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Abstract 

Nitrate and nitrite reduction reactions (NO3RR and NO2RR, respectively) are important 

processes in water treatment as well as model processes in surface science. The sluggish 

kinetics observed for NO3RR on Pt electrodes is usually explained by the difficulty in 

removing NOad. However, NO2RR shares this same intermediate and depicts higher 

activity in the same experimental conditions. Herein, we employed the site block strategy 

to show that nitrate demands contiguous Pt sites to be converted into nitrite and then to 

NOad. Both NO3RR and NO2RR were studied at Pt(111) and Pt(111) modified with 

cyanide ions (Pt(111)-CN). While NO2RR depicted lower activity in Pt(111)-CN than in 

Pt(111), NO3RR is completely inhibited. Regardless of the presence of cyanide, DFT-

based analysis revealed that both NO3 and NO2 adsorption could occur on the bidentate 

form. Still, after this step, extra contiguous sites should be provided to NO3ad proceeds 

with the reduction reaction, which is not available on Pt(111)-CN. These results bring 

experimental evidence that the nitrate to nitrite conversion is an important bottleneck on 

NO3RR, and the presence of NOad (produced as intermediate during NO3RR) unfavored 

this step by geometric factors. 

Keywords: nitrate reduction; nitrite reduction; Pt(111); DFT calculations; atomic 

ensemble effect.  



Introduction 

The industrial production of nitrogen fertilizers has been causing an increase of soluble 

nitrogen-containing species above the rate of microbiological denitrification capacity.1,2 

Part of this imbalance of nitrogen cycle results in nitrate accumulation in sewers and 

industrial wastewater, leading to groundwater contamination.3,4 Moreover, the excess of 

nitrate consumption by humans can cause some severe diseases, becoming important the 

development of methods to reduce the nitrate levels in the environment, especially from 

aqueous solutions.5 

Reactions involving nitrogenous compounds show high complexity due to a large number 

of stable species with nitrogen atoms adopting oxidation numbers from -3 to +5.6 These 

species can react between them, resulting in a complex mechanism with several chemical 

and electrochemical steps and different pathways. Therefore, electrochemistry plays a 

central role in designing catalysts with high selectivity for desired products, with low 

toxicity (like N2) or contributing to industrial processes, such as hydroxylamine, nitric 

oxide, or ammonia, providing an alternative route to the Haber-Bosch method.3 

The nitrate reduction reaction (NO3RR) mechanism on Pt has been extensively studied in 

recent decades.7–15 The main reaction steps for low nitrate concentration are summarized 

in Figure 1. After the nitrate (NO3(ad)) adsorption, nitrite (NO2(ad)) and NO(ad) are the first 

and second reduction products on Pt(111) at E < 0.25 V and E < 0.60 V, respectively. 

NO(ad) is a stable species on Pt, competing with both Pt-H and Pt-OH formations and 

maintaining the catalyst surface partially poisoned in the potential window from hydrogen 

to oxygen evolution reactions. NO(ad) reduction occurs below 0.40 V16 via a Langmuir-

Hinshelwood mechanism with the hydrogen presence on the surface (Pt-H) or via an Eley-

Rideal mechanism with direct proton transfer from the solution depending on hydrogen 



availability at the electrode surface. There is no consensus about the first NO reduction 

intermediate because NOH and NHO have almost the same adsorption energy,17 whereas 

the further steps of NO reduction will culminate on the ammonium or hydroxylamine 

formation18 as the main NO3RR products on Pt and acidic electrolytes as observed by 

FTIR19–21 and DEMS.22 

 
Figure 1 – Main steps during the nitrate reduction reaction. 

