
 
 
 

RICE UNIVERSITY 
 
 
 

By 
 
 
 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

 
 
 

APPROVED, THESIS COMMITTEE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HOUSTON, TEXAS 

Michael S. Wong

Doctor of Philosophy

Mason Tomson

Thomas Senftle

Sujin Guo

July 2020

Thomas Senftle (Jul 16, 2020 15:22 CDT)
Thomas Senftle

Mason Tomson (Jul 16, 2020 15:23 CDT)
Mason Tomson

Professor
Department of Civil and Environmental Engineering,
Chair of Department of Chemical and Biomolecular Engineering

Advanced Reduction of Nitrogen-Oxyanions Using Precious Metal-Based Model Catalysts

Assistant Professor
Department of Chemical and Biomolecular
Engineering

Professor
Department of Civil and Environmental
Engineering



 

 



 
 

 

ABSTRACT 

Advanced Reduction of Nitrogen-Oxyanions Using Precious Metal-

Based Model Catalysts 

by 

Sujin Guo 

Nitrate (NO3−) is a contaminant detected globally in surface water and 

underground aquifers. Nitrate pollution occurs due to the overuse of nitrogen-rich 

agriculture fertilizers, wastewater discharge, and contaminant leaching from 

landfills. This anion, in addition to its partially reduced form, nitrite (NO2−), can cause 

adverse health effects in humans including methemoglobinemia (blue baby 

syndrome), and is a suspected carcinogen. Pd-based catalytic reduction of nitrate and 

nitrite to nontoxic dinitrogen has emerged as an advanced treatment technology for 

drinking water decontamination. The primary goal of this work is to better 

understand the catalytic mechanisms of nitrate reduction using structure-controlled 

model palladium (Pd)-based catalysts to catalytically remove NO3−/NO2− from 

drinking water. The effects of surface coverages of metal promoter, catalyst support, 

and other promoting metals were explored. This work provides new insights into the 

reaction mechanism, and the design of catalysts with enhanced activity and selectivity 

in addition to deactivation resistance in model drinking water. 

Bimetallic Pd-based catalysts have been found to be promising for treating 

NO3−/NO2− contaminated waters. Those containing indium (In) are unusually active, 



 
 

 

but the mechanistic explanation for catalyst performance remains largely unproven. 

Different surface coverages of In deposited on Pd nanoparticles (NPs) (“In-on-Pd 

NPs”) exhibited room-temperature nitrate catalytic reduction activity that varies 

with a volcano-shape dependence on In surface coverage. The most active catalyst 

had an In surface coverage of 40%, whereas monometallic Pd NPs and In2O3 have 

nondetectable activity for nitrate reduction. X-ray absorption spectroscopy (XAS) 

results indicated that In is oxidized in the as-synthesized catalyst; reduces to 

zerovalent metal in the presence of H2, and reoxidizes following exposure to NO3−. 

Density functional theory (DFT) simulations from collaborators suggested that sub-

monolayer coverage amounts of metallic In provide strong binding sites for nitrate 

adsorption and lower the activation barrier for the nitrate-to-nitrite reduction step. 

This improved understanding of the In active site expands the prospects of improved 

denitrification using metal-on-metal catalysts. 

The use of magnetic iron oxide (Fe3O4) support was also used to explore the 

recyclability and reusability of Pd-In nanoparticles. Magnetic catalysts offer the 

possibility of rapidly eliminating NO3−, without generating a secondary waste stream, 

and easily reusing for multiple reactions. In order to evaluate the function of Fe3O4 

magnetic core, a four-component catalyst (Pd-In/nFe3O4@SiO2) was synthesized and 

NO3− reduction reaction was conducted in both clean water and simulated drinking 

water (SDW). The magnetically recoverable bimetallic Pd-In material exhibits 

excellent chemical stability, reusability, and high nitrate removal efficiency. The Pd-

In/Fe3O4@SiO2 contains nanocrystalline magnetite with a silica shell upon which 

indium-decorated palladium nanoparticles were attached. The SiO2 shell slowed 



 
 

 

down iron leaching from Fe3O4 and the bimetallic nano-domains showed nitrate 

reduction activity in deionized (DI) water without obvious deactivation through 

multiple recovery and reuse cycles. This magnetically responsive reusable catalyst, 

which retained activity in simulated drinking water, can serve as a design basis for 

materials to degrade other oxyanion water contaminants. 

Lastly, the promotional effect of gold in trimetallic InPdAu was explored for 

nitrate hydrogenation. A range of mixed alloy PdAu nanoparticles (NPs) were 

synthesized with varying Pd:Au atomic ratios (90:10 to 10:90), before depositing 

submonolayer amounts of In metal. The resulting series of In-on-PdAu NPs especially 

Pd-rich samples had higher activity than In-on-Pd NPs for nitrate hydrogenation, due 

to optimized electronic and ensemble effects between Pd and Au that resulted in 

acceleration of the intermediate reduction of the overall hydrogenation reaction. The 

Au-rich NPs had lower activity, likely due to over-dilution of Pd surface that resulted 

in unfavorable hydrogen and nitrate/nitrite binding energies. In-on-PdAu generally 

showed higher N2 selectivity than In-on-Pd, respectively. In-decorated mixed PdAu 

alloy structure further enhances nitrate reduction performance and expands the 

prospects of improved denitrification using metal-on-metal catalysts. 

In summary, Pd-based catalysts can be tailored for enhanced activity, 

selectivity, longevity and reusability, and catalytic treatment holds the promise for 

advanced nitrogen-oxyanions treatment. 
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Introduction 

1.1. Problem statement 

1.1.1. Occurrence and health effects of nitrogen-oxyanions 

Nitrate (NO3-) is one of the most ubiquitous contaminants detected globally in 

groundwater.1,2 Groundwater often has low levels of naturally occurring NO3- anions. 

However, the concentration of NO3- can be accumulated and evaluated due to 

anthropogenic sources, such as nitrogen-rich fertilizer runoff, septic tank leakage, 

and agricultural processes.3,4 This anion, in addition to its partially reduced form, 

nitrite (NO2-), can cause adverse health effects in human beings. For example, high 

levels of nitrate in drinking water are of particular concern for infants and pregnant 

women and can cause methemoglobinemia and thyroid damage5,6 and can lead to the 

formation of cancer-causing N-nitroso compounds in the human body.7 Additionally, 

nitrate is suspected to increase cocontamination of uranium.8 Consequently, these 
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two nitrogen-oxyanions regulated by the U.S. Environmental Protection Agency 

(U.S.EPA) at a maximum concentration level (MCL) of 10 mg/L and 1 mg/L as 

nitrogen (N), respectively. The U.S. EPA has taken action to reduce risk through 

supporting reductions in nutrient loads from point and nonpoint sources, 

strengthening nutrient standards, and providing financial assistance to communities 

for drinking water treatment.9 Even though surface water systems that serve more 

people have improved over time, many groundwater systems remain in violation for 

longer periods, indicating persistent nitrate problems in drinking water.10 

Figure 1.1 illustrates the national nitrate results reported in the U.S. EPA’s Safe 

Drinking Water Information System (SDWIS) for the first quarter of 2020. The 

analysis has shown that nitrate violations above the MCL are primarily associated 

with small and tiny systems (population <= 3000), which account above ~90% of the 

systems with monitoring results greater than 10 mg/L as N, these trends were also in 

agreement with recent studies.10 Installation of treatment for such small systems can 

be challenging due to technical, managerial, and financial (TMF) limitations.11 The 

geographical distribution of elevated nitrate results highlights target regions for 

potential nitrate treatment, the most prominent of which is Central and Coastal 

California, Northern Texas, portions of Washington state, the Great Lakes Regions and 

Southeastern Pennsylvania. Figure 1.2 shows the top 10 states by count of utilities 

with at least one nitrate sample greater than 10 mg N/L, led by California, Texas and 

Washington. Though this is just simple view of first quarter’s data of 2020; it 

suggested the correlation of nitrate/nitrite contamination with agricultural and 

industrial activities. 
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Figure 1.1 – Nitrate/Nitrite MCL violations report from the SDWIS database in 

the first quarter of 2020. 

 

Figure 1.2 – Top 10 states by the count of utilities with a single nitrate sample 

result greater than 10 mg N/L from the SDWIS database. 
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1.1.2. Current treatment technologies for nitrate/nitrite removal 

The U.S. EPA lists only ion exchange (IX), reverse osmosis (RO), and 

electrodialysis reversal (EDR) as accepted potable water treatment methods for 

nitrate removal (U.S. EPA 2010). IX is the predominant technology used in the U.S. for 

removing nitrate from drinking water sources and has proven very effective in small 

to medium-sized treatment plants.12 Ion exchange for nitrate removal is similar to a 

water softener, with nitrate ions removed rather than hardness ions. Nitrate is 

removed from the treatment stream by displacing chloride on an anion exchange 

resin. Subsequently, regeneration of the resin is necessary to remove the nitrate from 

the resin. Regeneration is accomplished by using a highly concentrated salt solution 

resulting in the displacement of nitrate by chloride. The result is a concentrated waste 

brine solution high in nitrate that requires further disposal. The most significant 

drawback of this treatment option is the cost of disposal of waste brine, especially for 

inland communities. The brine volume is mainly dependent on the raw water quality 

and the configuration of the system. If waste brine disposal options are not limiting, 

IX can be the best option for low to moderate nitrate contamination and removal of 

multiple contaminants (including arsenic, perchlorate, and chromium). The 

application of IX may not be feasible for extremely high nitrate levels due to salt use 

and waste volume.  

