes to synthesise ammonia from wet H2 and dry N2 under atmospheric pressure. The maximum rate of ammonia formation and the current efficiency of the electrochemically supplied H2 were 2.69×10−9 mol s−1 cm−2 and about 50%, respectively, with an applied current of 0.8 mA at 480°C.
CaZrO3-based electrolytes In general, alkaline earth zirconate oxides such as CaZrO3, SrZrO3 and BaZrO3 exhibit extremely high chemical stability and are stronger—mechanically speaking—compared to alkaline earth cerate oxides [50, 62, 69–71]. Moreover, in-doped CaZrO3 (CZI) is regarded as the most suitable proton conductor for practical use at high temperature owing to its chemical stability and mechanical strength, despite the fact that its proton conduction is lower than that of cerate based oxides [62, 72–74].
Yiokari et al. [75] utilised in-doped CaZrO3 in the form of CaZr0.9In0.1O3−δ, a commercial Fe-based catalyst and Ag as solid electrolyte, cathode and anode, respectively, to synthesise ammonia under high pressure (50 bar) at 440 °C. In that study, it was found that the rate of ammonia formation could be enhanced by up to 1,300% by interfacing the catalyst with the proton conductor and supplying the protons to the catalyst electrochemically via application of a potential (typically −1 V) between the working electrode and the silver reference electrode. Wherein, the effect of electrochemical promotion or non Faradaic electrochemical modification of catalytic activity was first demonstrated under high pressure (50 bar).
SrZrO3-based electrolytes As mentioned above, SrZrO3- based oxides are one of the alkaline earth zirconate which exhibit extremely high chemical stability. In addition, SrZrO3 shows protonic conduction at high temperatures when it is doped with some trivalent cations such as In3+, Sc3+, Y3+, etc. This means that it is suitable for practical use at high temperature in steam electrolysis, in fuel cells and for hydrogen gas sensors [55].
Ouzounidou et al. [76] investigated the synthesis of ammonia in both single-chamber and double-chamber reactor cells. Y-doped SrZrO3 in the form of SrZr0.95Y0.05O3−δ, an industrial Fe-based catalyst and Ag were employed as solid electrolyte, working electrode and anode, respectively. Ammonia was successfully synthesised under atmospheric pressure and temperature in the range of 450–700 °C with nearly 80% conversion.
LaGaO3-based electrolytes Lanthanum gallate (LaGaO3)- based oxides possess a higher ionic conductivity in comparison to yttria-stabilised zirconia (YSZ)-based oxides and thus regarded as promising electrolytes for electrochemical cells operating at intermediate temperature (500– 800 °C). Ma et al. [77] were the first to discover the proton conduction in Sr and Mg-doped LaGaO3 in form of La0.9Sr0.1Ga0.8Mg0.2O3−δ.
Zhang et al. [53] were the first to synthesise La0.9Sr0.1- Ga0.8Mg0.2O3−δ via the microemulsion method and applied it to synthesise ammonia at atmospheric pressure with a rate of ammonia formation in the cathode chamber of 2.37× 10−9 mol s−1 cm−2 at 550 °C. Chen et al. [78] synthesised La0.9Ba0.1Ga0.8Mg0.2O3−δ via the microemulsion method and employed it as solid electrolyte to synthesise ammonia from wet hydrogen and dry nitrogen under atmospheric pressure. Ag–Pd was used as electrodes (cathode and anode) and the rate of ammonia formation was found to be 1.89×10−9 mol s−1 cm−2 at 520 °C upon imposing a current of 1 mA through the electrolytic cell. Recently, Cheng et al. [79] have prepared La0.9M0.1Ga0.8Mg0.2O3−δ (M=Ca2+, Sr2+, Ba2+) via a hydrothermal precipitation method and applied them as solid electrolyte to synthesise ammonia. Ag–Pd was used as electrodes and the rates of ammonia formation were found to be 1.63×10−9 , 2.53× 10−9 and 2.04×10−9 mol s−1 cm−2 when M=Ca2+, Sr2+ and Ba2+, respectively, at 520 °C.
