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Introduction 

 

1.1 Nitrogen Cycle 

At the beginning of this thesis, we give a brief review on the nitrogen cycle that is 
of importance for the remainder of the thesis.  

 

Figure 1. Biogeochemical nitrogen cycle. Adapted from  ref.1 

Nitrogen is a key element for most living things on this planet: it is a major 
component of chlorophyll that is important pigment for photosynthesis, of amino 
acids that are the key units of proteins, as well as of nucleic acids that encode, 
transmit and express genetic information.2 Although nitrogen gas is abundant in 
the atmosphere, it is very inert and not directly usable to plants. Whereas ammonia 
and nitrate are basic nutrients of nitrogen that can be easily absorbed by plant 
roots, their natural availability is limited. The abundance of their salts in soil is 
largely dependent on the geographic property of given region. On the other hand, 
lightning and ultraviolet radiation can cause the chemical fixation of atmospheric 
dinitrogen to inorganic nitrogen molecules such as ammonia, nitrogen oxides or 
nitrate, particularly in the upper atmosphere, where the formed nitrogen nutrients 
can precipitate down to ground by rain, contributing to the total N-input from 
atmospheric dinitrogen. However, it is unlikely to support the diversity in 
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biosphere by chemical fixation of dinitrogen; only microorganisms can perform the 
important role of inputting atmospheric dinitrogen to the ecosystem, by which 
some 40% of the total N-input in soil and water nowadays is achieved,3 
maintaining the nitrogen cycle in the biosphere that is accomplished by specific 
microorganisms in different processes. In this biochemical cycle, ammonification 
occurs as a process of autolysis, decay and putrefaction of biological materials to 
form ammonia. Nitrification is to oxidize ammonia to nitrite and nitrate to harvest 
energy for the synthesis of organic matter for microorganisms themselves. 
Denitrification is to convert nitrate to dinitrogen as the end product, by which 
organic matter donates electrons to release energy. Nitrogen fixation is carried out 
to convert atmospheric dinitrogen to a usable form such as ammonia so that the 
loss of nitrogen to the atmosphere in the process of denitrification is compensated.3 
Microorganisms that can fix atmospheric dinitrogen may be free-living or in 
symbiotic association with plants.4 However, it is more important in agriculture for 
the association between legumes of crops and microorganism that can develop 
nodules in the root system of leguminous plant,5 which was firstly discovered by 
the Dutch microbiologist Martinus Willem Beijerinck in 1888, and who also 
established the conception of biological nitrogen fixation later in 1901.6, 7 However, 
this natural process is quite limited to specific microorganisms and plants, and 
recycling the organic waste to crops is too slow and inefficient to input enough 
nitrogen. Therefore, nitrogen was deemed as the limiting nutrient element during 
pre-industrial agriculture.8  

However, the situation changed when in 1909, the German chemist Fritz Haber 
filed a patent of his groundbreaking discovery on the "synthesis of ammonia from 
its elements", and in 1913, the German chemist and engineer Carl Bosch 
successfully scaled it up to an industrial-level commercialization, now known as 
the Haber-Bosch process.8 This marked a new era in human history for making 
feasible the large-scale production of ammonia with raw resources, atmospheric 
nitrogen and natural gas, that are abundant and easily available. More importantly, 
the synthesized ammonia can be used as raw material to produce other nitrogen 
compounds, such as nitrate. Consequently, the natural deposit of nitrate, saltpeter, 
is no longer a source for industrial needs, since there are many uses for nitrate in 
modern society. For instance, nitrate can be used as additive to food,9 in explosives, 
and used to relax and widen the blood vessels in the body to prevent and relieve 
chest pain (angina) that is induced by the coronary artery disease,10 and to 
synthesize hydroxylamine that is a raw material for Nylon production.11-13 In 
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application of nuclear energy, a large amount of nitric acid is used in the 
reprocessing of plutonium resulting in radioactive waste containing nitrate.14 
However, the most important use of nitrate is as fertilizer. Nitrate salts, KNO3 and 
NH4NO3 for instance, are commonly preferred as nitrogenous fertilizers in 
agriculture. Since 1950, the rapid popularization of nitrogenous fertilizer 
application has increased the worldwide consumption of nitrogen fertilizer and 
contributed to the supply of enough foods for the growing world population.8, 15  

