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INTRODUCTION
The ammonia is industrially produced from N2 and H2 in gas phase at 400-450 oC and about 200 atm on a Fe based catalyst containing various promoters such as 

potassium and cesium [1], although, during last years, Ru (5%) on carbon was found to be more efficient catalyst for this reaction [2, 3]. The reaction at this 
temperature is non spontaneous and therefore it is equilibrium limited.

Many efforts have been made for the fixation of nitrogen and its conversion to ammonia at ambient temperature with various techniques such as, biochemical [4, 
5], photocatalytic [6, 7], catalytic by complex compounds [8, 9] and electrochemical at high [10-13] and low temperature [14-17].

In a previous work, we studied the conversion of nitrogen to ammonia in a solid polymer electrolyte cell on a ruthenium cathode [18]. The experimental results 
showed that the reaction rate at pH=14 is very low and increases with temperature in accordance to the Arrhenius equation. Moreover, a maximum was observed in 
the curve of the rate vs. potential at -1.02 V vs. Ag/AgCl. 

Fig. 1 Scheme of the electrolytic cell

EXPERIMENTAL
The experiments were performed in a two-compartment cell (Fig. 1), which was fixed with stainless steel 

plates in order to achieve a good thermal conductivity. The volume of the electrolyte was 10 cm3 and the reference 
electrode was Ag/AgCl. The cathode was Ru 5% on carbon, fixed on a Nafion 117 (H+ form) membrane (De Nora, 
North America) having a geometrical area of 2.35 cm2 and the anode was a platinum foil of equal area. The cell was 
immersed in a thermostated bath with ±1 oC accuracy at a constant temperature of 25 oC. Ultra pure water was used 
for the preparation of all solutions that was produced by a Sation 9000 apparatus. The nitrogen (99.999%, Air 
Metal) was flowing through the side of membrane with the catalytic layer of Ru, with a constant flow rate of 25 cm3 

min-1 and the produced ammonia was stripped by 15 ml of 0.1 M H2SO4 solution. Ammonia was determined by Ion 
Chromatography (Dionex 4500i) equipped with a CS15 column and a suppressed conductivity detector as well as 
by fluorometry after its on line derivatization with o-phthalaldehyde [19]. Experiments have been conducted for the 
possible presence of hydrazine colorimetrically at 458 nm using the p-dimethylaminobenzaldehyde method [20].

RESULTS AND DISCUSSION
The amount of produced ammonia at three different cathodic potentials is in a linear relationship with the electrolysis charge as it is depicted in Figure 2. That 

verifies that the ammonia is produced by an electrochemical reaction, which follows the Faraday’s law. In addition, it implies that the cathode is not deactivated with 
time. Given that, the same electrode was used for all experiments. It is worth mentioning that no hydrazine was detected in any experiment.  

Figure 3 shows the rate of formation of ammonia at pH=0.3 (H2SO4 1 M) against the negative potential. A sharp maximum is observed at –350 mV.
The form of this curve is similar in all pH values examined but the potential of this maximum depends on pH of the electrolyte and corresponds to the region of 

the hydrogen discharge. A similar form of this curve was previously reported by us (maximum at -1.02 V) [18] during the reduction of nitrogen on Ru cathode at 
pH=14 and by Sclafani et al. on Fe [17]. Based on the proposed model by Vayenas and Brosda [21], the electrochemical synthesis of ammonia exhibits a volcano-type 
behavior and this occurs when both reactants are strongly adsorbed on the catalyst surface.   

According to the literature [22, 23] the mechanism for the formation of ammonia from N2 and H2 includes the following reactions:

N2 → 2N*                                               (1)
H2 → 2H*                                                (2)
N* + H* → NH*                                   (3)
NH* + H* → NH2*                                (4)
NH2* + H* → NH3*                                (5)
NH3* → NH3(g) (6) * denotes species absorbed on catalyst.

The maximum rate of formation of ammonia is expected when the electrode has the optimum surface concentration of absorbed nitrogen (N*) and hydrogen (H*). 
Based on this, at potential values more negative than the maximum the surface of the electrode is covered with absorbed hydrogen that does not allow the absorption 
of nitrogen since, as it is known, the dissociative absorption of nitrogen occurs only on clean surface of ruthenium [24], because the adsorptions of N2 and H2 are 
competitive [25]. On contrary, at potential values more positive than the maximum, the surface coverage by N* of the electrode with absorbed hydrogen is very low 
and so, it is not adequate to give high reaction rate. In order to overcome this problem we performed some experiments by applying square wave pulses having the 
positive limit at a potential value lower than the hydrogen discharge and the other one in a value more negative than the hydrogen evolution.

Figure 4 shows schematically the process of the formation of ammonia under pulsing potential. At potential values lower than the potential of hydrogen 
discharge, V1, the surface is free of H* and the dissociation of N2 to N* can occurr. When the potential obtains its cathodic limit, the adsorbed N* and the produced 
H* can react to produce ammonia. 

As can be seen in Fig. 5 the rate of the formation of ammonia depends on the rate of the potential changing. The maximum rate for ammonia was observed at a 
scan rate of  50 mV/s and it is by about 4 times higher than that in a constant potential under the same conditions.
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Fig. 4: The process of the formation of ammonia under square wave pulse Fig.5: The rate of the formation of ammonia versus the rate of the potential changing

Fig. 3: The rate of the formation of ammonia as a function of  the negative 
potential vs. Ag/AgCl at pH=0.3
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Fig. 2: Produced ammonia  as a function of the electrolysis charge at three 
cathodic potentials