Complex perovskite-type oxides Complex perovskite-type oxides represent another type of high-temperature proton conductors (HTPC). They are nonstoichiometric or mixed perovskites of A3ðB0 B0 0 2ÞO9 type in which A ions are always bi-charged cations such as alkaline earth elements (Ca, Sr, Ba, etc.) while B′ is either 2+or 3+and B″ is 5+. Furthermore, their formula can be written as A3B0 1þXB0 0 2XO9 [41, 52, 80–85]. Li et al. [55] employed the citrate method to prepare ultra-fine powders of B3(Ca1.18Nb1.82)O9−δ (BCN18), Ba3Ca0.9Nd0.28Nb1.82O9−δ (BCNN), and Ba3CaZr0.5Nb1.5O9−δ (BCZN). Ammonia was synthesised at atmospheric pressure using BCN18, BCZN, and BCNN as solid electrolytes and Ag–Pd as electrodes. The maximum rates of ammonia formation were as follows; 1.42×10−9 , 1.82×10−9 , and 2.16×10−9 mol s−1 cm−2 at 620 °C for BCN18, BCZN, and BCNN, respectively.
Pyrochlore-type oxides
In addition to the perovskite-type electrolytes, nonperovskite oxides including; pyrochlores, fluorites, phosphates and sulphates, exhibit protonic conduction at elevated temperatures under hydrogen-containing atmosphere [86].
Pyrochlore-type oxides have the general formula A2B2O7 with two types of cations (A3+ and B4+) as shown in Fig. 4.
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Pyrochlores can be regarded as (A, B)O2 fluorite structures depending on the cation radius ratio: when r3+/r4+ >1.22 it is considered as a pyrochlore (La2Zr2O7) while it is a fluorite structure otherwise (La2Ce2O7). Furthermore, at high temperature—generally as high as 1,377–2,227 °C—most pyrochlores disorder into fluorite structure [87–89]. Generally, these materials have attracted great attention as fast ionic conductors because of the presence of many non-occupied sites [90–92]. Shimura et al. [93] reported proton conduction in lanthanum zirconate-based oxides (La2Zr2O7) at high temperature and under hydrogen-containing atmosphere.
Ca-doped La2Zr2O7 (LCZ) in the form of La1.9Ca0.1Zr2O6.95 has been prepared by sol–gel process and used as a solid electrolyte and Ag–Pd as electrodes. Ammonia was successfully synthesised from H2 and N2 at atmospheric pressure and the rate of ammonia formation was up to 2.0×10−9 mol s−1 cm−2 with more than 80% of the electrochemically supplied hydrogen converted into ammonia at 520 °C [54].
Wang et al. [87] employed complex oxides such as La1.95Ca0.05Ce2O7−δ (LCC) and La1.95Ca0.05Zr2O7−δ as solid electrolytes that were prepared by the sol–gel method to synthesise ammonia. It was found that the rates of ammonia were up to 2.0×10−9 and 1.3× 10−9 mol s−1 cm−2 for LCZ and LCC, respectively, at 520 °C.
Fluorite-type oxides
The fluorite-type oxides are considered as the traditional oxygen ion-conducting electrolytes. The fluorite oxide has the general formula AO2 in which A is a large tetravalent cation and is presented in Fig. 5.
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Examples of materials that easily adopt the fluorite structure are ceria (CeO2), uranium dioxide and thorium dioxide [58].
It is worth bearing in mind that the protonic conductivity of these materials has been overlooked for a long time; however, Nigara et al. [94] in 1998 was the first to suggest a possibility of protonic conductivity. Since then, several subsequent researches have been conducted to confirm this possibility [94–96]. Moreover, according to Liu et al. [97], the protonic conductivity of doped-CeO2 electrolytes would lead to lower the cell efficiency and fuel permeation which is not desirable for SOFC. However, it is a valuable property for hydrogen production, hydrogen sensors and the electrochemical synthesis of ammonia.