As the second most common nitrate treatment alternative, RO can be feasible 

for both municipal and Point-of-Use applications and can be used simultaneously for 

desalination and removal of nitrate and many other co-contaminants. Pretreatment 
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is necessary to prevent membrane fouling and scaling. Water is forced through a 

semi-permeable membrane under pressure such that the water passes through, while 

contaminants are impeded by the membrane. Critical factors in consideration of RO 

are the pretreatment requirements, the trade-off between water recovery and power 

consumption, the management of waste concentrate, and the typically higher costs 

relative to IX. ED works by passing an electric current through a series of cation and 

anion exchange membranes that trap nitrate and other ions in a concentrated waste 

stream. Due to the production of high-strength waste stream, sustainable application 

of these three technologies is often limited by a lack of local residual disposal options 

and the challenge of increasing salt loads. The lack of affordable and feasible nitrate 

treatment alternatives can force impacted utilities to remove nitrate contaminated 

sources from their available water supply.  

Another growing trend for removing nitrates from both potable and non-

potable applications is biological denitrification (BD). BD in portable water treatment 

is more common in Europe with recent full-scale systems. In the U.S., California has 

granted several systems with conditional use permits for biological treatment of 

nitrate for drinking water.13 With the reduction of nitrate into nitrogen gas, the lack 

of problematic brine waste stream is a clear advantage of BD. However, biological 

treatment is thought to have a large footprint, no need to say the long start-up period, 

the chemical requirements and the need for post-treatment. 
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1.2. Advanced reduction of nitrate/nitrite 

The need for alternative options has driven the drinking water community to 

develop new technologies that effectively remove nitrate while limiting cost and 

brine disposal challenges. Catalytic treatment of nitrate has emerged as a promising 

alternative for removing NO3- from drinking water because of its easy startup and 

operation and its potential for destroying NO3- without producing a secondary waste 

stream 14,15. This advanced reduction process offers benefits over all other available 

nitrate treatment technologies. Decades of efforts have been dedicated on designing 

active bimetallic catalysts for NO3- reduction process, which requires a metal capable 

of H2 activation (e.g., Pd and Pt), as well as a secondary metal (e.g., In, Cu and Sn) as 

promoter 14,16–19. Perhaps the most significant current obstacle for nitrate reduction 

reaction is the identification of a catalyst system that can achieve excellent reaction 

activity and longevity, meanwhile maintain high selectivity to desired end-product 

dinitrogen (N2). Currently, no full-scale chemical denitrification systems have been 

installed in the U.S. for the removal of nitrate in potable water treatment. 

1.2.1. Catalytic chemistry 

Equation 1.1 shows the Gibbs free energy (ΔG) values for nitrite reduction to 

dinitrogen and ammonium using hydrogen at normal reaction conditions are −229 

and −530 kJ/mol, respectively.20 For nitrate reduction to dinitrogen and ammonia, 

the free energy values are −835 and −733 kJ/mol, respectively (Equation 1.2).20 

Because ΔG is negative (exergonic reaction), the reduction of nitrate (and nitrite) to 

the two end-products is thermodynamically favorable at room temperature. These 
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reactions do not proceed without catalysts that lower the activation barriers for the 

respective reactions. 

NO2
− + 1.5 H2 →  0.5 N2 + H2O + OH

−        ∆𝐺 =  −229
𝑘𝐽

𝑚𝑜𝑙
 NO2

− 

NO2
− + 3 H2 + 2 H

+  →  NH4
+ +  2H2O       ∆𝐺 =  −530

𝑘𝐽

𝑚𝑜𝑙
 NO2

− 

Equation 1.1 – Reduction reaction of nitrite to dinitrogen and ammonium with 

associated Gibbs free energy values (calculated at 25 C, 1 atm, 50 ppm 

reactant concentration, pH 5). 

NO3
− + 2.5 H2 +H

+ →  0.5 N2 + 3 H2O       ∆𝐺 =  −835
𝑘𝐽

𝑚𝑜𝑙
 NO2

− 

NO3
− + 3 H2 + 2 H

+  →  NH4
+ +  2H2O       ∆𝐺 =  −733

𝑘𝐽

𝑚𝑜𝑙
 NO2

− 

Equation 1.2 – Reduction reaction of nitrate to dinitrogen and ammonium 

with associated Gibbs free energy values (calculated at 25 C, 1 atm, 50 ppm 

reactant concentration, pH 5). 

Generally, noble metallic nanostructures (i.e., Pd, Pt) adsorb and dissociate 

reducing agents (e.g., H2) into reactive species (e.g., surface-adsorbed hydrogen 

atoms), and also adsorb NO2– onto the surface. Oxygen is then abstracted from the 

NO2
–, and the formed N-species further react together to form dinitrogen gas or 

hydrogenate completely to form ammonium species. Pd is the most studied 

monometallic catalytic nanostructure for nitrite reduction, 21–25 ever since the initial 
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metal screening work of Vorlop and co-workers. They showed Pd to be the most 

active toward dinitrogen, compared to Pt, Rh and other metals. 14,26  

The most commonly accepted catalytic reduction pathway of nitrite on the Pd 

surface is illustrated in Figure 1.3. The surface adsorbed hydrogen atoms can go on 

to react with co-adsorbed nitrite to form NO (ads) on the surface. NO(ads) is a crucial 

intermediate in the nitrite reduction pathway which can lead to both dinitrogen and 

ammonia. 19,27 

 

Figure 1.3 – Nitrite catalytic reduction pathway on Pd surface with hydrogen 

gas as a reducing agent (modified from Martínez et al.28). 

In the formation of dinitrogen, NO (ads) can dissociate to allow for dinitrogen 

formation through the direct coupling of N(ads) species.27 Dinitrogen can also be 

formed through a mechanism where NO (ads) is converted through the intermediate 

N2O. In the formation of ammonia, NO(ads) can lead to NH4+ through the stepwise 

hydrogenation of the presumed N(ads) species.27 Werth and coworkers showed, using 

isotopically labeled N species that N2O forms N2 exclusively, while NO forms both N2 

and ammonium.19 Direct NO(ads) hydrogenation has been proposed for NH4+ 

NO2
- (aq) NO2

- (ads) NO (ads) 

N2O (ads) N2 (g) 

N2 (g) 

NH (ads) NH2 (ads) 

HNO (ads) H2NO (ads) H2NO (ads) 

NH4
+ (ads) 

NH4
+ (aq) 

Pd 

Pd Pd 

Pd 

Pd 

Pd Pd 

Pd Pd 

Pd 

Pd 

DFT calculated pathway 
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formation via HNO(ads), H2NO(ads), and H2NOH(ads) intermediates, though we are 

doubtful of this pathway.28 While NO(ads) hydrogenation has been demonstrated 

experimentally over Pt, this pathway was ruled out experimentally for Pd and was 

determined computationally to be more unlikely to occur compared to N(ads) 

formation and hydrogenation.21,27 

Improving the activity of Pd-based catalysts has been the main focus of many 

studies. Various catalyst structures,29 support22,30,31 and compositions32 with addition 

of secondary metal have been studied in catalytic nitrite reduction. Seraj et al. 

33synthesized Pd-Au alloy catalyst and found that the addition of Au improves the 

nitrite reduction activity, and the alloy structure showed reduced loss of catalytic 

activity in sulfide fouling tests.33 Their DFT calculations indicated that Au enhanced 

the activity of Pd through electronic effects, and reduced sulfur poisoning by 

weakening the sulfide bonding at Pd-Au surface. Wong and coworkers synthesized 

Au nanoparticles (NPs) covered with submonolayer amounts of Pd, and observed 

improved nitrite reduction activity by an order of magnitude.34 The enhancement 

effect of Au on Pd catalysis of nitrite reduction was attributed to the creation of zero-

valent two-dimensional Pd ensembles and high Pd dispersion. 