The Nitrite Reduction Reaction (NO2RR) can be studied from NO2
- dissolution directly 

into the supporting electrolyte. On Pt(111), NO2RR displays a higher current than 

NO3RR, concluding that the nitrate conversion to nitrite steps (as highlighted in Figure 

1) is the reaction rate-determining step (RDS) under acidic conditions.21 To gain insights 

into the mechanism's complexity and aid in investigating the electrochemical steps and 

the different reaction pathways, density functional theory (DFT) calculations appear as 

an essential tool to reveal critical information at the atomic level.15,23–26  

In the present work, we studied the effect of available continuous sites on the first NO3RR 

steps. Therefore, we modified Pt(111) with cyanide ions (Pt(111)-CN), forming 

hexagonal patterns,27,28 where the CN groups are adsorbed on top of platinum atoms 

through the carbon atom.29,30 As a result of this modification, all three contiguous Pt 



atoms vanish from the Pt(111) surface, but the electronic properties of the Pt atoms that 

remain free are kept unchanged.31 Thus, this modification is doubtless a tool for 

mechanism understanding. The nitrate and nitrite adsorption were also simulated 

employing density functional theory (DFT) calculations on both Pt(111) and Pt(111)-CN 

surfaces. 

Experimental 

The single-crystal surface preparation method was previously described in ref.32, and the 

surface activation procedure in ref.33 The working electrode area was estimated as 

0.0450 cm2
. 0.1 M of HClO4 solution was prepared diluting ultrapure HClO4 (ACS 

reagent – 70 % Sigma-Aldrich) in 18.2 MΩ cm water (Milli-Q system) and served as 

supporting electrolyte. Sodium nitrate (Sigma-Aldrich, 99,995%) or sodium nitrite (ACS 

reagent, Ph. Eur., 99%) were added into the electrolyte from 1 M stock solution yielding 

the desired concentrations. An Autolab PGSTAT 128 N equipped with Scan 250 modulus 

was used as a potentiostat. Before the experiments, the solution was purged with Argon 

5.0 N, and during the data collection, this gas was kept in the cell headspace. The surface 

quality was checked by a 0.05 V s-1 cyclic voltammetry from 0.05 to 0.9 V. 

Cyanide-modified Pt(111) electrode (Pt(111)-CN) was prepared by immersion of a clean 

and well-ordered Pt(111) surface in a 0.1 M KCN (ACS reagent, Ph. Eur., 97%) solution 

for approximately 3 min, rinsed with ultrapure water and transferred to the 

electrochemical cell containing cyanide-free 0.1 M HClO4, as described in 34. 

NO-saturated adlayers were ex-situ prepared by immersion of the clean and well-ordered 

Pt(111) electrode in a 0.1 M HClO4 solution containing 0.01 M NaNO2 for 3 min.17 

Applying the same procedure to a cyanide-modified Pt(111) electrode yielded mixed CN–



NO adlayers. After the NO adlayer formation, the electrode was rinsed with ultrapure 

water and transferred to the electrochemical cell containing 0.1 M HClO4 and polarized 

at 0.85 V. The NO stripping was made with a scan rate of 2 mV s-1. 

Computational simulations 

DFT simulations were performed using the Vienna Ab initio Simulation Package 

(VASP).35–38 The Perdew–Burke–Ernzerhof (PBE)39,40 functional within the generalized 

gradient approximation (GGA) was used to treat the exchange-correlation effects and the 

interactions between the nuclei and the core electrons were considered with the projector 

augmented wave (PAW) method.41 An energy cut-off of 450 eV for the plane-wave basis 

was used in all systems. 

A bulk lattice parameter of 3.967 Å (1.2 % different from the literature value42) was found 

for Pt fcc cell. Both Pt(111) and Pt(111)-CN surfaces were modeled as a (2√3x2√3)R30º 

slab with five platinum layers and 20 Å of vacuum to avoid interactions between adjacent 

slabs along the surface normal. Pt(111)-CN was constructed by placing six CN groups 

forming a hexagonal configuration on the clean Pt(111) surface, a model based on both 

experimental27,28 and theoretical43 studies. NOx molecules were approximated to both 

surfaces to calculate the adsorption energies. The free molecules were optimized in an 

asymmetric box of 11x9x12 Å3.  