Rare earth-doped CeO2 in the form of La-doped ceria (LDC), Y-doped (YDC), Gd-doped ceria (GDC) and Sm doped ceria (SDC) has been prepared via the sol–gel process. With Ce0.8M0.2O2−δ (M=La, Y, Gd, Sm) as solid electrolyte and Ag–Pd as electrodes, ammonia was successfully synthesised at atmospheric pressure and intermediate temperature. The ammonia formation rates were 7.2× 10–9, 7.5×10–9, 7.7×10−9 and 8.2×10−9 mol s−1 cm−2 for LDC, YDC, GDC and SDC, respectively, at 650 °C [97].
Liu et al. [98] employed rare earth-doped CeO2 oxides in the form of Ce0.8La0.2O3−δ (LDC) and (Ce0.8La0.2)0.975- Ca0.025O3−δ (CLC) which were prepared by a sol–gel process as solid electrolytes and Ag–Pd as electrodes. The maximum rates of ammonia formation were 7.2×10−9 and 7.5×10−9 mol s−1 cm−2 at 650 °C for LDC and CLC, respectively. Consequently, one could conclude that the rates of ammonia formation of doped-CeO2 exceeded that for pyrochlore-based and perovskite-type oxides.
Polymer-type electrolyte
As mentioned in the preceding sections, ammonia was synthesised at atmospheric pressure with the use of HTPC. However, relatively high temperatures are required at which ammonia decomposition occurs and thus limits the yield of ammonia. Hence, Kordali et al. [99] utilised a solid polymer electrolyte cell to synthesise ammonia at low temperature and atmospheric pressure.
Ammonia was successfully synthesised from nitrogen and water at 90 °C using Nafion as a solid electrolyte and ruthenium as an electrode. Nevertheless, the rate of ammonia formation was quite low (2.12×10−11 mol s−1 cm−2) which was attributed to the nature of the Ru catalyst.
Wang et al. [100] successfully demonstrated the synthesis of ammonia by using a sulfonated polysulfone (SPSF) proton exchange membrane, SSCO in the form of Sm0.5Sr0.5CoO3−δ and NiO-Ce0.8Sm0.2O2−δ (Ni-SDC) as solid electrolyte, cathode and anode, respectively. The rate of ammonia was found to be up to 6.5×10−9 mol s−1 cm−2 at 80 °C under atmospheric pressure.
Xu et al. [101] reported the synthesis of ammonia from its elements (N2 and H2) at atmospheric pressure and low temperatures from 25 to 100 °C. SFCN in the form of SmFe0.7Cu0.1Ni0.2O3, Nafion membrane, and nickel-samaria-doped ceria in the form of Ni-SDC were used as cathode, solid electrolyte, and anode, respectively. The highest rate of ammonia formation obtained using SmFe0.7- Cu0.1Ni0.2O3 as a cathode was 1.13×10−8 mol s−1 cm−2 at 80 °C with a potential of 2 V. It is worth bearing in mind that this is the highest rate of ammonia production reported in the literature so far. Furthermore, the current efficiency when Nafion was used as a solid electrolyte to synthesise ammonia reached as high as 90.4% which is higher than that obtained with HTPC materials.