Researchers have also focused on enhancing the nitrite reduction selectivity 

to nontoxic N2. Higher N2 selectivity was found to relate to large catalyst particle 

sizes,25 specific shapes (e.g., Pd rods and cubes),29 types of stabilizing surfactants,35 

and especially reaction conditions. An increase in pH generally decreased both the 

activity of nitrogen oxyanion reduction and the selectivity to N2, though the 
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mechanistic reason is still not completely understood.36 Lefferts and co-workers 

reported surface coverage changes of the reaction intermediates at different pH 

values using attenuated total reflectance infrared spectroscopy, which could be the 

source of reactivity and selectivity differences.21 Reactant concentration has little 

effect on the normalized activity (in unit of L/gram catalyst/min) if the reaction is in the 

kinetically controlled region, while it has strong effect on the selectivity of nitrogen 

oxyanion reduction. Shin et al. showed that an increased initial nitrite concentration 

or lower H2 flow rate both enhanced N2selectivity, and concluded that surface 

adsorbed nitrogen reacts with NO2– in solution to form dinitrogen. 27 

While effective for nitrite, monometallic Pd (or Pt) nanostructures show little 

activity for nitrate reduction,37 and require a secondary promoter metal, such as 

copper (Cu), tin (Sn), or indium (In).38–41 The secondary metal is thought to be 

oxidized after abstracting the oxygen from nitrate and converting it to nitrite. The 

oxidized secondary metal is then re-reduced by hydrogen atoms adsorbed on the Pd 

or Pt surface. Among the Pd-based bimetallic catalysts, Pd-Cu is the most studied, 

even though Cu is not the best promoter choice. Vorlop and co-workers originally 

reported that Pd-Sn and Pd-In catalysts were more active for nitrate reduction and 

more N2 selective than Pd-Cu.42 Chaplin and co-workers reported Pd-In was more 

stable than Pd-Cu concerning metal leaching during catalyst regeneration.43 When 

sulfide-poisoned Pd-Cu and Pd-In catalysts were treated with a dilute bleach solution, 

11% of the total Cu leached into solution while no In leaching was detected. Thus, In 

is more appropriate for water treatment. 
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1.2.2. Assessment of technologies readiness 

Attempts have been made to scale-up the catalytic reduction process for 

nitrate/nitrite treatment. For example, a start-up company is developing a catalytic 

unit based on activated carbon cloth containing Pd-Cu catalysts,30,44–46, and 

conducting pilot tests with the Southern Nevada Water Authority to treat 90 ppm 

nitrate-containing water at a throughput of 2-8 m3/h.  

Werth and co-workers have worked on developing Pd-In catalyst based 

trickle-bed reactors (TBR) for nitrate treatment of drinking water and IX waste 

brine.47–49 Gas and liquid flow rates, catalyst metal loading, and catalyst pellet size 

were varied to optimize TBR performance. In the drinking water treatment, the 

catalytic activity in the TBR was ~18% of the activity of the same catalyst in a batch 

reactor, which was attributed to H2 mass transfer limitations. Catalytic activity was 

lower by ~50% in the IX waste brine treatment compared to drinking water 

treatment, which was caused by competition adsorption between the chloride and 

sulfate anions with the nitrate reactant.  

The progress of technology of catalytic reduction of oxyanions, including 

nitrate/nitrite can be roughly assessed using technology readiness level (TRL) values, 

as introduced by the National Aeronautics and Space Administration (NASA) in the 

1970s (Figure 1.4).50Most academic laboratory studies are at the TRL 1 (e.g., batch 

reactors), with fewer at TRL 2 (e.g., flow reactors, LCA and techno-economic analysis, 

TEA). Of the oxyanions, nitrate treatment by catalysis is the furthest along with 

respect to technology development. IX-brine and freshwater treatments described in 
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previous sections can be characterized to be at least at TRL 4. There is much room to 

develop catalyst technologies for the other oxyanions, which can be enabled by 

university-industry partnerships.51  

 

Figure 1.4 – Technology readiness level (TRL) for catalytic reduction of 

oxyanions contaminants (the colored boxes represent current and past 

activities in research and development).  

1.3. Objectives and significances 

The overall goal of this thesis work is to develop well structure-controlled Pd-

based catalysts with enhanced performance (i.e., activity, selectivity, and 

recyclability) to catalytically treat nitrogen-oxyanions in drinking water. The primary 

probe contaminants in this study are nitrate and nitrite. However, other typical 

oxyanions (i.e., bromate, chlorate, perchlorate) are considered as well. The objectives 

of this thesis are to: 

1. Demonstrate that Pd-based catalysts can effectively treat nitrate/nitrite, and 

reveal the reaction mechanism of multi-functional catalysts on their catalytic 

reduction process. 

Although Pd itself has very low reduction activity for nitrate,24 its combination 

with certain secondary promotor metals greatly increases catalytic activity.9,25–28 The 
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Pd-In bimetallic combination is preferred over other compositions due to its high 

activity and high selectivity to dinitrogen over undesired ammonia.29,30 This work 

focused on the synthesis of colloidal In decorated Pd nanoparticles (“In-on-Pd NPs”) 

as a model catalyst for nitrate reduction and the mechanistic understanding of how 

the addition of promotor metals help improve the catalytic reduction of nitrate (and 

nitrite) oxyanions. Corresponding reduction kinetics were related to different surface 

coverages of In ensembles to explore enhancement mechanisms, including nitrate 

binding energies calculated from density functional theory (DFT), and a kinetic model 

was developed for promotional effect interpretation. 

2. Immobilize functional Pd-based nanoparticles to magnetic supports, and 

explore the reuse and recycle potential of magnetic materials for nitrate 

reduction in realistic waters. 

The suspension form of In-on-Pd NPs were amenable to batch kinetic 

experiments, but it is impractical for continuous-flow nitrate treatment. 

Superparamagnetic Fe3O4 in the form of nanostructured powders ("nFe3O4") has 

been explored extensively as magnetic catalyst support.52–54 Once nFe3O4 is dispersed 

in a liquid, its high magnetic saturation and reversibly magnetic behavior lead to easy 

separation and manipulation under an external magnetic field.55–58 nFe3O4 can be 

catalyst support for the Pd-In NPs, such that the overall composite material is 

recovered and reused magnetically without the need for filtration or centrifugation. 

However, Fe3O4 is liable to leach iron species during use.59,60 Fe3O4 itself shows some 

activity for the reduction of nitrate (and other oxyanions),61–63 but the leached iron 
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species may also be participating in the reaction.64 In this work, a concept of a 

magnetically recoverable nitrate reduction catalyst was demonstrated based on a 

multi-compositional design that comprises superparamagnetic nFe3O4, a SiO2 shell 

coating, and Pd-In NPs. The effect of SiO2 protection shell to prevent the magnetic core 

was evaluated regarding iron leaching. To evaluate the potential for magnetic 

catalysts being used in water treatment, the performance of Pd-In magnetic catalyst 

was compared with conventional supported Pd-In catalysts (i.e., Pd-In on alumina), 

and the recyclability and longevity were evaluated by multiple-cycle nitrite reduction. 

3. Discover the optimized compositions of trimetallic nano-structure catalysts to 

improve the reaction activity and tune the selectivity as well as poison 

resistance against the foulants in realistic water. 

An attractive, but less studied, non-limiting-step of NO3- reduction with Pd 

surface modification may also enhance the apparent Pd hydrogenation activity.49,65 

Pd-on-Au NPs 66,67 and mixed Pd-Au alloy catalysts 33 have been studied for direct 

NO2- reduction, and have shown promotional effects compared with monometallic Pd 

NPs. However, to date, they haven’t been considered as core material with 

promotional metal to understand further the structure-activity-selectivity 

relationships for the more difficult NO3- reduction. The overall goal of this work was 

to identify highly active and selective In-decorated PdAu alloy catalysts for aqueous 

phase NO3-/NO2- reduction. To achieve this goal, NPs with Pd:Au ratios from 9:1 to 

1:9 were synthesized as core materials, and indium was then deposited on the surface 

of the resultant PdAu alloys in a room-temperature synthesis. The resulting In-on-
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PdAu NPs were evaluated for their NO3- reduction activity in model batch reactions, 

using H2 as the electron donor. Catalytic NO3- reduction was also evaluated in 

simulated drinking water to determine deactivation resistance to common water 

components, as has been previously reported for Pd-on-Au NPs. DFT was used to 

simulate the NO2- reduction process over a trimetallic model catalyst surface and 

other reference surfaces by calculating the N and N2 binding energy. The data 

obtained allowed us to identify a further improved nitrate reduction model catalyst 

and reveal the importance of the rate-limiting step in the overall reaction. 

1.4. Outline of the thesis 

Chapter 2 contains the work published in ACS Catalysis entitled “Insight into 

Nitrate Reduction over Indium-Decorated Palladium Nanoparticles Catalysts “with 

co-authors Kimberly Heck, Sashank Kasiraju, Huifeng Qian, Zhun Zhao, Lars C. 

Grabow, Jeffrey T. Miller and Michael S. Wong in 2017. This work addresses research 

objective 1, revealing and understanding the nitrate reduction reaction mechanism 

based on experimental X-ray absorption spectroscopy and DFT calculation based on 

Pd-In bimetallic model catalyst. Chapter 3 contains a manuscript submitted to 

Environmental Science: Nano entitled “Magnetic In-Pd Catalysts for Nitrate 

Degradation” with co-authors Camilah D. Powell, Dino Villagran, and Michael S. Wong. 