During the optimization process, the two bottom Pt layers were fixed to reproduce the 

bulk behavior. Convergence criteria of 10-8 eV for the energy and 0.01 eV/Å for the forces 

were used. The Brillouin zone was sampled using the Monkshorst-Pack method with a 

4x4x1 k-points mesh, during relaxations, for both surfaces and adsorption systems, and 

only the gamma point was used for the free NOX molecules. Dipole corrections along the 



z-axis were applied since the presence of the adsorbates creates asymmetry in the 

terminations of the slab. Atomic charges were computed using the Bader charge density 

analysis as implemented by Henkelman and co-workers.44 The charge density differences, 

∆𝜌𝑎𝑑𝑠, were calculated as Equation 1 

∆𝜌𝑎𝑑𝑠 = 𝜌𝑡𝑜𝑡 − 𝜌𝑠𝑢𝑟𝑓 − 𝜌𝑚𝑜𝑙    Equation 1 

where 𝜌𝑡𝑜𝑡, 𝜌𝑠𝑢𝑟𝑓, 𝜌𝑚𝑜𝑙 are the charge densities of the whole adsorption system, the 

surface, and the adsorbed molecule at the same geometries as the whole system, 

respectively. 

The calculations included NO2 and NO3 molecules (NOx) bonded to Pt atoms on Pt(111) 

and Pt(111)-CN surfaces (NOx*), as represented by the Reaction 1 with * denoting a 

surface adsorption site. The adsorption energies were obtained, as Equation 2, following 

the generalized chemical reaction also presented below. UNOx-Pt is the energy for the 

adsorption systems containing surface and molecule, UNOx is the free nitrogen oxide 

energy, and UPt is the clean surface energy. Since all computed and referenced adsorption 

energies in this work are negative (favorable), they will be reported as positive values to 

clarify the discussions. 

𝑁𝑂𝑋 +∗→ 𝑁𝑂𝑋
∗      Reaction 1 

𝑈𝑎𝑑𝑠 = 𝑈𝑁𝑂𝑥−𝑃𝑡 − 𝑈𝑃𝑡 − 𝑈𝑁𝑂𝑥    Equation 2 

Results 

Nitrate and Nitrite electrochemical reduction on Pt(111) 

Figure 2(A) compares the NO3
- and NO2

- (both at 10 mM) interactions with Pt(111). The 

cyclic voltammograms (CV) in absence of these species (blank curves) are also shown in 



dotted black lines. In the absence of NO3
-/NO2

- it is possible to recognize the well-defined 

processes on Pt(111)|H2O interfaces namely: a broad-flat region between 0.050 and 

0.375 V due to Pt-H adsorption/desorption on {111} domains covering up to 66% of the 

surface45 and the so-called butterfly region from 0.60 to 0.90 V consisting of Pt-OH 

formation/stripping from water discharge with a characteristic couple of peaks at 

0.80 V.32 The Pt-H and Pt-OH regions are split by a small-current region of water-surface 

interactions. The current density values, as well as the absence of peak on Pt-H region, 

fully agree with the literature32 and it attests both good surface orientation and solution 

cleanness. 

The presence of nitrate (10 mM) in the electrolyte causes competition with both Pt-H and 

Pt-OH formation, and the overall current becomes lower than those observed on the blank 

curve on the Pt-OH region due to the presence of strongly adsorbed nitrate intermediates. 