Xu et al. [14] synthesised ammonia using Nafion as electrolyte and NiSDC as anode. In that study, three types of cathode catalysts were prepared by the sol–gel method in the form of Sm1.5Sr0.5MO4 (M=Ni, Co, Fe) and it was found that the highest rate of ammonia was up to 1.05×10−8 mol s−1 cm−2 at 80 °C and 2.5 V when Sm1.5Sr0.5NiO4 (SSN) was used. Recently, Liu et al. [13] has reported the synthesis of ammonia using SPSF and Nafion membranes as electrolytes where SSN and Ni-SDC were utilised as cathode and anode, respectively. Despite the fact that the Nafion membrane possesses higher protonic conductivity than SPSF, the ammonia formation rates are almost the same 1.03×10−8 and 1.05×10−8 mol s−1 cm−2 at 80 °C under atmospheric pressure. This means that the Nafion membrane could be completely replaced by the SPSF membrane in the electrochemical synthesis of ammonia. More recently, Zhang et al. [102] reported the synthesis of ammonia using a Nafion proton exchange membrane, SmBaCuMO5+δ (M=Fe, Co, Ni) which was prepared via the citrate sol–gel method and Ni-SDC as electrolyte, cathode and anode, respectively. The cathode catalysis performance of SmBaCuMO5+δ (M= Fe, Co, Ni) for ammonia synthesis was investigated with wet hydrogen and dry nitrogen under atmospheric pressure. The rates of ammonia formation were 7.0×10−9, 7.5× 10−9 and 8.7×10−9 mol s−1 cm−2 for SmBaCuFeO5+δ, SmBaCuCoO5+δ and SmBaCuNiO5+δ, respectively, at 80 °C with an applied potential of 2.5 V. Consequently, it may be concluded that Nafion and SPSF membranes are more efficient than HTPC and can be utilised in the electrochemical synthesis of ammonia at low temperature.
Factors affecting the rate of ammonia formation
The catalytic reaction of the synthesis of ammonia has been studied intensively in heterogeneous catalysis because of its industrial and economic importance. It is worth noting that the electrocatalytic synthesis of ammonia using solid-state proton conductors at atmospheric pressure was first investigated by Marnellos et al. [12, 15, 44]. Moreover, it has been found that the reaction rate could be enhanced by pumping H+ to the catalyst surface. Also, nearly 80% of the electrochemically supplied hydrogen was convertible into ammonia.
The key parameters affecting the rate of ammonia formation are quite complex including;
1. volumetric flow rates of N2 and H2
2. electrode materials
3. area of electrode
4. electrical conductivity of the working electrode (catalyst)
5. electrode polarization
6. synthesis temperature
7. employed potential
8. applied current
9. the rate of ammonia decomposition
10. the ammonia synthesis reactor configuration
11. electrolyte materials and thickness of electrolyte [53, 57, 64, 67].
12. It should be noticed that the reaction rate also depends on other experimental conditions such as N2 partial pressure and proton flux.
The reaction rate is still listed in Table 2 for reference although they may be obtained under different conditions.
Effect of the applied current
Guo et al. [66] investigated the influence of the applied current on the rate of ammonia production at the synthesis temperature of 500 °C. No NH3 was synthesised when the current (I) was equal to 0 mA. Upon imposing a current through the cell, the rate of ammonia formation increased significantly with increasing the applied current up to 0.75 mA; however, by further increasing the applied current, the rate of ammonia formation remained almost the same as illustrated in Fig. 7
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However, Wang et al. [67] observed a different trend, the rate of the ammonia formation increased with increasing the applied current up to 1 mA and then declined significantly after 1 mA which could be attributed to nitrogen chemisorption hindered by the high rate of electrochemically supplied H+, which in turn poisoned the catalyst (cathode surface) as illustrated in Fig. 8.
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Effects of cathode catalyst materials and conductivity
Xu and Liu [14] investigated the effect of the working electrode (catalyst) materials on the rate of ammonia formation. Basically, three different electrodes—SSN, Sm1.5Sr0.5CoO4 (SSC) and Sm1.5Sr0.5FeO4 (SSF)—were compared and it was found that SSN was a better cathode catalyst in ammonia synthesis than SSC and SSF (Table 2).
Besides, one of the main obstacles to obtain high ammonia formation rate is the poor electrical conductivity of the working electrode (catalyst) [67]. Skodra and Stoukides [57] investigated the electrocatalytic synthesis of ammonia using Ru-based industrial catalyst as a working electrode. The results indicated that the ammonia formation rate was rather low which was attributed to the poor electric conductivity of Ru-based catalyst despite the fact that it is very active for ammonia synthesis.
To overcome this problem, a thin Ag layer was deposited on the solid electrolyte and then the active catalyst was added on the top of the metal layer. However, a significant fraction of the H+ combined on the Ag film to form gaseous H2 and never reached the catalyst surface.
