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ABSTRACT 

Nitrate (NO!") is a ubiquitous contaminant in groundwater that causes serious public health 

issues around the world. Though various strategies are able to reduce NO!" to nitrite (NO#"), 

a rational catalyst design strategy for NO#" removal has not been found, in part because of 

the complicated reaction network of nitrate chemistry. In this study, we show, through 

catalytic modeling with density functional theory (DFT) calculations, that the performance 

of mono- and bi-metallic surfaces for nitrite reduction can be rapidly screened using N, N2, 

and NH3 binding energies as reactivity descriptors. With a number of active surface atomic 

ensembles identified for nitrite reduction, we have designed a series of “metal-on-metal” 

bimetallics with optimized surface reactivity and a maximum number of active sites. 

Choosing Pd-on-Au nanoparticles (NPs) as candidate catalysts, both theory and experiment 

find that a thin monolayer of Pd-on-Au NPs (size: ~ 4 ± 0.5 nm) leads to high nitrite 

reduction performance, outperforming pure Pd NPs and the other Pd surface compositions 

considered. Experiments show that this thin layer of Pd-on-Au has a relatively high 

selectivity for N2 formation, compared to pure Pd NPs. More importantly, our study shows 

that a simple model, based upon DFT-calculated thermodynamic energies, can facilitate 

catalysts design relevant to environmental issues.  

 Keywords: Nitrite reduction; density functional theory; catalyst design; ensemble effect; 

metal-on-metal structure.  
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1. INTRODUCTION 

Nitrate (NO!") is one of the most dangerous contaminants in groundwater, causing 

serious public health risks around the world.1–9 One of the most important issues is that 

NO!" can easily be converted into nitrite (NO#"), causing cancer, hypertension, and blue 

baby syndrome.10 Therefore, many regions, including the United States, have strict 

regulations on the maximum contaminant level (MCL) for N to less than 10 mg/L. To 

remove nitrate and nitrite, a number of methods have been developed,11 including ion 

exchange,12 biological treatment,13 reverse osmosis,8 and electrodialysis.14 However, these 

methods have some drawbacks, leading to their limited application. In particular, ion 

exchange leads to secondary waste which needs to be subsequently retreated by other 

methods;11 biological treatment requires long startup times for biomass growth;13 reverse 

osmosis and electrodialysis require additional resources and operation steps.15 Therefore, 

heterogeneous catalytic treatment has emerged as a promising nitrate and nitrite removal 

alternative due to its quick startup and lower requirements for secondary waste 

treatment.16,17 In recent years, nitrite reduction has been studied on metallic systems with 

and without an active substrate or oxide support.18–26 Experiments have shown that catalytic 

nitrite reduction can lead to two selective reactions, the formation of dinitrogen (N2) or 

ammonia (NH3). However, due to the difficulty of in situ characterization of reaction sites 

and the unknown activity contribution from the metal or the support, it is not clear which 
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factors determine the activity and selectivity of the catalyst. This question remained 

unaddressed until a recent study by Shin et al.15 Using theoretical and experimental 

methods, they found that on a Pd surface, the selectivity of nitrite reduction was determined 

by specific experimental conditions: a H*-rich environment promotes the formation of 

NH3, while a nitrite-rich environment promotes N2 formation. Very recently, we found that 

as compared with pure Pd and Au, PdAu alloy nanoparticles (NPs) possess enhanced 

activity for nitrite reduction, with the Pd-Au alloy ensemble having excellent resistance to 

sulfide poisoning.27 This result shows that better catalysts exist, and consideration should 

not be limited to monometallics. However, due to the complexity of the reaction network 

for nitrite reduction, to the best of our knowledge, a rational catalyst design strategy has 

not been used to optimize catalysts for this reaction.  