1.2 Environmental Issues 

Unfortunately, the balance of natural nitrogen cycle is disturbed because of the 
inefficient management of uses of nitrate and their wastewater treatment in some 
areas, as well as the extensive tail-gas of combustion of fossil fuels. The surplus of 
nitrate from agricultural running-off and wastewater enters into the surface water 
ecosystem, where the slow natural process of self-purification is unable to deal 
with all nitrate. Consequently, algal bloom results in a depletion of dissolved 
oxygen and also reductive formation of toxic compounds below the water surface, 
such as hydrogen sulfide, so that aquatic animals can not survive.16 Meanwhile, the 
blooming algae can release a potent hepatotoxin called microcystin,17, 18 which can 
impair the ability of aquatic animals to survive, grow and reproduce, and also 
cause severe damage on the liver of human beings.19, 20 Moreover, the ingested 
nitrate or nitrite in drinking water directly threatens public health by inducing 
methemoglobinemia particularly in young infants, and also a potent cancer of 
digestive tract and other diseases.21 Therefore, the amount of nitrate in drinking 
water is regulated to be below 50 mg nitrate ion/liter (11 mg nitrate nitrogen/liter) 
in Europe Union and 44 mg nitrate ion/liter (10 mg nitrate nitrogen/liter) in the 
United States.9  

The excessive nitrate derived from nitrogen fixation causes severe threats on 
environment and human health now. Therefore, it is very important to offset the 
nitrogen inflow to the ecosystem and to selectively reduce nitrate back to N2 from 
waste- and groundwater.22 Currently, besides the physical separation of nitrate 
from water, the main methods that are applied to treat nitrate-containing 
wastewater are to convert nitrate in a biological or chemical process. However, the 
general basis of these processes is kind of redox reactions that need to be catalyzed 
to obtain a specific selectivity or higher activity. In the next section, the 
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biochemical, chemical and electrocatalytic reduction of nitrate are summarized 
with consideration of their redox catalysis.  

1.3 Nitrate Reduction 

1.3.1 Biochemical reduction 

In microbial metabolism, nitrate reduction can be categorized as denitrification (to 
form dinitrogen) and ammonification (to form ammonia), based on the final 
product in the pathway, or as dissimilatory and assimilatory processes, based on 
the purpose of nitrogen transformation for energy conservation, detoxification or 
biosynthesis.1 However, the microbial reduction of nitrate is carried out by 
enzymes that specialize in catalyzing specific steps in the overall reaction. Taking 
bacteria (prokaryotes) for example, three distinct nitrate reductases that catalyze 
the nitrate reduction to nitrite have been identified. Two of them are related to 
respiratory electron transport by coupling to quinol oxidation: respiratory nitrate 
reductase (Nar) anchors to the cytoplasmic face of membrane; periplasmic nitrate 
reductase (Nap) locates in periplasmic compartment. A third one is assimilatory 
nitrate reductase (Nas) that is a cytoplasmic enzyme and is involved in nitrogen 
assimilation.23, 24 In eukaryotes, the assimilatory nitrate reductase (Euk-NR) 
localizes in the cytoplasm and is also related to the formation of ammonia.25 In 
denitrifying prokaryotes, the catalytic subunit of those nitrate reductases generally 
contain a mononuclear Mo center, where one molecule of nitrate is coordinated to 
form nitrite with electron transfer mediated by metal cofactors such as Fe-S clusters 
and hemes.26 Nitrite reductase catalyzes nitrite reduction to NO and two 
distinguishable reductases have been identified. In cytochrome cd1, heme c 
mediates electron transfer to the catalytic center of heme d1 where nitrite is bound. 
In copper enzyme, two types of Cu centers respectively bind nitrite and complete 
intramolecular electron transfer.27 Nitric oxide reductase catalyzes the reductive 
dimerization of NO to N2O, where the heme c center accepts electrons from 
external electron donor and the heme b center mediates intramolecular electron 
transfer to binuclear catalytic centers of heme b and non-heme Fe that binds NO.28 
Nitrous oxide reductase finally catalyzes the reduction of N2O to N2 and has two 
types of Cu centers: a binuclear Cu center as electron transferring center and a 
tetranuclear copper sulfur center (Cu4S2) as catalytic center.29  

Another important and special process of denitrification is anaerobic ammonia 
oxidation (ANAMOX), where bacteria can use ammonia as an electron donor and 
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nitrite as an electron acceptor.30 The reaction pathway has been described as 
follows:    

NO2- + 5H+ + 4e- → NH2OH + H2O                                        (1) 