This work addresses research objective 2, fulfilling sustainable cyclability and 

reusability of Pd-based catalysts for nitrate reduction. Chapter 4 contains a 

manuscript in preparation for Applied Catalysis B. entitled “Nitrate hydrogenation 

properties of indium-decorated mixed alloy PdAu nanoparticle catalysts.” This work 
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addressing research objective 3 and explored trimetallic NPs to further enhance 

catalytic nitrate reduction performance with good activity and high selectivity to 

desired end-product dinitrogen. Chapter 5 contains major conclusions, engineering 

significance, and future research directions. 
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Mechanism study of nitrate reduction 

over Indium-decorated-Palladium 

nanoparticles catalysts 

2.1. Introduction 

The catalytic reduction of environmental contaminants has attracted attention 

as a promising solution due to their high activity and selectivity to environmentally 

benign products.68–70 For example, monometallic and bimetallic Pd16–20 and PdAu 34 

catalysts have been shown to be very active and selective to the reduction of nitrite 

to dinitrogen (without the formation of NH3/NH4+). Pd alone has very low reduction 

activity for nitrate,37 but its combination with certain secondary metals greatly 

increases catalytic activity.32,38,40,41,72,73 Of these catalysts, InPd bimetallics are 

preferred due to their high activity and high selectivity to dinitrogen gas over toxic 

ammonia.42,43,74  
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Mechanistically, it is supposed that InPd catalysts contain metallic In that 

oxidizes in order to reduce NO3- to NO2-. The nitrite then surface diffuses to 

neighboring Pd sites to be further reduced to N2 (or NH3) through a series of surface 

reaction steps with hydrogen adatoms formed from H2 chemisorption (Equation 2.1). 

These H-adatoms are presumably responsible for regenerating the In sites. Metal 

loading, atomic configuration, and metal nanoparticle size have been found to affect 

the rate of nitrate reduction.75–78 Since the first publication in 2000 by Vorlop and 

coworkers though,42 the exact nature or structure of the In active sites remains 

unknown.  

NO3
− + H2  

 Pd−M 
→     NO2

− + H2O                             (1) 

NO2
− + 1.5H2  

     Pd    
→     0.5N2 + H2O + OH

−       (2) 

NO2
− + 3H2  

     Pd    
→     NH3 +  2H2O + 2OH

−        (3) 

Equation 2.1 – General reaction pathway using Pd-based catalyst. 

Our previous studies have focused on the synthesis of model Pd-on-Au NP 

catalysts to better understand hydro-dehalogenation reactions79–81, nitrite reduction, 

glycerol oxidation, and nitrophenol reduction.34,82–84 In this work, In was deposited 

on the surface of monodisperse Pd NPs, so as to better control the structure of the 

bimetallic In-on-Pd NP catalysts. A series of In-on-Pd NPs with different surface 

coverages of In were prepared, and their reactivity for nitrate reduction were 

quantified. By using XPS and ex situ and in situ XAS characterization techniques, the 
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likely catalyst surface structures was identified, and correlated with observed 

catalyst activities and selectivities. Collaborators from UH performed DFT 

calculations using different In-on-Pd slab models to estimate the relevant adsorption 

and transition state energies, giving further insights about the role and nature of the 

In surface structures.  

2.2. Materials and methods 

2.2.1. Chemicals 

Palladium (II) acetate (Pd(CH3COO)2, 98%), 2-ethoxyethanol (C4H10O2, 99%), 

polyvinylpyrrolidone (PVP, Mw~55,000), indium chloride tetrahydrate (InCl3·4H2O, 

97%), sodium nitrate (NaNO3, >99.0%), sodium nitrite (NaNO2, >97.0%), 1 wt% Pd 

on Al2O3 catalyst (Pd/ Al2O3)and modified Griess’s reagent were purchased from 

Sigma-Aldrich. Hydrogen gas (99.999%), carbon dioxide gas (99.995%) and nitrogen 

gas (99.999%) were purchased from Matheson. All experiments were conducted 

using deionized (DI) water (>18 MΩcm, Barnstead NANOpure Diamond). 

2.2.2. Catalysts preparation and characterization 

To synthesize Pd NPs, 0.255 g PVP and 0.1332 g palladium (II) acetate were 

dissolved in 15 mL 2-ethoxyethanol. Before heating, the solution was purged with 

nitrogen gas for 15 min to remove dissolved oxygen. Using a microwave reactor 

(Anton-Parr Monowave 300), the brown-colored solution was heated to 120 ºC and 

held at this temperature for 1 h. The solution was stirred at 600 rpm throughout the 
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procedure. The color of the solution was black after heat treatment, indicative of the 

formation of Pd NPs from the Pd (II) precursor. The In-on-Pd bimetallic catalysts with 

different In surface coverages (sc%) were prepared by adding the appropriate 

amounts of In salt precursor to the Pd sol, and contacting with H2 gas (Table 2.1). The 

In surface coverage was calculated as the percentage of In atoms needed to fill the 

10th shell around a magic cluster of 9 closed shells of Pd atoms (which approximates 

the 5.32 nm Pd NPs, Table 2.2).85 Our model assumes that all the In precursor is fully 

reduced onto the Pd surface and that the Pd particles are monodisperse. The various 

surface coverage percentages (sc%) of In-on-Pd NPs were obtained by mixing 0, 

0.170, 0.425, 0.511, 0.681, 0.851, 1.191, 1.872 mL InCl3·4H2O solution (0.04 M) with 

5 mL of the as-synthesized Pd NPs, then adding DI water to the solution to reach a 

volume of 6.872 mL (for 0, 10, 25, 30, 40, 50, 70, and 110 sc%; see Table 2.3 for weight 

fractions). The solution was stirred for 1 min and then bubbled with H2 gas for 15 min 

at a flow rate of ~200 mL min-1.  

In surface coverage 
(sc%) 

Volume of InCl3·4H2O precursor 
(µL) a 

Pd metal content 
(mol%) b 

10 170 3.37 

25 425 8.03 

30 511 9.48 

40 681 12.26 

50 851 14.87 

70 1191 19.64 

110 1872 27.75 

a All calculations are based on the magic cluster model. 
b Volumes shown are for addition of a 0.81 mM InCl3·4H2O solution to 5 mL of Pd 
NP sol. 
c In metal content of one In-on-Pd NP 
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Table 2.1 – Synthesis amounts of In precursors and calculated metal content of 

5 nm In-on-Pd NPs.c 

Shell 
number (n) 

Number of atoms 
in shell (natom)a 

Total number of 
atoms per NP (ntot)b 

Calculated particle 
diameter (nm) 

 1 1 0.28 

1 12 13 0.84 

2 42 55 1.40 

3 92 147 1.96 

4 162 309 2.52 

5 252 561 3.08 

6 362 923 3.64 

7 492 1415 4.20 

8 642 2057 4.76 

9 812 2869 5.32 

10 1002 3871 5.88 

11 1212 5083 6.44 

12 1442 6525 7.00 

13 1692 8217 7.56 

14 1962 10179 8.12 

15 2252 12431 8.68 

Table 2.2 – Magic cluster model calculations for different size Pd particles. 

𝑛𝑎𝑡𝑜𝑚 = 10𝑛
2 + 2 

Equation 2.2 – Total atoms in the corresponding shell. a 

𝑛𝑡𝑜𝑡 = (10𝑛
3 + 15𝑛2 + 11𝑛 + 3)/3 

Equation 2.3 – Total number of atoms per NP.b 
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In surface coverage wt% of In wt% of Pd 
10 sc% 3.6 96.4 
25 sc% 8.6 91.4 
30 sc% 10.2 89.9 
40 sc% 13.1 86.9 
50 sc% 15.9 84.2 
70 sc% 20.9 79.1 

110 sc% 29.3 70.7 

Table 2.3 – Metal content of In-on-Pd NPs with varying calculated surface 

coverages. 

For comparison, a supported PdIn catalyst was prepared with a Pd: In weight 

ratio of 95:5 (equivalent to In-on-Pd NPs of 40 sc% In) through wet impregnation 

similar to that described by Werth and coworkers.19 350 mg of a commercially 

available 1 wt% Pd/Al2O3 was weighed and 24 μL of 0.2 M indium chloride solution 

was added. The resulting material was then air-dried at 120 °C for 14 h and treated 

under H2 gas at 120 °C for 1 h.  

Transmission electron microscopy (TEM) images 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 

with ImageJ. The X-ray photoelectron spectroscopy (XPS) data was obtained by using 

a PHI Quantera System with monochromatic Al KR radiation (1486.7 eV). XPS samples 

were prepared by placing a vial of 10 mL of catalyst in a 50°C oven overnight to 

evaporate the solvent to form a black plate-like solid and stored under atmospheric 

conditions at room temperature before analysis. pH measurements were taken using 

a VWR sympHony SB20 meter with a standard pH electrode. In K (27.90 to 27.98 keV) 

edge or Pd K (24.32 to 24.40 keV) edge XAS measurements were carried out on the 
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insertion and bending magnet devices (beamline 10-ID-B and 10-BM-B) of the 

Materials Research Collaborative Access Team (MRCAT) at the Advanced Photon 

Source at Argonne National Laboratory. The X-ray beam was 0.5 × 0.5 mm2 at the ID 

beamline and 0.5 ×2.0 mm2 at the BM beamline, and measurements were made in 

transmission mode with the ionization chambers optimized for maximum current 

with linear response, and were obtained simultaneously with In or Pd foil spectra for 

energy calibration. Samples of the In-on-Pd NPs of 10 sc%, 40 sc%, and 110 sc% were 

prepared by adding 600 mg activated carbon to 20 mL of the respective In-on-Pd 

suspension. After stirring overnight, the carbon slurry was removed by 

centrifugation, dried in an oven at 50°C overnight, and stored under ambient 

conditions. These carbon-supported NPs samples were also heat-treated at 200 °C for 

30 min under flowing 4% H2 gas. For the in situ experiments, solutions were prepared 

by bubbling DI water for 30 min to saturate the water with the gas of choice (air or 

4% H2).  