To address the common goals among the communities of theoretical modeling, 

catalytic chemistry, and environmental science, we aim to address the issue of nitrite 

removal by designing new and effective environmental catalysts for this reduction. Here, 

instead of calculating a set of detailed kinetic pathways, we focus on developing a model 

that can be used to estimate the activity of a given catalytic surface. Validated by previous 

well-characterized experimental results, we found that the catalytic properties of both 

mono- and bi-metallics for nitrite reduction can be evaluated using the calculated N, N2, 

and NH3 bindings as the reaction descriptors. We find that a “metal-on-metal” structure 

optimizes both the surface activity and the number of the active sites. Selecting Pd-on-Au 
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NPs for a more detailed study, both our theory and experiment found that a thin Pd layer 

on Au [Pd1monolayer/Au(111)] leads to high nitrite reduction activity and selective N2 

formation, as compared to pure Pd and other Pd surface coverages on Au.  

2. METHODS 

2.1 Computational and Modeling Methods 

All calculations were performed using the VASP code. The generalized gradient 

approximation (GGA) method with the Perdew−Burke−Ernzerhof functional was used to 

describe electronic exchange and correlation.28 The projector augmented-wave method was 

used to describe the core electrons.29 Kohn−Sham wave functions were expanded in a plane 

wave basis with 400 eV energy cutoff to describe the valence electrons.30 Geometries were 

considered converged when the forces on each atom fell below 0.05 eV/Å. A (3×3×1) 

Monkhorst−Pack k-point mesh was used to sample the Brillouin zone.31 Spin polarization 

was tested and used when necessary, such as the calculations of single H, O, and N species 

in vacuum, and all the calculations on Ni(111). Entropic corrections were applied to gas 

phase species with the temperature of 298 K.  

Each catalytic surface was modeled as slab with a four-layer, (3×3) unit cell. A 

vacuum layer of at least 12 Å separated periodic images of the slab. The bottom two atomic 

layers were kept fixed in bulk positions; the topmost two layers were allowed to relax. Our 
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previous studies show that a four-layer model has similar results to a five-layer model and 

so we did not consider thicker slabs in this study.32 Given that the (100) surface is found to 

be inactive for nitrite reduction;33 has higher surface energy;34 and under-coordinated sites 

(e.g., edge and corner) have negligible catalytic contribution on relatively large NP,35 only 

the (111) surfaces were modeled in this study. Random alloy slabs were modelled by 

randomly mixing two elements with a given composition. For each composition, more than 

fifteen random geometries were generated. All binding sites were sampled from these 

surfaces. The lattice constant for each slab were calculated according to the Vegard’s law 

and the bimetallic composition.36 Since previous liquid phase studies have shown that 

solvation effects only slightly shift the relative energies and do not change the general 

trends of both the kinetics and thermodynamics for many reactions,37,38 this effect was not 

included in our calculations. The completed modeling details and important coordinates 

can be found in the Supporting Information. All the binding energies 𝐸$ were calculated 

using 

𝐸$ = 𝐸%&% − 𝐸'()$ − 𝐸)*',   (1) 

where 𝐸%&% is the energy of the system, 𝐸'()$ is the energy of a bare slab, and 𝐸)*' is the 

energy of the adsorbate in vacuum. To evaluate the stability of the metal-on-metal 

structures, segregation energies 𝐸'+, were calculated using39–41 

𝐸'+, = 𝐸'-). − 𝐸%&%,    (2) 
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where 𝐸%&% is the total energy of the system, 𝐸'-). is the total energy of the system with 

the topmost core element being swapped onto the surface. Both the bare and N-absorbed 

systems were considered for these calculations.  

2.2 Experimental Methods 

2.2.1 Materials 

Tetrachloroauric(III) acid (HAuCl4·3H2O, 99.99%), tannic acid (C76H52O46, 

>99.5%), potassium carbonate (K2CO3, >99.5%), palladium(II) chloride (PdCl2, 99.99%), 

trisodium citrate (Na3C6H5O7, >99.5%), hydrochloric acid (HCl, 1 M), and sodium nitrite 

(NaNO2, 99.7%) were purchased from Sigma-Aldrich. Nessler’s reagent (K2HgI4) was 

obtained from Fisher. Hydrogen gas (99.99%) was purchased from Airgas. A stock solution 

of the Griess reagent was prepared by dissolving 0.1 g of N-(1-naphthyl)ethyl-enediamine 

dihydrochloride, 1.0 g of sulfanilamide, and 2.94 mL H3PO4 in 100 mL DI water, such that 

the final concentrations were 0.1wt% N-(1-naphthyl)ethyl-enediamine dihydrochloride, 

1wt% sulfanilamide, and 5% H3PO4. 