NH3 + NH2OH → N2H4 + H2O                                               (2) 

N2H4 → N2 + 4H+ + 4e-                                                            (3) 

Thus, the overall reaction is:  

H+ + NH3 + NO2- → N2 + 2H2O                                                       (4) 

Interestingly, a similar mechanism has been evidenced in research of nitrite 
reduction by platinum.31  

1.3.2 Chemical reduction 

As an active oxidant, nitrate can be reduced in a chemical reaction with a reductant, 
normally metals or molecules.32 For active metals, the chemical process is strongly 
related to the solution pH. Taking aluminum as an example, the observed reaction 
only takes place when solution pH is above 8 and prevails in the pH range of 9 to 
10, where the principle reaction is to form ammonia, as given in reaction (5), with a 
little formation of nitrite and dinitrogen.33 

8Al + 3NO3- + 18H2O → 3NH3 + 8Al(OH)3 + 3OH-                           (5) 

On the other hand, iron only performs effectively in acid range and again 
ammonia is found as the main product.34 Iron nanoparticles have also been 
investigated for nitrate abatement in a batch experiment.35, 36 The reaction 
pathways are suggested as follows:   

Fe + NO3- + 2H+ → Fe2+ + NO2- + H2O                                     (6) 

4Fe + NO3- + 10H+ → 4Fe2+ + NH4+ + 3H2O                                (7) 

5Fe + 2NO3- + 6H2O → 5Fe2+ + N2 + 12OH-                                (8) 

However, the chemical reactions between nitrate and iron will result in a 
positive pH shift. A buffer solution is necessary to maintain the activity of chemical 
reactions. Moreover, there is a side reaction between metal and acid solution that 
results in H2 formation at the same time, which results in the increase of 
consumption of metal and also unnecessary metal cations in water.  
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Furthermore, borohydride, formic acid and hydrogen, are molecular reducing 
reagents that are able to react with nitrate.32 In contrast to the above discussed 
stoichiometric reduction, this kind of chemical reaction normally requires a 
homogeneous or heterogeneous catalyst in solution, to achieve an enhanced 
activity and selectivity to some products. A good catalyst for this kind of catalytic 
reduction of nitrate is a Pd-Cu bimetallic catalyst, on which the Cu sites take care 
of the hydrogenation of nitrate to nitrite and N2O, and the specific formation of N2 
is suggested to be related to Pd sites.37 In addition, bimetallic catalysts such as Pd-
Sn and Pd-In can enhance the selectivity to form N2, which is observed to depend 
on solution pH.38 

1.2.3 Electrocatalytic reduction  

Electrochemistry is the branch of chemistry that studies chemical species 
and reactions that take place at the interface between electrode and electrolyte, 
where electron transfers occurs. The rate and the direction of electron transfer can 
be controlled by the potential of the electrode. By changing the nature and the 
catalytic properties of the electrode surface, activity and selectivity can be steered 
simultaneously. On the working electrode, the nitrate reduction happens step by 
step to form different nitrogen species, dependent on the electrode potential, and 
the equilibrium potentials for each product are listed below39: 

NO3- + 2H+ + 2e-  ↔ NO2- + H2O                E0 = 0.835 V (vs. NHE)           (9) 

NO3- + 4H+ + 3e- ↔ NO(g) + 2H2O            E0 = 0.958 V (vs. NHE)         (10) 

2NO3- + 10H++ 8e- ↔ N2O(g) + 5H2O         E0 = 1.116 V (vs. NHE)         (11) 

2NO3- + 12H+ + 10e- ↔ N2(g) + 6H2O         E0 = 1.246 V (vs. NHE)         (12) 

NO3- + 8H+ + 6e- ↔ NH3OH+ + 2H2O        E0 = 0.727 V (vs. NHE)         (13) 

NO3- + 10H+ + 8e- ↔ NH4+ + 3H2O            E0 = 0.875 V (vs. NHE)         (14) 

Platinum, both polycrystalline and single crystalline, is the most investigated 
electrode material for nitrate reduction, although other materials, both coinage and 
noble metals, have been studied as well and have been found to show a different 
activity.40 However, nitrate reduction on Pt is not very active. The first step of 
nitrate reduction to nitrite is suggested as the rate determining step in the overall 
reaction and the direct reduction of nitrate selectively gives rise to ammonia 
formation as the only end-product.40, 41 Therefore, to obtain an enhanced nitrate 
reduction activity and selectivity to certain nitrogen product (N2 and 
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hydroxylamine being the most interesting), the research on electrocatalytic 
reduction of nitrate on a bimetallic electrode, where the electrode surface is 
modified by a foreign metal, has been given special attention.39 Moreover, modern 
analysis techniques can be combined with electrochemistry, which greatly 
enhances the capacity of electrocatalysis in the research of nitrate reduction. 
Therefore, it is a promising and challenging to search for a well performing catalyst 
and to unravel its corresponding catalytic mechanism, which is the main aim of 
this thesis.    