Moreover, two reduction processes (a peak at 0.35 and a wave at E < 0.20 V) can be 

observed during negative-going scan on Pt(111) (see SI files for better visualization), and 

they are usually explained by the NOad reduction at on-top and three-fold hollow sites, 

respectively46 (see the discussion below). The NOad is stable and requires high 

overpotentials for its reduction.16 Close to zero reaction order (n), estimated by the 

current-dependence with nitrate concentration (shown in SI files), confirms that the 

overall process is controlled by the reduction of NO3
– intermediates adsorbed on the 

surface instead of direct nitrate reduction, in agreement with the literature.47 



 

Figure 2 (A) Pt(111) cyclic voltammograms at 0.01 V s-1 in 0.1 M HClO4 + 10 mM 

NaNO3 (red) or 10 mM NaNO2 (black). Dotted lines represent the Pt(111) blank cyclic 

voltammograms at 0.05 V s-1 i.e. in absence of both NaNO3 and NaNO2. (B) Pt(111)-CN 

cyclic voltammograms in the same solution conditions of (A). The arrows indicate the 

sweep direction. 

When nitrate is replaced by nitrite ions, the currents become one order higher. During the 

negative-going scan, two main processes can be observed; namely, a broad region that 

starts at 0.60 V with maximum current density value (jmax) around 0.40 V and a sharp 

peak in the Pt-H region with jmax at 0.10 V. In Pt(poly), the broad region and sharp peak 

are related to the N2O and hydroxylamine production, respectively48. In contrast to 

NO3RR, the CV currents for NO2RR depend on the nitrite concentration yielding an n = 

0.60 at 0.15 V (shown on SI files). 



The cyanide presence on Pt(111) surface (Figure 2(B)) still allows the Pt-H and Pt-OH 

adsorption, however, they happen in a wide potential window and the Pt-OH region loses 

the pair of peaks at 0.8 V, in accordance with results previously reported in ref.49. While 

the nitrate is able to interact with Pt(111) surfaces, its reduction is strongly inhibited in 

Pt(111)-CN as observed in Figure 2(B), in which the current profile for Pt(111)-CN|H2O 

system (dotted line) is the same for Pt(111)-CN|H2O,NO3
-. On the other hand, when 

compared to Pt(111), the NO2RR on Pt(111)-CN has a lower activity in the overall 

potential window; however, it is still possible to recognize the broad process at the high 

potential that is replaced by a peak with the increase of Had coverage. The maximum 

potential was set at 0.9 V in the presence of nitrate and nitrite to avoid the nitrite oxidation 

or the oxidation of adsorbed species. 

While the CN adsorption onto Pt(111) decreases the number of exposed Pt atoms by 

50%,49 the current inhibition during NO2RR is 80% at 0.15 V peak, highlighting the site 

blockage effect is able to inhibit some reaction pathways. For the sake of comparison, 

Figure 3 brings NO2RR and reductive NOad stripping 46 on both Pt(111) and Pt(111)-CN. 

On Pt(111), the NO saturation coverage is ca. 0.4-0.5 ML46,50, and the NOad reduction 

reaction (NORR) occurs via the well-defined four processes: a peak about 0.28 V and a 

shoulder at 0.34 V, which refers to the reduction of NO adsorbed in on-top sites;46 a peak 

at ca 0.15 V that corresponds to the reduction of NO adsorbed on three-fold hollow 

sites,51,52 and finally, a peak in 0.77 V that is not well-described in the literature. These 

first three processes correspond to the peaks observed during NO2RR on Pt(111), and 

possibly the above-cited processes contribute enormously to NO2RR. On Pt(111)-CN, 

only the processes at 0.77 and 0.21 V are observed during NORR, i.e., only the NO 

reduction on on-top sites is maintained46. Furthermore, the comparison between NORR 



and NO2RR on Pt(111)-CN shows that the NO2RR activity from 0.80 to 0.40 V seems to 

happen not only via the NO pathway but through other NxOy species. 

 

Figure 3 Cyclic voltammogram in 0.1 M HClO4 (black) with addition 10 mM NaNO2 

(red) at 10 mV s-1 and NO stripping (blue) at 2 mV s-1 on Pt(111) and Pt(111)-CN, 

respectively. 