2.2.2 Catalysts Synthesis 

Monometallic colloidal Pd and Au NPs were synthesized through a tannic acid-

sodium citrate co-reduction method.42,43 To synthesize Au NPs, 0.05 g tannic acid, 0.018 g 
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K2CO3, and 0.04 g trisodium citrate were dissolved in 20 mL of water. In a second flask, 

200 mL of HAuCl4 solution (0.127 mol/L) was dissolved in 79.8 mL of water. Both 

solutions were heated to 60 ℃, and the first solution was added to the second under 

vigorous stirring. The color of the resultant sol immediately changed from pale yellow to 

reddish-brown, suggesting the formation of Au NPs. The solution was then heated to 

boiling and maintained boiling for 2 min and removed from the heat source. The sol was 

then diluted with DI water to 100 mL and left to cool overnight to room temperature before 

being stored in refrigerator. The Pd NPs were prepared in the same manner, except that the 

Au salt precursor solution was replaced by a palladium salt solution (12 mL of H2PdCl4 

solution (2.49 mM) diluted in 68 mL of H2O) and the boiling time was increased to 25 min. 

The solution color changed gradually from light-yellow to coffee-brown, which is the 

indicative color of Pd NPs.  

Bimetallic Pd-on-Au NPs were prepared by adding, then subsequently reducing, the 

Pd salt precursor in the as-synthesized Au NPs solution with hydrogen gas. Utilizing the 

magic cluster model,44 we calculated the specific volumes of 2.49 mM H2PdCl4 sol needed 

to add in the Au NPs sol for various surface coverages (sc%) on the Au NP. To prepare 

Pd-on-Au NPs with Pd surface coverages of 10, 50, 100, and 300 sc%, corresponding Pd 

solution volumes of 0.276, 1.38, 2.748, and 10.536 mL were added dropwise to 60 mL of 

the Au sol under vigorous stirring. The mixture was stirred at ∼600 rpm for an additional 
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10 min followed by H2 gas bubbling at a flow rate of ∼100 mL min−1 through the liquid 

for 15 min. 

 

2.2.3 Characterization 

The synthesized catalysts samples were well characterized in previous studies with 

transmission electron microscopy (TEM), inductively coupled plasma-atomic emission 

spectroscopy and X-ray absorption spectroscopy.43,45,46 In this study, TEM images of NPs 

were obtained using a JEOL 2010 transmission electron microscope operating at an 

accelerating voltage of 200 kV. The particle size distribution was calculated by counting 

at least 200 particles by Image J software.  

2.2.4 Catalytic Nitrite Reduction Experiments 

Nitrite reduction was performed in a screw-cap Amber bottle (250 mL) sealed with 

a Teflon-silicone septum as a semi-batch reactor. A magnetic stirrer, DI water and colloidal 

NPs were placed in the reactor such that the final liquid volume was 99.5 mL. The amount 

of NPs added to keep the total Pd amount was 0.365 mg-Pd/L in each reactor. For example, 

the amount of Pd-on-Au NPs were 30, 6, and 3 mL for 10sc% Pd-on-Au NPs, 50sc% Pd-

on-Au NPs, and 100sc% Pd-on-Au NPs, respectively. The catalyst solution was then 

bubbled simultaneously with hydrogen gas (100 mL/min, serve as reductant) and carbon 
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dioxide gas (100 mL/min, to buffer the solution to a pH value ~5.5) for 15 min. The 

bubbling step was to reduce the catalyst surface and purge the oxygen out of the reactor as 

well as make sure the reaction was in CO2-buffered water and under a H2 headspace. The 

catalytic reactions were conducted at room temperature under constant stirring (600 rpm) 

with sealed batch reactor. The NaNO2 solution (0.5 mL, 10 mg/mL of NO#") was injected 

to start the reaction, such the initial NO#"  concentration was 50 mg NO#" /L (50 ppm). 