Ouzounidou et al. [76] demonstrated the electrocatalytic synthesis of ammonia using an industrial Fe-based catalyst (modified Fe3O4) in which the active phase is oxidic not metallic. However, unlike metals, oxides exhibit much lower electronic conductivities. The solution adopted was to prepare the electrode by depositing a thin metal (Fe) layer on the electrolyte and then the oxide catalyst was added on the top. Nevertheless, protons reacted with nitrogen on the Fe metal layer when they reached the metal-electrolyte-gas boundary at the cathode, and the metallic phase is a poor catalyst for ammonia synthesis. Thus, catalyst-electrode design is of crucial importance to improve the rate of ammonia formation.
Besides the electronic conductivity and the catalytic activity of the working electrode, the electrode polarisation may play a major role on the rate of ammonia formation. Wang et al. [67] employed BSCF which exhibits good mixed electronic–ionic conduction properties as a working electrode for ammonia synthesis. However, the ammonia formation rate was rather low which was ascribed to the high electrode polarisation.
Effect of the imposed potential
The effects played by the imposed potential on the rate of ammonia formation have also been widely investigated [53, 55, 63, 87, 97]. According to Li et al. [63], the ammonia production rate is potential dependent.
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As can be seen in Fig. 9, no ammonia was produced when the potential was equal to 0 V. However, the ammonia formation rate increased with increasing the imposed potential up to 0.6 V and remained almost constant by further increasing the potential up to 1.0 V. It is worth mentioning that the catalyst surface area of the electrode employed in that study was 1.13 cm2 which is not sufficient to convert all electrochemically supplied H2 into NH3. Li et al. [55] and Zhang et al. [53] stated that in order to increase the H2 conversion rate into NH3, it is necessary to; increase the electrode surface area and catalyst, find new efficient catalysts for NH3 formation and prepare a thin film of electrolyte.
Effect of operating temperature
In terms of the impacts of operating temperature on the rate of ammonia production, Chen and Ma [64] demonstrated that the ammonia formation rate increases as the operating temperature is increased from 400 to 480 °C which could be attributed to the increase of protonic conductivity in the utilised electrolyte (BaCe0.85Gd0.15O3−δ).
However, a rate-degrading tendency was obtained when the operating temperature was further increased up to 560 °C which certainly results from the ammonia decomposition as shown in Fig. 10.
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This also explains the peak observed in the rate of NH3 formation as a function of the operating temperature. Hence, the electrolytic cell configuration (design) is important to diminish the rate of ammonia decomposition [12].
The influence of operating temperature on the rate of ammonia formation has also been investigated at low temperature (25–100 °C). Liu et al. [13] utilised solid polymer membranes (Nafion and SPSF) as solid electrolytes and studied the effect of operating temperature on the ammonia production rate. Their results are in good agreement with the aforementioned study in which high temperature proton conductors are used as a solid electrolyte. The rate of ammonia formation increased remarkably with increasing of operating temperature as illustrated in Fig. 11.
[image: ]
 However, the ammonia production rate decreased significantly with further increasing the operating temperature which was ascribed to the decrease of proton conductivity due to water loss. The ammonia decomposition does not play important role on the ammonia formation rate since the operating temperature was quite low.
Effects of electrolyte materials and thickness
The electrolyte materials and thickness also play an important role on the rate of ammonia formation. In general, as summarised in Table 2, by using different electrolyte materials, the ammonia formation rate varied significantly. Furthermore, the highest rate of ammonia formation according to the type of electrolyte utilised were in the following order; solid polymers > YDC-phosphate composites > fluorites > perovskites > pyrochlores.
Wang et al. [111] investigated the effect of the electrolyte materials on the ammonia formation rate by adding binary phosphates to the YDC in the form of Ce0.8M0.2O1.9 according to different weight ratios to prepare oxide solid composite YDC-(Ca3(PO4)2-K3PO4). It was found that the rate of ammonia production increased by adding the binary phosphates which could be attributed to the increase in the protonic conductivity of the solid electrolyte composite.