Density functional theory for nitrate and nitrite adsorption 

Nitrate can be adsorbed on the surface in a monodentate, bidentate, or tridentate way, i.e., 

binding through one, two, or three oxygen atoms. The literature shows that the bidentate 

configuration is the most stable one when Au, Ag, and Pt are used,25,53 and it can be 

observed with spectroscopic experiments in Pt(poly) surface.52 With the bidentate nitrate 

configuration, DFT calculations15 using stepped {211} surfaces showed that the 

adsorption energy for nitrate on a {111} terrace is 2.23 eV while the nitrite adsorption 



energy is 1.93 eV, which is a piece of evidence about the difference in adsorption strength 

between both species. 

The bidentate adsorption of NO2 and NO3 species on the Pt(111) surface was simulated 

using DFT calculations, as can be seen in Figure 4, where nitrite has adsorption energy 

of 1.38 eV, while nitrate shows 1.70 eV, and these results are consistent with reported 

values in the literature.25 However, when the nitrogen oxide molecules were placed in the 

middle sites of Pt(111)-CN, the adsorption energies decreased, following the same trend 

in which the NO3 adsorption is still more favorable ca. 0.3 eV than the NO2, with 

adsorption energies of 1.22 eV and 0.95 eV, respectively. This change in adsorption 

energies is expected and could cause a decrease in the activity of NO2RR and NO3RR on 

Pt(111)-CN, once the adsorption process of the active species is less favorable when the 

surface is partially covered with cyanide, but it does not explain why the nitrate reduction 

is completely inhibited. 

Thus, we carry out simulations with the NO3 adsorption in tridentate mode, which is 

favorable on Pt(111), with adsorption energy ca. 1.16 eV, but it is impeded in Pt(111)-

CN because of the lack of available Pt sites. 

The net electron transfer from the surface to the adsorbed molecules was calculated from 

the Bader charges for every system. As can be seen in Figure 4, the decrease in adsorption 

energy when the CN- groups are present on the surface, can be explained by the reduction 

in the electron transfer, which also can be visualized in the electron density difference 

plots reported. 



 

Figure 4 - NOx adsorption configurations on Pt(111) and Pt(111)-CN surfaces. The left 

panel corresponds to μ-N,O-Nitrite configuration where NO2 bonds to two superficial Pt 

atoms through N and O atoms. The right panel refers to the bidentate adsorption mode 

(O,O`-Nitrate) in which the NO3 molecule bonds to two Pt atoms through two oxygen 

atoms. For each system, top and side views are represented and the adsorption energies 

and the charge transfer flux are also reported. Bottom panels show the electron charge 

density differences, where yellow and blue regions correspond to accumulation and 

depletion of charge, respectively. 

Discussion 

The higher currents observed during NO2RR when compared to NO3RR could be 

explained by the fast conversion of NO2
- into NOad. Additionally, in acidic media, NO2

- 

is involved in several chemical equilibriums17 yielding HNO2, NO, N2O, NO2, N2O4, 

NO3
- and NO+, which could provide other active species to be electrochemically reduced. 

Specifically, it is expected that the electroreduction reactions of neutral molecules that 

weakly interact with the surface,54 for example N2O, will have their maximum activity 

near the potential of zero charge on Pt surfaces,55,56 i.e., around 0.30 V for Pt(111) in the 

experimental conditions employed in this work.32 Unfortunately, this potential region also 

corresponds to the NO(ad) reduction becoming difficult to infer about the active species in 



solution. The same discussion could be drawn to NO3RR, considering the NO3
-/HNO3 

equilibrium.57 Regardless of the active species in solution (NO3
-/HNO3 or NO2

-

/HNO2/NO2/N2O4), after the adsorption, in NO3RR, the species containing three oxygens 

should be converted into species with two oxygens and then into NO(ad). After this point, 

NO3RR and NO2RR share common intermediates. 

Using the site-knockout strategy employing cyanide adsorption, while NO2RR is partially 

inhibited, we observe the complete extinguishment of NO3RR on Pt(111)-CN. The well-

known cyanide adsorption on Pt(111) modifies the sizes of the adsorbing sites at 

molecular level as shown in Figure 5 in which it is possible to highlight three types of 

sites containing three Pt atoms: linear sites (a), angular sites (b) and contiguous sites (c). 