Aliquots of the reaction fluid (~1 mL) were periodically withdrawn via a stainless-steel 

needle of a 5 mL syringe.  

Similar with previous studies,38,47 nitrite ions were analyzed using the Griess reagent 

and ammonia concentrations were measured using Nessler’s reagent. In a typical testing 

step for nitrite, the Griess reagent solution (0.2 mL), a nitrite-containing solution (0.2 mL), 

and water (1.6 mL) were mixed together and kept in room temperature for 10 min. The 

absorbance at 540 nm of the colored solution was measured via UV-vis spectroscopy, and 

the NO#" concentration was determined in the 0 to 2.0 ppm range using a standard curve. 

The ammonia testing was very similar with nitrite testing step, except using the Nessler’s 

reagent instead of the Griess reagent. 

The observed reaction rate constant 𝑘&$' (with unit of 𝑚𝑖𝑛"/) was calculated by 

assuming pseudo first-order dependence on nitrite concentration (H2 gas was calculated in 

excess), 
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−
*	1!"#$

*%
= 𝑘&$'𝐶23#$ ,    (3) 

where 𝐶23#$  is the concentration of nitrite and 𝑡 is the reaction time. 

In this study, we assumed that most of the N2O can be rapidly and completely 

reduced to N2,48 and therefore we considered N2 and NH45 to be the final products. The 

reaction selectivities were calculated by: 

 𝑆26% = /
1!&'(

1)"1
0 × 100%,    (4) 

𝑆2# = 100% − 𝑆26%,    (5) 

where 𝑆26%  and 𝑆2#  are the selectivity of NH3 and N2 formation, 𝐶26'(  is the molar 

concentration of NH45 ,	𝐶7  and 𝐶  represent the initial and final molar concentrations of 

NO#", respectively. 

3. RESULTS AND DISCUSSION 

3.1 Nitrite Reduction Pathways 

According to a previous combined theoretical and experimental study,15 nitrite 

reduction with hydrogen as the reducing agent starts with the highly spontaneous redox 

reaction that forms NO* from nitrite (Figure 1). Then NO* can either proceed dissociative 

(initially forming N*) or associative (initially forming NOH* or HNO*) mechanisms.49 The 

association mechanism leads to NH3 formation selectivity due to the multiple available 
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pathways for hydrogenation (Figure 1, green pathways). In contrast, the formation of N2O* 

from N* is a key step towards N2 formation, as indicated from previous Fourier transform 

infrared spectroscopy measurements.49 Studies by Shin et al. found that the formation of 

N2O* are favorable from the reaction between N*, H*, nitrite, and water, with a significantly 

exothermic reaction energy (Figure 1).15 Afterwards, N2O* is rapidly consumed to form 

N2*.48,50 In summary, there are at least five possible reaction pathways for NH3 formation, 

while only two primary pathways for N2 formation. It can be seen from the reaction 

network that H*-rich conditions provide NH3 selectivity while high nitrite-rich conditions 

have N2 selectivity, in good agreement with the previous conclusions drawn from both 

mono-15 and bi-metallic51 systems. In our modeling, we considered all these steps in 

reaction networks for N2 and NH3 formation.  
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Figure 1. Catalytic reaction pathways for nitrite reduction. Red and green pathways 

represent selectivity towards N2 and NH3, respectively. The “*” symbols represent 

adsorption states. Formation of water in the reactions are not shown.  

 

3.2 Volcano Activity Models 

Previous studies show that on a Pd(111) surface, nitrite reduction can be calculated using 

reaction energies with excellent agreement to experiment.15 Similarly, we have developed 

a model that estimates the reaction free energy based upon the adsorbate binding energy. 