1.4 Research in This Thesis 

In this thesis, the electrocatalytic reduction of nitrate is investigated on noble 
metals, Pt and Rh, especially in the presence of foreign modifiers, to elucidate the 
influence of several important factors, such as electrode surface, solution pH and 
anions. The selective formation of volatile and nonvolatile products will be studied 
and the suggested reduction mechanism will be discussed. 

In Chapter 2, the enhancement of nitrate reduction by Sn modifier on 
polycrystalline Pt in acid medium is investigated. By comparing different 
coverages of Sn species, a distinct selectivity to volatile products is revealed. 
Furthermore, homogeneous side reactions between intermediates near the 
electrode, both during voltammetry and amperometry, are an important factor in 
generating volatile products.   

As Sn shows a strong promoting effect on nitrate reduction on a polycrystalline 
Pt electrode, Chapter 3 studies the existence of a general trend of catalyzing nitrate 
reduction by p-block metals on polycrystalline Pt electrode, where Sn is 
categorized within the periodic table of elements. Thus, a comparative study on 
nitrate reduction with p-block metals as foreign modifiers on polycrystalline Pt 
electrode is carried out in both perchloric and sulfuric acid medium, focused on the 
formation of volatile products. The study shows that Sn shows a unique capacity to 
promote nitrate reduction on Pt. With the advance of combining ion 
chromatography with voltammetry, the nonvolatile products from nitrate 
reduction on Pt and Sn-modified Pt electrodes are detected concurrently with the 
voltammetry in Chapter 4. Interestingly, Sn also steers the selectivity to form 
hydroxylamine as the main non-volatile product of nitrate reduction in acid 
medium. 
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Since the solution pH is an important factor in the nitrate reduction, Chapter 5 
studies the details about the influence of solution pH on nitrate reduction on Rh 
and Pt electrodes in a broad pH range. Rh shows a higher catalytic activity for 
nitrate reduction in the entire pH range compared with Pt, especially in alkaline 
media. The pH dependence will be explained by two different activation pathways 
for nitrate reduction.  

Reference 

[1] W. G. Zumft, Microbiology and Molecular Biology Reviews, 1997, 61, 533. 
[2] S. C. Wagner, Nature Education Knowledge, 2012, 3. 
[3] J. Postgate, Nitrogen Fixation, Cambridge University Press, Cambridge, UK, 

1998. 
[4] P. Young, in Biological nitrogen fixation (G. Stacey, R. H. Burris, and H. J. 

Evans, eds.), Chapman and Hall Inc, New York, 1992, 43~86. 
[5] D. F. Herridge, M. B. Peoples, and R. M. Boddey, Plant and Soil, 2008, 311, 1. 
[6] C. Franche, K. Lindstrom, and C. Elmerich, Plant and Soil, 2009, 321, 35. 
[7] M. W. Beijerinck, Centralblatt für Bakteriologie, Parasitenkunde, 

Infektionskrankheiten und Hygiene, Abteilung II, 1901, 7. 
[8] V. Smil, AMBIO: A Journal of the Human Environment, 2002, 31, 126. 
[9] M. Gilchrist, P. G. Winyard, and N. Benjamin, Nitric Oxide, 2010, 22, 104. 
[10] L. J. Ignarro, H. Lippton, J. C. Edwards, W. H. Baricos, A. L. Hyman, P. J. 

Kadowitz, and C. A. Gruetter, Journal of Pharmacology and Experimental 
Therapeutics, 1981, 218, 739. 