As mentioned above, the thickness of the electrolyte is one of the crucial factors that affect the rate of ammonia formation. By reducing the thickness of the electrolyte layer, the operating temperature could be lowered which is beneficial to improve the ammonia-formation rate. It is desirable to operate the electrochemical devices at an intermediate temperature, because of the significant advantages such as:
· lower manufacturing costs
· more flexible choice of materials
· longer lifetime [61].
It is well known that the ionic conductivity of the electrolytes decreases significantly with decreasing the operating temperature which in turn results in high Ohmic losses across the electrolyte. The Ohmic losses can be overcome or minimised by either reducing the electrolyte thickness or with employing materials of high ionic conductivity at low temperature [116, 117].
 Guo et al. [66] reported the synthesis of ammonia at an intermediate temperature using BaCe0.85Y0.15O3−δ (thickness, ~ 0.8 mm) as solid electrolyte and maximum rate of ammonia evolution was up to 2.1×10−9 mol s−1 cm−2 at 500 °C. More recently, Wang et al. [67] successfully prepared a dense, thin proton conducting membrane (BaCe0.85Y0.15O3−δ) with a thickness about 0.03 mm. The thin electrolyte employed to synthesise ammonia had a maximum rate of 4.1× 10−9 mol s−1 cm−2 at 530 °C. The results revealed that by reducing the thickness of the electrolyte from 0.8 to 0.03 mm the ammonia formation rate almost doubled and the current efficiency of membrane reactor improved obviously.
Conclusions
This review has highlighted the solid-state electrochemical synthesis of ammonia technology. Solid-state proton conductors such as perovskites, pyrochlores, fluorites and polymers have been reviewed and discussed in detail with particular emphasis on their application in ammonia synthesis. The ammonia synthesis using oxide-ion electrolyte has also been presented. The rates of ammonia formation and the employed proton conductors have been listed in Table 2 and the highest rate was found to be 1.13× 10−8 mol s−1 cm−2 at 80 °C with a potential of 2 V using Nafion, SmFe0.7Cu0.1Ni0.2O3, and Ni-SDC as solid electrolyte, cathode and anode, respectively. The factors affecting the rate of ammonia formation have been discussed as well.
Synthesising ammonia from N2 and steam instead of molecular H2 using either proton or oxide-ion conducting electrolytes may offer many advantages as the electrolyser for hydrogen production is not required.
In conclusion, there has been considerable progress made in the development of solid-state electrochemical synthesis of ammonia technology to improve the rate of ammonia formation. However, in order to make a breakthrough in the field of solid-state ammonia synthesis, to increase ammonia formation rate, continuing efforts to discover novel compounds are needed. This means exploring new electrolyte materials that provide high ionic conductivity at low temperature, effective cathode and anode materials of high electronic conductivity and catalytic activity for ammonia synthesis. Combined with direct ammonia fuel cells, this technology has the potential to be used for energy storage.
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Fig. 3 The perovskite BaCeO; structure, the spheres represen the
barium atoms.
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Fig. 4 The pyrochlore La7+,0 structure, the spheres represent the
Zirconium atoms




image13.tmp
Fig. 5 The fluorite CeO; structure, the spheres represent the oxygen
atoms
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Fig. 7 Dependence of the ammonia formation rate on the applied
current. The electrolytic cell was: wet Hy, Ag-Pd [BCY| Ag-Pd, dry
N, and at operating temperature 500 °C [66]




image15.tmp
42

a0

Ryy,/(10° mol s”em”?)

00 04 08 12 16
Current / mA

Fig. 8 Dependence of the ammonia formation rate on the applied
current. The electrolytic cell was: wet Hy, Ni-BCY [BCY| BSCE, dry
N; and the operating temperature 530 °C [67]
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Fig. 10 The relationship between the rate of ammonia formation and
the synthesis temperature. The cell was Ha, Ni-BCGO [BCGO| Ag-
Pd, N [64]
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Table 2 Summary of the SSPC electrolytes and the rates of ammeonia formation
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