The modeling details can be found in the Supporting Information. With the assumption 

that all reaction barriers follow the generalized Brønsted−Evans−Polanyi (BEP) 
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relationship where a lower reaction energy has a stronger driving force to reduce the 

reaction barrier,52,53 it has been found that the reaction free energy constructed with this 

method has good agreement with experiment for evaluating the activity of reactions 

including hydrogenation35,54–56 and oxygen reduction.57,58 With the scaling relationships 

found on monometallics between N binding and all other adsorbate bindings (except N2 

and NH3) (Figure S1), reaction free energies can be estimated as linear functions of the 

binding energies of N, N2, and NH3. Figure 2a and 2b show the calculated volcano activity 

plots for the N2 and NH3 formation pathways, with the rate-limiting step, 𝐺8)9, plotted as 

the contours. Interestingly, it can be seen that trends in 𝐺8)9  of the two reactions are 

similar, and that the N2 selectivity generally tends to have a slightly lower rate-limiting 

reaction free energy than NH3. This is consistent with a previous conclusion on Pd surfaces 

that N2 formation pathways have lower reaction energies than NH3.15 This also suggests 

that for the same binding energies, both selectivities are limited by the same reaction steps. 

It can be seen from our two contour plots, that both reactions have minima with relatively 

low 𝐺8)9. This is because of the two different mechanisms for nitrite reduction: the left 

minimum represents the NO dissociative pathways, while the right one represents its 

associative pathways. These results suggest that though the NH3 mechanism has more 

potential pathways (as seen in Figure 1), the formation of N2, which primarily follows the 

dissociative pathways, is thermodynamically favorable. It should be noted that these 

models consider N2 and NH3 binding energies: when the binding of N2 or NH3 are too 



 15 

strong, the reactions would be rate-limited by the desorption of N2 or NH3. By plotting the 

monometallic surfaces onto the volcanos, it can be seen that the “strong binding metals” 

(Pt, Pd, Ir, Ni, and Rh)59 tend to proceed via the dissociative pathways due to the active 

surface d-band for bond cleavage, while “weak binding metals” (Au, Ag, and Cu) tend to 

proceed via associative pathways with higher reaction energy than other elements. While 

the associative pathways have a slightly higher rate-limiting free energy than the 

dissociative pathways due to the high H2 dissociation energy on these surfaces,60 as well as 

weak adsorption of N2O* (Figures S1-S4), these volcano plots explain the low activity of 

pure Cu and Au NPs for room-temperature experiments.27,51 A similar conclusion can be 

drawn for pure Ag (Figure S3). With this in mind, and also because the associative 

pathway promotes the typically unwanted NH3 product,15 the following catalyst design 

efforts attempts to optimize the surface reactivity through the dissociative pathways. 

From the volcano activity plot we can see that Pt, Pd, Ir, Ni, and Rh bind N too 

strongly, while Au, Ag, and Cu bind N too weakly. Therefore, it is expected that alloying 

these strong and weak binding metals could provide a tuned N binding energy close to the 

optimal at the volcano peak. This assumption can be effective for bimetallics whose surface 

ensembles have good tunability for adsorbate bindings.59 Here we find that N has good 

tunability on metallic surface since it binds to the 3-fold hollow adsorption site,59,61 while 

N2 and NH3 are less influenced by alloying effects since they bind to atop sites (Figure 

2c). Together with the results that most of the monometallics are not limited by N2 or NH3 
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desorption (Figures 2a and 2b), we can rely on the N binding energy as a reaction 

descriptor for catalysts design.  

 

 

Figure 2. Volcano activity plots for nitrite reduction through (a) N2 and (b) NH3 formation 

pathways, with the plotted close-packed monometallic surfaces (white marks). (c) 

Optimized binding geometries of N, N2, and NH3 on Pd(111) and a Pd2Au1 surface three-

fold triatomic ensemble. Blue, gold, and purple spheres represent Pd, Au, and N, 

respectively.  
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    3.3 Model Validation and Active Ensemble Identification 

 Before being used for new catalyst design, the volcano activity plot was determined 

by two previous experiments. Seraj et al.27 and Guy et al.51 respectively synthesized and 

characterized PdAu and PdCu random alloy nanostructures with varying compositions and 

tested them for nitrite reduction. Since these nanocatalysts were tested without an active 

substrate, the reactivity was primarily determined by the surface reactivity of the metal 

catalysts. Figure 3a and 3b shows the volcano activity plots with the binding energies on 

the triatomic ensembles (X3, X2Pd1, X1Pd2, and Pd3, where X=Au or Cu) at PdxAu1-x and 