2.2.3. Catalyst activity characterization 

Similar to our previous experiments,86 batch nitrate reduction experiments 

were conducted in a screw-cap bottle (125 mL, Alltech) with PTFE-sealed threads and 

a PTFE-silicone septum. The initial water volume was controlled so that the final 

liquid reaction volume was 99.5 mL after adding the catalyst NPs. The amount of In-

on-Pd NPs added was chosen such that the total In amount per reaction was 0.553 

mg, the final catalyst charge concentration was 5.53 mg-In L-1 (Table 2.4). The 

solution was then bubbled simultaneously with H2 gas (50 mL/min, to serve as 
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reductant) and CO2 gas (50 mL/min, to buffer the solution to a pH value of 4-6) for 30 

min to displace dissolved oxygen and to fill the headspace with a hydrogen/CO2 

atmosphere (1 atm). All the catalytic reactions were conducted at room temperature 

(~23 °C). After hydrogen and carbon dioxide bubbling, 0.5 mL of NaNO3 solution (10 

mg/mL) was injected into the sealed bottle to start the reaction (initial NO3- 

concentration was 50 mg NO3-/L). The reaction was monitored periodically by 

withdrawing 2 mL aliquots from the reactor. The In-on-Pd NPs showed negligible UV-

vis absorbance, so no separation of the particles from the reaction medium was 

performed prior to UV-vis spectroscopy measurements.  

Catalyst Sol 
volume 
charged 

(mL) 

Total Pd in 
reactor 
(mg/L) 

Total In in 
reactor 
(mg/L) 

Pd surface 
atoms (mg 

/L) a 

In surface 
atoms (mg 

/L) a 

10 sc% Pd-on-Au 
NPs 

4.79 146.78 5.5 
35 

5.5 

25 sc% Pd-on-Au 
NPs 

1.83 56.13 5.5 
12 

5.5 

30 sc% Pd-on-Au 
NPs 

1.53 46.78 5.5 
9 

5.5 

40 sc% Pd-on-Au 
NPs 

1.15 35.08 5.5 
6 

5.5 

50 sc% Pd-on-Au 
NPs 

0.92 28.07 5.5 
4 

5.5 

70 sc% Pd-on-Au 
NPs 

0.65 20.05 5.5 
2 

5.5 

110 sc% Pd-on-Au 
NPs 

0.42 12.76 5.5 
- 

5.5 

Pd NPs 1.15 46.78 - 120 - 
a Calculated based on the magic cluster model, used to report kcat values. 

Table 2.4 – Catalyst charge amounts to the batch reactor. 
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The activity of the supported catalysts was tested similarly, except that the 

solid catalyst was added directly to the reactor before the H2/CO2 bubbling (see Table 

2.5 for catalyst loading). As a control, experiments using 3.51 mg (1.15 mL of 3.05 mg 

Pd/mL solution) of monometallic Pd NPs (at the same Pd charge as that for 30 sc% 

In-on-Pd NPs) were also conducted. To verify that intimate contact between the In 

and Pd was required, we carried out a control experiment using a combination of 10 

mg of In2O3 and 3.51 mg (1.15 mL of 3.05 mg Pd/mL solution) Pd NPs. Unlike the NP-

only experiments, the supported Pd catalysts and In2O3 powder had significant 

absorbance in the visible light regime, and the powder was separated from the 

reaction medium with syringe filters (0.45-μm PES filter media) before nitrate, nitrite 

and ammonium concentrations were determined. 

Catalyst Amount added 
to reactor (mg) 

Concentration of In 
(mg/L) 

Concentration of Pd 
(mg/L) 

Pd/Al2O3 (1 wt% Pd) 350 0 35 

In2O3 powder 10 100 0 

In/Pd/Al2O3 (0.13 wt% 
In, 1 wt% Pd) 

350 5.5 35 

Table 2.5 – Supported catalyst loadings. 

Nitrite concentrations were analyzed using the Griess test.87 A stock solution 

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

enediamine dihydrochloride, 1 wt% sulfanilamide, and 5% H3PO4.88 In a typical 
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colorimetric assay (concentration range from 0.02 to 2.5 ppm), the Griess reagent 

solution (0.2 mL), a nitrite-containing solution (0.2 mL), and water (1.6 mL) were 

mixed together and allowed to react at room temperature for 10 min, after which no 

further color change was observed. The sulfanilamide reacts with the nitrite anion to 

form a diazonium salt, which further reacts with the amine to form an azo dye 

(magenta in color). The absorbance at 540 nm is measured via UV-vis spectroscopy, 

and the NO2- concentration is determined in the 0 to 2.0 ppm range using a standard 

calibration curve. Nitrate and ammonium measurements were made using a nitrate 

ion selective electrode (Cole-Parmer, lower detection limit 0.1 ppm) and an 

ammonium ion selective electrode (Cole-Parmer, lower detection limit 0.01 ppm).  

The observed reaction rate constant kmeas (with unit of min-1) was calculated 

by assuming pseudo first-order dependence on nitrate concentration (H2 gas was in 

excess): 

−
𝑑𝐶𝑁𝑂3−

𝑑𝑡
= 𝑘𝑚𝑒𝑎𝑠𝐶𝑁𝑂3− 

Equation 2.4 – Differential for a first-order reaction. 

where is the concentration of nitrate (with units of mg L-1) and t is reaction time (with 

unit of min).  

Using methods described in our previous work34 and in the Supporting 

Information, mass transfer effects were quantified by varying the mass loading of 

catalyst at a constant stir rate. We used 40 sc% In-on-Pd NPs as the test case, such 

C
NO3

-
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that the metal content varied (1.75 mg, 3.51 mg, and 5.26 mg Pd NPs, and 277, 553, 

and 830 μg In, respectively) while keeping the total reaction volume constant at 99.5 

mL.  

The measured rate constants were corrected for gas-liquid mass transfer to 

obtain the corrected rate constant kcorr values. The surface metal normalized reaction 

rate constant kcat (with units of L/gsurface metal/min) was then calculated from kcorr (via 

kcat= kcorr/Ccat,where Ccat is the total concentration of amount of surface In and Pd in 

the reaction medium; with units of gsurface metal/L). 

The initial molar concentration of nitrate and the concentration of nitrate after 

time t are C0 and C. Prior studies indicate that only trace amounts of intermediate 

products NO and N2O are formed in the bulk during nitrate reduction.19,42,74 Thus we 

calculate the selectivity to N2 (SN2) in the following way: 

𝑆𝑁2 = 100% − 𝑆𝑁𝐻4+ − 𝑆𝑁𝑂2
− 

Equation 2.5 – Selectivity to dinitrogen. 

where the selectivity to ammonium and selectivity to nitrite (SNH4 and SNO2 respectively) 

are 

𝑆𝑁𝐻4+ = (
𝐶𝑁𝐻4+

𝐶0 − 𝐶
) × 100% 

Equation 2.6 – Selectivity to ammonium. 
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and 

𝑆𝑁𝑂2− = (
𝐶𝑁𝑂2−

𝐶0 − 𝐶
) × 100% 

Equation 2.7 – Selectivity to nitrite. 

respectively. 

2.3. Results and discussion 

2.3.1. Structure characterizations 

Representative TEM images for Pd NPs and 110% sc In-on-Pd NPs are shown 

in Figure 2.1. The bare Pd NPs were monodisperse, with a mean diameter of 5.0±0.4 

nm. The addition of In slightly increased the particle size. The sample with the most 

In, 110% sc In-on-Pd NPs (e.g., more than one calculated monolayer of In on the Pd 

NPs) had a mean diameter of 5.7±0.6 nm.  
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Figure 2.1 – TEM images and corresponding particle size distributions of (a) 

Pd NPs and (b) In-on-Pd NPs (with 110 sc% In). Each bar represents the total 

count percentage of NPs with a measured diameter ± 0.25 nm. 

The XPS spectra of the Pd NPs and In-on-Pd NPs with 10-110 sc% are shown 

in Figure 2.2. Figure 2.2a shows the spectra between 440-450 eV, the region for the 

In 3d5/2 peak (previous literature reports the In2O3 peak at 445 eV and the peak for 

In(0) is reported to be around 444 eV).89 As can be seen, the peak binding energy 

blue-shifted with added In, from 444.2 eV (for the 10 sc% In-on-Pd NPs) to 444.9 eV 
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(for the 110 sc% Pd-on-In NPs), indicating that the Pd had an electronic effect on the 

In; the samples with lower loadings had more of a reduced character. On the other 

hand, the electronic state of Pd was unaffected by the In (Figure 2.2b). The peak at 

335.5 eV matches that reported for Pd 3d5/2 for Pd (0), and the peak at 340.5 eV can 

be attributed to the Pd 3d3/2 for Pd (0). The shoulder for the latter peak could be due 

to the presence of oxidized Pd (the Pd3/2 of PdO is 342 eV) which possibly formed 

during sample preparation and storage at atmospheric conditions. Unlike the In peak, 

the Pd peaks did not shift with In loading. 