[11] G. Bellussi and C. Perego, CATTECH, 2000, 4, 4. 
[12] J. F. E. Gootzen, P. G. J. M. Peeters, J. M. B. Dukers, L. Lefferts, W. Visscher, 

and J. A. R. van Veen, Journal of Electroanalytical Chemistry, 1997, 434, 171. 
[13] C. G. M. Van de Moesdijk, Vol. Ph.D., Eindhoven University of Technology 

1979. 
[14] M. S. Gerber, Westinghouse Hanford, in Other Information: PBD: 20 Jun, 

1996. 
[15] V. Smil, Enriching the Earth Fritz Haber, Carl Bosch and the Transformation 

of World Agriculture, The MIT Press, Cambridge, MA, 2001. 
[16] J. H. Landsberg, Reviews in Fisheries Science, 2002, 10, 113. 
[17] K. Sivonen, Applied and Environmental Microbiology, 1990, 56, 2658. 
[18] M. Yoshida, T. Yoshida, Y. Takashima, N. Hosoda, and S. Hiroishi, Fems 

Microbiology Letters, 2007, 266, 49. 
[19] S. Pouria, A. de Andrade, J. Barbosa, R. L. Cavalcanti, V. T. S. Barreto, C. J. 

Ward, W. Preiser, G. K. Poon, G. H. Neild, and G. A. Codd, Lancet, 1998, 
352, 21. 

[20] Y. Ueno, S. Nagata, T. Tsutsumi, A. Hasegawa, M. F. Watanabe, H. D. Park, 
G. C. Chen, G. Chen, and S. Z. Yu, Carcinogenesis, 1996, 17, 1317. 



CHAPTER 1 

9 

[21] J. A. Camargo and A. Alonso, Environment International, 2006, 32, 831. 
[22] M. Duca and M. T. M. Koper, Energy & Environmental Science, 2012, 5, 

9726. 
[23] D. J. Richardson, B. C. Berks, D. A. Russell, S. Spiro, and C. J. Taylor, Cellular 

and Molecular Life Sciences, 2001, 58, 165. 
[24] D. J. Richardson and N. J. Watmough, Current Opinion in Chemical Biology, 

1999, 3, 207. 
[25] J. F. Stolz and P. Basu, ChemBioChem, 2002, 3, 198. 
[26] P. J. González, C. Correia, I. Moura, C. D. Brondino, and J. J. G. Moura, 

Journal of Inorganic Biochemistry, 2006, 100, 1015. 
[27] P. Tavares, A. S. Pereira, J. J. G. Moura, and I. Moura, Journal of Inorganic 

Biochemistry, 2006, 100, 2087. 
[28] T. Hino, S. Nagano, H. Sugimoto, T. Tosha, and Y. Shiro, Biochimica et 

Biophysica Acta (BBA) - Bioenergetics, 2012, 1817, 680. 
[29] S. R. Pauleta, S. Dell’Acqua, and I. Moura, Coordination Chemistry Reviews, 

2013, 257, 332. 
[30] A. A. vandeGraaf, P. deBruijn, L. A. Robertson, M. S. M. Jetten, and J. G. 

Kuenen, Microbiology-Uk, 1997, 143, 2415. 
[31] M. Duca, M. C. Figueiredo, V. Climent, P. Rodriguez, J. M. Feliu, and M. T. 

M. Koper, Journal of the American Chemical Society, 2011, 133, 10928. 
[32] J. C. Fanning, Coordination Chemistry Reviews, 2000, 199, 159. 
[33] A. P. Murphy, Nature, 1991, 350, 223. 
[34] C.-P. Huang, H.-W. Wang, and P.-C. Chiu, Water Research, 1998, 32, 2257. 
[35] G. C. C. Yang and H.-L. Lee, Water Research, 2005, 39, 884. 
[36] S. Choe, Y.-Y. Chang, K.-Y. Hwang, and J. Khim, Chemosphere, 2000, 41, 

1307. 
[37] Y. Yoshinaga, T. Akita, I. Mikami, and T. Okuhara, Journal of Catalysis, 

2002, 207, 37. 
[38] U. Prüsse, M. Hähnlein, J. Daum, and K.-D. Vorlop, Catalysis Today, 2000, 

55, 79. 
[39] V. Rosca, M. Duca, M. T. de Groot, and M. T. M. Koper, Chemical Reviews, 

2009, 109, 2209. 
[40] G. E. Dima, A. C. A. de Vooys, and M. T. M. Koper, Journal of 

Electroanalytical Chemistry, 2003, 554, 15. 
[41] M. T. de Groot and M. T. M. Koper, Journal of Electroanalytical Chemistry, 

2004, 562, 81. 
 
 
 
 
 
 
 



CHAPTER 1 

10 

 