PdxCu1-x (x=0.25, 0.50, and 0.75), respectively. Here we focus on the three-fold triatomic 

ensemble since it is the primary repeat unit for characterizing adsorbate binding through a 

single bond (Figure 2b).27,32,35,55,56,58,59 On the random alloy models, Pd3 is always the most 

active ensemble, for both PdAu and PdCu alloys. However, due to electronic and strain 

effects, only the Pd3 sites on the Pd0.50Au0.50(111) and the Pd0.75Cu0.25(111) alloy can reach 

the peak of the volcano, indicating that a Pd% around 50% and 75% respectively on PdAu 

and PdCu would lead to optimized nitrite reduction activity, as compared to other 

compositions. This is in excellent agreement with previous experiments showing that 

optimal catalysts with Pd% in PdAu and PdCu respectively are 53% and 80% for nitrite 

reduction.27,51 With the supposition that NH3 selectivity has similar contour trends and can 
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be tuned by the hydrogen and nitrite concentrations in the experiments,15 selectivity 

towards NH3 is not discussed further.   

Interestingly, it can be seen that there is a synergic interplay among the ensemble, 

ligand, and strain effects for tuning the N binding energy on alloy surfaces in the Pd-based 

alloys. First, the pure Pd ensemble is identified as having the highest nitrite reduction 

activity, showing the importance of the pure Pd ensembles. Secondly, due to the ligand 

effect from charge transfer between Pd and Au/Cu and the strain effect from the different 

lattice constants between Pd and Au/Cu, the N binding energies of the Pd3 sites can reach 

the optimal region of the volcano (Figure 3c and 3d). Most importantly, these previous 

well-characterized experimental results help to validate our model by directly comparing 

the active surface ensembles and the optimal random alloy compositions, showing that our 

model can predict experimental results.  
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Figure 3. Predictions of nitrite reduction at triatomic ensembles on (a) PdAu and (b) PdCu 

random alloy surfaces. The experimental determined optimal Pd% in PdAu and PdCu alloy 

structures can be found in Refs.27,51. (c, d) Tuning the N binding energy at the triatomic 

ensemble of PdAu and PdCu. The orange dashed line represents N binding with the optimal 

activity as indicated by the volcano plot. The error bars indicate variations from ten 

sampled binding sites among more than fifteen randomly generated alloy geometries.  
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3.4 Optimizing and Maximizing the Most Active Ensembles: Design of 

Metal-on-Metal Catalysts 

The model evaluation with random alloys indicates that the volcano model can be 

used for further predictions on complicated catalytic surfaces. Compared to Au, Ag, and 

Cu, those strong binding metals are closer to the target binding energy for high catalytic 

activity. Therefore, we propose that these surfaces can be tuned by substituting a sublayer 

element in the structure through electronic and strain effects. This strategy has been proven 

effective for catalyst design of hydrogen evolution,41 oxygen reduction,39,40 and CO 

oxidation.41 Meanwhile, X-on-Y (or core@shell-like) bimetallic could provide a 

maximized number of active site on the catalytic surface (e.g., the Pd3 ensemble, as 

indicated above), which could further increase the overall activity of a catalyst. Here, we 

modeled a series of X-on-Y structures with X as the strong binding metal (Pd, Pt, Ir, Rh, 

and Ni) and Y as the weak binding metal (Au, Ag, and Cu) (Figure 4). For each bimetallic 

considered, the thickness of a shell was varied as 1, 2, and 3 monolayers (MLs), which 

respectively represent a thin, medium, and thick X element on a Y substrate (Figure 4e). 

Since adsorbate binding on Ni1ML/Au(111) and Ni1ML/Ag(111) results in a significant 

surface distortion, these two structures were not considered further. The theoretical activity 

of our catalysts were screened by calculating their N, N2, and NH3 binding energies. Figure 

4a-4c shows that at least six of the screened catalysts are able to reach the target activity 

from the volcano plot [Pd3ML/Cu(111), Pd2ML/Cu(111), Pd1ML/Ag(111), Pt3ML/Cu(111), 
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Pd1ML/Au(111), and Ni1ML/Cu(111)]. Interestingly, most of these candidates are Pd surface 

catalysts, showing that Pd is a tunable metallic for N binding. Additionally, it can be seen 

that most of these optimized catalysts have relatively weak N2 binding but stronger NH3 

binding, suggesting facile N2 desorption and higher N2 formation selectivity on these 

structures.  