 

Figure 2.2 – XPS spectra of In-on-Pd NPs with different surface coverages: (a) 

In 3d5/2 energy range and (b) Pd 3d energy range. 

To further verify the oxidation state of In and Pd in the In-on-Pd NPs and also 

infer more information about the catalysts, we used X-ray absorption spectroscopy 

(XAS). We have previously used this technique to extensively characterize the surface 

structure of Pd-on-Au NP catalysts for various reactions.34,80,83 Figure 2.3a shows the 
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XAS results of the Pd edge for Pd NPs and In-on-Pd NPs of different surface coverages 

and with different pretreatments (as-synthesized and reduced in H2, Table 2.6). 

 

Figure 2.3 – XANES spectra of the as-synthesized samples at the (a) Pd K and 

(b) In K edges. (c) XANES spectra (at In K edge) of In-on-Pd NPs with different 

In sc% after reduction with H2 at 200 °C. (d) in situ XANES (In K edge) of the 40 

sc% In-on-Pd NPs under cycles of air- and 4% H2-saturated water at room 

temperature. 

In agreement with the XPS data, the spectra showed that regardless of 

pretreatment and composition, all samples had zero-valent Pd. We note that this is in 

contrast to our previous results,81,83,84 which showed that monometallic Pd NPs were 

partially oxidized after handling in air. We attribute this to the presence of PVP, as 
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other researchers have also observed the absence of oxidized metal in metal NPs 

prepared using PVP.90,91 Significantly, the Pd-Pd bond distance was close to 2.75 Å 

(Table 2.6) for all the catalysts, and is identical to bulk Pd, suggesting that the In did 

not alloy into the Pd NPs and remained on the NP surface. In contrast, fully alloyed 

PdIn nanoparticles have EXAFS observable Pd-In bond distances of 2.81 Å,92 which 

were not observed here. 

The amount of oxidized In in the samples can be estimated by dividing the In-

O coordination number determined from EXAFS analysis of the In edge by six, since 

In coordinated with six O atoms is consistent with fully oxidized In3+. As prepared, the 

In was fully oxidized ("In (OH)3") for all the catalysts, and no In-In scattering pairs 

were detected (Table 2.6). Exposure of the catalysts to 4% H2 gas at 200 °C for 30 min 

was sufficient to partially reduce the In, leading to In-In scattering pairs with nonzero 

coordination numbers. In-on-Pd NPs with the 10 sc%, 40 sc%, and 110 sc% contained 

65%, 60%, and 45% In as zerovalent metal, respectively, after reduction treatment 

(Figure 2.3c, Table 2.2). This result suggested the presence of oxidized In that can be 

reduced under reaction conditions. 
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Sample Treatm
ent 

Edge Energy, 
keV 

Scatter N R, Å 2 
(x103) 

Eo, 
eV 

Pd NPs Air RT 24.350 (Pd0) Pd-Pd 9.5 2.76 2.0 -0.6 
 H2 200C 24.350 (Pd0) Pd-Pd 10.3 2.77 2.0 -0.4 
        

10 sc% In-
on-Pd NPs 

Air RT 24.350 (Pd0) Pd-Pd 10.1 2.77 2.0 -0.6 
 27.4350 (In+3) In-O 6.3 2.22 0.0 2.2 

H2 200C 24.350 (Pd0) Pd-Pd 10.4 2.78 2.0 -0.3 
  27.9400 (In0) In-O 2.1 2.22 0.0 8.8 
   In-In/ In-Pd 7.4 2.82 1.0 -2.8 
        

40 sc% In-
on-Pd NPs 

Air RT  24.350 (Pd0) Pd-Pd 10.2 2.74 2.0 -0.5 
 27.4350 (In+3) In-O 6.1 2.19 0.0 0.6 

H2 200C 24.350 (Pd0) Pd-Pd 10.6 2.76 2.0 -0.8 
  27.9400 (In0) In-O 2.5 2.22 0.0 7.8 
   In-In/ In-Pd 5.7 2.82 2.0 -2.7 
        

110 sc% 
In-on-Pd 

NPs 

Air RT 24.350 (Pd0) Pd-Pd 10.4 2.74 2.0 -0.7 
 27.4350 (In+3) In-O 6.2 2.20 0.0 1.3 

H2 200C 24.350 (Pd0) Pd-Pd 10.8 2.76 1.5 -0.5 
  27.9400 (In0) In-O 3.4 2.22 0.0 7.6 
   In-In/ In-Pd 4.6 2.82 2.0 -2.0 

Table 2.6 – EXAFS fitting parameters for ex situ experimetns. 

We gained additional insights about the state of In metal in the In-on-Pd NPs, 

after analysis of the calculated free energies of In atoms in different positions on Pd 

terraces and steps (Figure 2.4). An In adatom on the Pd (111) surface is highly mobile 

and can diffuse with an activation barrier of less than ~0.1 eV to a Pd (211) step, 

where it is ~0.7 eV more stable (Figure 2.4a-b). Its stability further increases by ~0.2 

eV if it replaces a higher coordinated Pd atom in the (111) surface (Figure 2.4c). If 

located in a fully coordinated subsurface layer position though, In is 0.05 eV less 

stable (Figure 2.4d). 2D In ensembles containing 7 atoms or less are energetically 

more stable compared to a single In adatom, with an energy penalty that increases 
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with ensemble size (Figure 2.4e-j). The 2D ensembles may grow to form a monolayer 

of In atoms as illustrated in Figure 2.4k, or further agglomerate to form 3D In clusters 

as depicted in Figure 2.4l. We did not attempt to model Pd-supported In clusters; 

instead we chose to approximate them as pure In (001). 

 

Figure 2.4 – Stability of In atoms on Pd relative to the most stable 

configuration: (a) In adatom on Pd(111) terrace; (b) In adatom at Pd(211) 

step; (c) In atom substitution in the top layer; (d) In atom substitution in 1st 

sublayer of Pd(111); 2D In ensembles within the Pd(111) top layer containing 

(e) 2, (f) 3, (g) 4, (h) 5; (i) 6 , and (j) 7 In atoms; (k) In monolayer (ML) on 

Pd(111) (equivalent to 100 sc%); and (l) a schematic 3D In ensemble. 

 

The combined experimental and computational characterization of the In-on-

Pd NPs are largely consistent with metallic In substituting Pd on surface terrace sites. 

At low In sc%, In atoms are well-dispersed and remain metallic. The theoretical 

maximum In surface concentration on Pd (111) with isolated In atoms is 33 sc%, 
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suggesting that the In-on-Pd NPs contain 2D and 3D ensembles at higher In content. 

The In-rich materials are expected to show more bulk In metal character and are 

more likely to oxidize.  

2.3.2. Nitrate reduction catalytic behavior 

Figure 2.5 shows a representative plot of the time evolution of nitrate, nitrite, 

ammonium and dinitrogen concentrations on the 40 sc% In-on-Pd catalyst sample. 

The decrease in nitrate concentration fit well to a pseudo first-order model, and the 

observed reaction rate constant, kmeas, was obtained from the slope of the natural log 

of nitrate concentration versus reaction time using linear least squares fitting.  

 

Figure 2.5 – Concentration-time curves of NO3-, NO2-, NH4+ and N2. Reaction 

conditions: 40 sc% In-on-Pd NPs with 0.553 mg/L In in reactor, 600 rpm 

stirring rate, 1 atm pressure, 50 mL/min H2, 50 mL/min CO2, pH = 5. The 

initial nitrate/indium molar ratio was 166/1. 
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Control experiments using In2O3, Pd NPs, and 1 wt% Pd/Al2O3 all showed that 

the monometallic catalysts are inactive for nitrate reduction (Table 2.7). Thus, 

catalytic activity was quantified by normalizing the mass transfer corrected kmeas to 

total surface metal content (kcat), not to surface Pd or surface In content.  

a Calculated from kcorr and magic cluster model 

Table 2.7 – Rate constants for In-on-Pd NPs, Pd /Al2O3, In-Pd/Al2O3 and In2O3. 

Figure 2.6 shows that the activity of In-on-Pd NPs (as assessed by kcat) 

demonstrating the volcano-shape dependence on In surface coverage. The rate 

constants increased from 0 sc% to 40 sc% and decreased from 40 sc% to 110 sc%. 