While in the presence of CNad, the sites (a) and (b) are maintained, the sites (c) vanish 

from the surface. 

 

Figure 5 - Hard sphere model of a clean Pt(111) surface (left) and modified with cyanide 

(right), indicating the possible arrangement of three connected Pt atoms. Adapted from 58 

These results suggest that the nitrite or other active species present in the solutions 

demand only two contiguous surface sites or type-(a) or (b) sites with three Pt atoms to 

react, providing the currents observed during NO2RR. On the other hand, type-(c) sites 



are essential to nitrate reduction. DFT studies revealed that nitrate and nitrite adsorption 

occur by the two oxygen atoms in both Pt(111) and Pt(111)-CN; however, the nitrate 

adsorption by the three oxygen atoms is only possible in Pt(111). Thus, we can conclude 

that after the initial adsorption in bidentate, according to the spectroscopy evidence,52 

NO3ad demands an extra contiguous site to be converted into nitrite. This extra site can be 

used to the adsorption of the third-oxygen of the nitrate ion as suggested previously by 

Goldsmith and co-workers15 for nitrate dissociation on Pt(211), or the hydrogen 

adsorption that will react with the oxygen of the adsorbed nitrate during the nitrate to 

nitrite conversion step. It is important to point out that according to DFT studies in ref. 

25, the free NO3 shows three 1.252 Å equivalent bonds, while in O,O-nitrate adsorption 

mode there is a lenght-bond change due to the interaction with {111} surface, a 1.222 Å 

and two 1.306 Å bonds. However, after the adsorption in tridentate mode, all three bonds 

show 1.291 Å, considering that the NO3 is parallel to the surface, this adsorption mode is 

not active in infrared experiments, which represents an experimental limitation to confirm 

that nitrate should be adsorbed on surface by the three oxygen atoms to be converted to 

nitrite. 

During both NO3RR and NO2RR, NOad is an intermediate undoubtedly present on the 

surface22; however, more than an intermediate that demands a high overpotential to be 

reduced, randomized NOad molecules on surface block sites in different ways, including 

the extinguishment of type-(c) sites. In the case of NO2RR, even at high NOad coverages, 

the reaction can occur in small size sites, as observed in Pt(111)-CN. On the other hand, 

when a clean Pt(111) surface is in contact with the electrolyte in the presence of nitrate, 

NOad is produced, which decreases the sites size to further nitrate adsorption. Thus, the 

nitrate to nitrite conversion becomes unviable. This self-surface poisoning caused by 

NO3
- could explain the low activity for NO3RR on Pt. The literature reports examples of 



reactions where intermediates act as surface poisons to reactant adsorption, such as the 

NOad during the ammonia oxidation reaction, that probably causes the inhibition of the 

N-N coupling reaction59 and the COad during the oxidation of small organic molecules.60 

Conclusions 

The nitrate (NO3RR) and nitrite (NO2RR) reduction reactions were studied in both well-

oriented Pt(111) and cyanide modified Pt(111) surfaces in non-adsorbing anion 

electrolyte. While NO2RR provides the highest reduction current and activity on Pt(111), 

NO3RR displays a sluggish kinetic on Pt(111) and is completely inhibited on Pt(111)-CN. 

DFT results indicate that both nitrite and nitrate adsorption can occur on clean Pt(111) 

and Pt(111)-CN in the bidentate form, which let us conclude that the nitrate to nitrite 

conversion demands at least three contiguous sites. Similarly, the effect caused by CNad, 

the NOad produced as intermediate during NO3RR, could be acting as a surface site 

blocker, decreasing the number of three contiguous Pt sites on the surface and explaining 

the poor NO3RR activity when compared with NO2RR. This work brings an important 

geometric factor at the molecular level during NO3RR, which can provide insights for the 

design of new catalysts. 
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