To evaluate the stability of these candidate catalyst, their segregation energies were 

calculated by swapping one of the topmost substrate element atoms onto the surface 

(Figure 4d).39,40,62 It can be seen, thermodynamically, that surface segregation is expected 

on adsorbate-free surfaces from the negative segregation energies. However, with the 

adsorption of N, only the Pd2ML/Cu(111) and Pd3ML/Cu(111) surfaces have negative 

segregation energies. Therefore, it is expected that under mild conditions (e.g., room 

temperature), a fully adsorbate-covered surface, and kinetically-controlled synthesis,63–65 

the four remaining catalysts should be stable during nitrite reduction.  
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Figure 4. Volcano activity plots of X-on-Y (X=Pd, Pt, Rh, Ir, and Ni; Y=Au, Ag, and Cu) 

catalysts through the (a) N2 and (b) NH3 formation pathways. (c) Matrix showing the 

surfaces with function quantified by the |N binding - target binding|. (d) Calculated 

segregation energies with and without adsorbed N* on the X-on-Y catalysts, which are 

predicted to possess optimal nitrite reduction activity. (e) Schematic pictures of X-on-Y 

catalytic models considered for DFT calculations. Brown and gold spheres represent the X 

and Y elements, respectively. 
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kinetically-controlled method.63–66 Figure 5a and 5b shows trends of the Pd-on-Au 

catalysts with varying Pd thicknesses. It can be seen that the tightness of N binding to the 

Pd surface are in the order of Pd2ML/Au(111) > Pd3ML/Au(111) ≈ Pd(111) > Pd1ML/Au(111). 

Also, due to the relatively strong NH3 binding energies (Figure 5b), these catalysts are 

expected to have lower NH3 formation selectivities. Our experiments, which we will 

discuss later, validate these predictions. To explain the significant difference of N bindings 

between Pd2ML and Pd1ML, the projected density of states (PDOS) of the d-electrons in their 

surface atoms were calculated, as shown in Figure 5c. It can be seen that there are 

significant differences in the peak distributions between the two surfaces. According to the 

d-band theory,67 since the d-band center of Pd2ML surface shifts closer to the fermi level 

than the Pd1ML, binding to Pd2ML is expected to be stronger.58,68 Although the average Pd-

Pd bond length on Pd1ML is longer due to the large Au lattice constant, the electronic (ligand) 

effect from the sublayer induces a weakened N binding on Pd1ML/Au(111), reaching the 

target activity indicated by the volcano plot. It should be noted that compared to other PdAu 

alloyed ensembles, as shown in Figure 3a, these pure Pd sites are generally predicted to 

have higher activity, indicating that a Pd-on-Au structure not only optimizes the reactivity 

of pure Pd ensembles, but also maximizes the number of these active sites on a catalytic 

surface.  
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Figure 5. Volcano activity plots marked with Pd-on-Au catalysts with varying Pd layers 

through (a) N2 and (b) NH3 formation pathways. (c) Projected density of states (PDOS) of 

d-electrons of the surfaces of Pd1ML/Au(111) (red) and Pd2ML/Au(111) (blue). The colored 

horizontal bars and black dashed line represent the calculated d-band centers and Fermi 

energy level, respectively.   
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Here, we experimentally examine the activity and selectivity of pure Pd and Pd-on-

Au NPs to validate our theoretical predictions by conducting catalytic nitrite reduction with 

different Pd-on-Au surface covered NPs and pure Pd NPs. Representative transmission 

electron microscopy (TEM) images of 100% surface coverage (sc%) Pd-on-Au NPs are 

shown in the inset of Figure 6a. The average particle sizes were almost unchanged 

(increasing slightly from 4.0 to 4.4 nm compared with the Au NPs, as shown in the 