Maximum nitrate reduction was measured at 40 sc% with kcat = 7.57 L/gsurface 

metal/min. The In-Pd/Al2O3 supported catalyst contained the same Pd and In mass 

Sample name kmeas 
 (min-1) 

kcorr  
(min-1)  

kcat  
(L/gsurface metal/min) a 

0 sc% In-on-Pd NPs inactive inactive inactive 
10 sc% In-on-Pd NPs 0.032±0.01 0.035 0.86±0.30 
25 sc% In-on-Pd NPs 0.031±0.0056 0.034 1.94±0.32 

30 sc% In-on-Pd NPs 0.059±0.002 0.072 4.97±0.18 
40 sc% In-on-Pd NPs 0.069±0.015 0.087 7.57±0.65 
50 sc% In-on-Pd NPs 0.057±0.013 0.069 7.26±0.49 

70 sc% In-on-Pd NPs 0.014±0.003 0.015 2±0.53 

110 sc% In-on-Pd 
NPs 

0.0086±0.0005 0.0088 1.6±0.10 

In2O3 powder inactive inactive inactive 

Pd NPs inactive inactive inactive 

Pd/Al2O3 (1 wt% Pd) inactive inactive inactive 

Pd NPs and In2O3 
physical mixture inactive inactive inactive 

In/Pd/Al2O3 (0.13 
wt% In, 1 wt% Pd) 

0.075 –  4.6 
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ratio as the 40 sc% NP material but showed 60% less activity, attributable to the 

deposition of inactive indium on the Al2O3 support surface. 

 

Figure 2.6 – Experimentally determined nitrate reduction rate constants for 

In-on-Pd NPs as a function of In surface coverage and for InPd/Al2O3 (1 wt% 

Pd, 0.13 wt% In). 

The catalytic nitrate reduction reaction presumably involves a bifunctional 

effect in which the In-on-Pd NPs carry two active site types that participate in 

different parts of the surface reaction pathway. The In site has the primary role of 

adsorbing and reducing nitrate from solution, and the Pd site has the roles of 

generating hydrogen adatoms; reducing the surface nitrite species; and reducing the 

oxidized In via hydrogen spillover (Figure 2.7). The activity of the In-on-Pd NPs 

increased with indium amounts at surface coverages below 40 sc%, where isolated In 

atoms and small In ensembles prevail. These sites adsorb and convert more nitrate, 

which leads to a higher reaction rate. However, deposition of too much In is 
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counterproductive, as large In ensembles may block Pd active sites necessary for 

dissociating hydrogen used in the further reduction of nitrite and regeneration of 

metallic In sites. 

 

Figure 2.7 – Schematic illustration of the nitrate reduction mechanism using 

In-on-Pd NPs. H* represents hydrogen atoms adsorbed on the Pd surface. (a) 

Reduction of nitrate to nitrite and oxidation of In0 to In3+, (b) regeneration of 

In0 by H*, (c) further reduction of nitrite to dinitrogen over Pd0, and (d) 

dissociation of H2 into H* over Pd0. 

Further support for the synergistic effect of the bimetallic In-on-Pd NPs for 

nitrate reduction was provided by DFT simulations (done by Dr. Kasiraju from UH) 

on a Pd (111) surface with ensembles of varying number of In atoms and 

monometallic Pd and In surfaces. Since the Pd ability to reduce nitrite is well 

established21,22,27,34,69,71,93, we focused only on the following elementary reactions 

(nitrate adsorption and oxygen abstraction) and assume all other steps to be fast (* 

represents the active site):  

NO3
- NO2

-

In3+
In0

H+ H*

H2 2H*
Pd0

Pd0

H*

N2

a

b

c

d
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𝑁𝑂3
− + ∗ ↔ 𝑁𝑂3

∗ 

Equation 2.8 – Nitrate adsorption on the catalyst’s surface. 

𝑁𝑂3
∗  +∗ → 𝑁𝑂2

∗ + 𝑂∗ 

Equation 2.9 – Oxygen abstraction from nitrate on the catalyst’s surface. 

Figure 2.8 shows the transition state geometries of the two reaction steps on 

selected geometries and their corresponding free energy diagrams. A complete 

description of all initial states (IS), transition states (TS), final states (FS). While an 

isolated In atom (Figure 2.8b) did not promote nitrate binding or activation compared 

to monometallic Pd(111) (Figure 2.8a), a small 3-In-atom ensemble (18.8 sc%) did 

result in stronger nitrate binding and higher oxygen abstraction activity. Notably, the 

In trimer stabilized either the IS (Figure 2.8c) or FS (Figure 2.8d). The In promotion 

effect was more pronounced (i.e., a lower activation barrier) when the dissociated O 

atom was located in the 3-fold hollow site in the FS (Figure 2.8d).  

Adding a fourth In atom into this ensemble (25 sc%) resulted in a substantial 

improvement, because the IS, TS, and FS were all stabilized simultaneously by In 

atoms throughout the reaction path. Increasing the ensemble size to 6 In atoms (37.5 

sc%, Figure 2.8f) lowered the activation barrier further, but this was associated with 

a weaker binding of the final state. The weaker binding of the final state was 

consistent with increased compressive lateral strain caused by the larger In atoms. In 
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fact, substituting a 7th In atom into the Pd (111) (4×4) unit cell resulted in sufficient 

lattice strain to cause surface buckling (43.8 sc%, Figure 2.8g).  

 

Figure 2.8 – Nitrate reduction pathways. (a)-(h) side and top view of the TS 

geometry on selected Pd(111)/In ensembles. (a) 0 sc% (b) 6.3 sc%, one In 

atom, (c) 18.8 sc% ,In trimer (IS favored), (d) 18.8 sc%, In timer (FS favored), 

(e) 25.0 sc% , In 4-mer, (f) 37.5 sc%, In 6-mer, (g) 43.8 sc%, In 7-mer), and (h) 

100 sc%, In monolayer. (i) Free energy diagram for nitrate adsorption and 
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oxygen abstraction on the same selected Pd(111)/In ensembles. The nitrate 

adsorption energy (∆𝑮𝒂𝒅𝒔) and the transition state free energy (𝑮𝑻𝑺) for the In 

6-mer are marked as example.94 

In an attempt to lower the compressive strain in the limiting case of 1 ML In 

on Pd (111), we used an enlarged (6×6) Pd (111) unit cell and added a ML with only 

25 In atoms. The average In-In distance in the relaxed ML structure became 3.1 Å, but 

there was still some compressive strain compared to the In-In bulk distance of 3.35 

Å. While this In monolayer model had the strongest stabilization of the dissociated 

final state, the calculated dissociation barrier was greater than in the 4- or 6-atom 

ensembles. These results demonstrate that the ensemble size and its atomic 

arrangement greatly influence the synergistic effect of In-on-Pd NPs and that an 

optimal In sc% can be expected. 

We can generally conclude from the free energy diagram (Figure 2.8i) 

corroborates the notion that In promotes nitrate adsorption, and that In ensembles 

of 4-6 atoms have the lowest activation barrier for N-O bond cleavage. Yet, the IS, TS, 

and FS of nitrate reduction do not follow a consistent trend with increasing ensemble 

size and multiple overlaps in the free energy diagram exist. A direct interpretation of 

this free energy diagram in terms of nitrate reduction activity is not straightforward 

because a lower N-O scission barrier may be compensated by weaker NO3* binding, 

i.e., lower NO3* coverage, and vice versa. This motivated us to develop a qualitative 

kinetic model to predict ensemble effects on the nitrate reduction rate. 
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Overall, the theoretical results support the first part of our hypothesis, namely 

that In atoms are necessary to improve nitrate adsorption and lower the transition 

state energy for nitrate reduction. As discussed in the previous section, the key 

contribution of In to stabilize the nitrate abstraction transition state stems from its 

affinity towards oxygen. This may ultimately prove detrimental, however, when the 

In ensembles become so large that they resemble bulk In and form an oxide phase, 

rendering our assumption of rapid oxygen removal invalid. 

2.3.3. Removing oxygen from In ensembles 

Oxygen removal as water according to reaction H2(g) + O
∗  →  H2O (g) + ∗

(fast) requires the activation of dihydrogen and formation of O-H bonds. While Pd 

(111) terraces readily activate H2 and bind the resulting H atoms favorably with ΔE = 

-0.91 eV for dissociative adsorption, In (001) terraces are hardly capable of activating 

H2. The activation barrier for H2 dissociation on In (001) is Ea = 1.58 eV and the step 

is endothermic by ΔE = 1.33 eV. Similar results are obtained for 1 ML In on Pd (111) 

(Ea = 1.51 eV, ΔE = 1.20 eV). Therefore, a plausible mechanism for O* removal from In 

sites would invoke the bifunctional nature of the In-on-Pd NPs, where Pd can supply 

H* atoms to In ensembles to keep them reduced.  
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Figure 2.9 – Potential energy contour map for H* binding on a static 7-atom In 

ensemble with O* in a In 3-fold site (In3-O). The dashed and solid circles 

outline the position of metal atoms and adsorbed oxygen, respectively.94 

H* binding on a static 7-atom In ensemble with O* in a In 3-fold site (In3-O, 

Figure 2.9) was first probed. The red color over the In3-O position corresponds to the 

formation of a strong O-H bond and the formation of an In3-OH species. On the free In 

sites (cyan color) hydrogen binds over 1 eV more weakly than on Pd sites. Access to 

the In3-O species was prohibited by strong repulsion when H* is located above these 

In sites (blue color). The qualitative interpretation of this contour map is consistent 

with difficult reduction of large In clusters caused by limited availability of H* near 

In3-O sites. Although Figure 2.9 provides a reasonable explanation why too much In 

is detrimental for nitrate reduction, it neglects surface relaxation effects and does not 

explain facile reduction of small In ensembles.  
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Then a detailed analysis for the case of a 4-atom In ensemble (25.0 sc%) was 

performed, which identified as the approximate minimum threshold for fast nitrate 

reduction. In this case, the hydrogenation of In3-O to In3-OH with H* originating from 

a 3-fold Pd site (Pd3-H) was ΔE = -0.79 eV exothermic and required a barrier of Ea = 

0.79 eV. The subsequent step to hydrogenate In3-OH with Pd3-H to form In-H2O had a 

similar barrier (Ea = 0.77 eV) and was exothermic by ΔE = -0.26 eV. Both barriers are 

lower than the effective activation barrier for nitrate reduction (GTS) shown in Figure 

2.8b and the assumption of rapid O* removal appears valid for small In ensembles. 