Supporting Information) and the morphology of the NPs remained constant after Pd 

deposition (Figure 6a). Together with the highly miscible phase diagram of PdAu 

bimetallic alloys,55 we assume that our synthesis produced a pure Pd-dominated surface on 

the 100sc% Pd-on-Au NPs and PdAu surface alloy on the 10 and 50sc% Pd-on-As NPs.69–

71 

The nitrite reduction activities (normalized with the quantity of surface Pd) of Pd-

on-Au NPs with different Pd surface coverages are shown in Figure 6b. It can be seen that 

the surface coverage of 10% and 50% Pd outperforms the pure Pd NPs. This could be 

understood by the highly active pure Pd ensemble when alloyed with Au on the surface, as 

shown in Figure 3a. While the Pd surface coverage reaches 100%, the reaction kinetics 

have the highest activity, in excellent agreement with our theoretical prediction that a thin 

Pd layer could optimize the reactivity of surface Pd for nitrite reduction (Figure 5). We 

also predict that with thicker Pd surface coverage, the reactivity should decrease and 

become similar to that of pure Pd NPs. 
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Figure 6. (a) Particle size distributions of 100sc% Pd-on-Au NPs. Each bar represents the 

total count of NPs with a measured diameter ±0.26 nm. The inset shows a representative 

transmission electron microscope (TEM) image. TEM images of the Au NPs can be found 

in Figure S5. (b) Experimentally determined reaction kinetics (normalized by the 

estimated surface Pd content) of nitrite reduction on Pd-on-Au and pure Pd NPs. 
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measured selectivity to NH3 was low at 80% NO#"  conversion. This is in qualitative 

agreement with the theoretical results indicating that forming NH3 requires overcoming 

high reaction free energies (Figures 2, 4, and 5)15 while, the calculated selectivity to N2 is 
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is also expected from theory (Figure 5). That is to say, the metal-on-metal structures not 

only help to optimize the surface reactivity, but also tune the preference of the products. 

 

Figure 7. Experimentally determined (a) NH3 selectivity at different nitrite % conversion 

and (b) calculated transformation product (N2 and NH3) selectivities at 80% nitrite 

conversion. 
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kinetic model with every energy barrier calculated would result in even higher precision. 

But again, due to the highly complicated reaction network for nitrite reduction, the model 

developed here, based on DFT-calculated thermodynamic data, is proven to possess 

predictive power with a low computational cost. 

 

Figure 8. Trends of the experimental (blue) and theoretical (red) activities for nitrite 

reduction, using the activity of pure Pd as the reference. Details of the kinetic modeling 

can be found in the Supporting Information. 
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(theoretically & experimentally) maximizing the most active surface ensembles. To the 

best of our knowledge, this is the first study for designing new bimetallic catalysts for 

addressing a pressing environmental issue with highly complicated reaction steps. We 

expect that other metal-on-metal structures like Pd-on-Ag, Ni-on-Cu, and Pt-on-Cu could 

also perform high nitrite reduction activity and good stability, as discussed in our results 

(Figure 4).  

4. Conclusions 

 Here, we have shown that catalytic modeling can predict the performance of mono- 

and bi-metallic surfaces for nitrite reduction, which occurs via a complicated reaction 

network, using adsorbate binding energies as reactivity descriptors. Based upon our 

theoretical knowledge of ensemble, electronic, and strain effects,59 we have designed a 

series of X-on-Y bimetallic structures with optimized surface reactivity and a maximum 

concentration of the most active ensembles identified. Considering Pd-on-Au as an 

example, both our theory and experiment have found that a thin Pd layer Pd-on-Au 

structure leads to excellent performance for nitrite reduction, as well as a high selectivity 

for N2 formation. Most importantly, our study shows that the rational design of bimetallic 

catalyst using a knowledge of alloying effects from theory can help to address a pressing 

environment issue involving a complicated reaction network.  

 



 30 

 

 

Supporting Information 

Catalytic modeling methods, coordinates of important geometries, adsorption 

configurations of all the reaction species on monometallics, and additional characterization 

results.  
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