It is noted that the ensemble size effects discussed here cannot be captured in 

mean-field models, and more sophisticated kinetic Monte Carlo simulations with local 

coverage information would be required. From the modeling performed, however, a 

strong promotional effect of In on nitrate reduction was expected as long as the In 

ensembles do not exceed a critical size, consistent with the observed volcano-shape 

structure-activity plot based on In surface coverage.  

2.3.4. In situ XANES evidence for reduction and oxidation of In content 

Figure 2.3d shows results from a room temperature in situ experiment in 

which a catalyst was exposed to a sequence of solutions of air- or 4% H2-saturated 

water. Contact of 40 sc% In-on-Pd NPs containing fully oxidized In with H2 led to 

metallic In formation, and subsequent contact with air led to full In metal re-

oxidation. A second cycle of H2/air contact confirmed redox cycling capability of the 

In metal. These results are evidence of In reducibility of our In-on-Pd NPs under in 

situ XAS testing conditions (room temperature, H2 concentration estimated at ~31.2 
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µM). A fraction of the In content is likely to be in reduced form at the catalytic reaction 

conditions used, i.e., at a higher H2 aqueous concentration of ~390 µM, estimated from 

the 50/50 H2/CO2 headspace composition). Interestingly, bulk In metal is expected to 

be thermodynamically unstable at room temperature at these pH and potential 

conditions in water (via Pourbaix analysis).95 

A similar experiment in which a nitrate solution was used in place of air-

saturated water was carried. Contact of 40 sc% In-on-Pd NPs with air-saturated water 

ensured fully oxidized In, and subsequent contact with H2-containing water again led 

to metallic In formation. Exposure to a nitrate solution (100 ppm, also purged with 

dinitrogen gas) led to re-oxidation of the zerovalent In (Figure 2.10), strongly 

indicative of the In content being capable of redox cycling during the catalytic nitrate 

reduction process. 
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Figure 2.10 – Room-temperature in situ XANES spectra (In K edge) of 40 sc% 

In-on-Pd NPs (a) in air-saturated water, (b) and then in 4% H2-saturated 

water, (c) followed by exposure to nitrate solution (100 ppm). 

These experimental observations are congruent with a Bader charge analysis 

based on electronic structure results. Based on the above experiments and 

simulations, the deposition of In can promote the reaction activity through two ways: 

(1) improve ability of the catalysts surface to adsorb nitrate ions, and (2) lower the 

activation energy for nitrate reduction.  

Figure 2.11 shows the selectivity of the catalysts as a function of conversion. 

Regardless of composition, the measured selectivities to ammonium and nitrite were 

generally low (<2.5%), leading to a calculated selectivity to dinitrogen of 95% or 

better. A similar selectivity has been reported for a supported PdIn catalyst used in a 

fixed bed reactor, this was only true at relatively low nitrate conversions (30%); 

selectivity decreased to 70% at 95% nitrate conversions.96 The ammonium selectivity 

increased slightly at higher conversions for the catalysts studied here (Figure 2.11b). 

Production of dinitrogen is thought to require the coupling of NO surface species19,97 

or by the reaction of NO with solution nitrite in an Eley-Rideal-like mechanism27, and 

it is natural that the selectivity to ammonium increases as the amount of available NO 

and nitrite decreases.  
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Figure 2.11 – Selectivity of the In-on-Pd NPs to (a) nitrite and (b) ammonium 

as a function of nitrate conversion. 

2.4. Conclusion 

A range of In-on-Pd model catalysts were successfully synthesized, 

characterized by TEM, XPS, and XANES, tested for catalytic activity toward aqueous 

phase nitrate reduction, and performed DFT and lumped kinetic modelling. Ex situ 

XPS showed the electronic state of In changed from the In0 state to the In2O3 state 

with increasing In coverage on the In-on-Pd NPs. Ex situ XANES showed that while 

the In was oxidized on the catalysts, exposure to mild reductive conditions (4% H2 at 

200 °C) partially reduced the In. In situ XANES further showed that exposure to 4% 

H2-saturated water was able to partially reduce In. While the monometallic analogues 

demonstrated no activity toward nitrate degradation, the optimum In-on-Pd NP 

catalyst had 40 sc% of In, and a catalytic rate constant of 7.57 L/gsurface metal/min. DFT 

simulations and a lumped kinetic model showed that small In ensembles strongly 
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favor nitrate reduction and can remain reduced via hydrogen spillover from adjacent 

Pd sites, while the reduction of large In ensembles is prohibitively difficult, which is 

in agreement with the experimentally observed In-dependent volcano-shaped 

activity. A Bader charge analysis indicated an increase in oxidation of In atoms during 

the nitrate reduction reaction and is consistent with in situ XANES experiments which 

showed oxidation of In in nitrate solution. Based on the experimental and 

computational evidence, a mechanism was proposed in which In oxidatively adsorbs 

nitrate, while Pd activates hydrogen to further reduce formed nitrite and to 

regenerate In sites. These results suggest that bimetallic In-on-Pd NP catalysts are 

amenable for water nitrate pollution remediation and potentially other oxyanions. 
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2.6. Supplementary information 

2.6.1. Mass transfer analysis 

In our previous works83,86, we used a simplified model to derive an equation 

to quantify experimental mass transfer resistances using measurable and known 

values, according to 

1

𝑘𝑚𝑒𝑎𝑠
= 𝐶1 + 

𝐶2

𝑤𝑠
. 

Here, kmeas is the observed pseudo-first order nitrate reduction rate constant, 

and ws is related to the catalyst loading by 

𝑤𝑠 = 𝑎𝑠 (
𝑑𝑝

6
)(
𝜌𝑝

𝜌𝑙𝑖𝑞
)
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where as is the surface area of the NP spheres, dp is the particle diameter, and 

ρp and ρliq are the densities of the Pd NPs and aqueous reaction medium respectively. 

C1 is related to the gas-liquid mass transfer resistance, and is given by 

𝐶1 = (
1

𝑘𝑔𝑙𝑎𝑔𝑙
) (

1

𝐶𝑙𝑖𝑞
) 

 

where Cliq is the liquid concentration of the nitrate, kgl is the gas-liquid mass 

transfer coefficient, and agl is the gas-liquid interfacial area. C2 is related to the liquid-

solid mass transfer, and is given by 

𝐶2 = (
1

𝑘𝑐𝑜𝑟𝑟
+
1

𝑘𝑙𝑠
) (

1

𝐶𝑙𝑖𝑞
) (
𝑑𝑝

6
) (
𝜌𝑝

𝜌𝑙𝑖𝑞
) 

 

where kls is the liquid-solid mass transfer coefficient, and kcorr is the corrected 

first-order rate constant. 

Each data point shown in Figure 2.12a corresponds to a separate experiment 

using the most active 40 sc% In-on-Pd NPs at different catalyst charges using the 

same stir rate (600 rpm), with higher catalyst charges leading expectedly to higher 

observed rates. Figure 2.12b shows the inverse of the observed rate via the inverse 

weight of catalyst, and the linearity of the curve supports the validity of our mass 

transfer model. The intercept, C1, is 0.15 min g L-1, which gives a kglagl value of 0.33 

min-1 at this stir rate (kglagl will in principle vary with stir rate as stir rate affects the 

height of the vortex and hence agl). Thus, we chose to run the reaction at a 600 rpm 

stir rate at the catalyst charge circled in Figure 2.12b, and corrected kmeas values 

according to 1/kcorr = 1/kmeas – 1/kglagl. 
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Figure 2.12 – Relationship between (a) observed reaction rate constant kmeas 

and catalyst mass concentration, red line is linear fit to 4 data points of 600 

rpm curve, (b) 1/kmeas and 1/(catalyst concentration) at 600 rpm stirring rates 

for 40 sc% In-on-Pd NPs. The circled data point (blue color) indicates the 

standard catalyst amount used for 40 sc% In-on-Pd NPs at 600rpm stirring 

rate in this study. 

2.6.2. Control experiments testing the necessity of In 

Control experiments were performed using indium oxide powder, indium salt, 

Pd NPs and Pd/Al2O3 with and without the presence of H2 gas to test that the 

bimetallic In-on-Pd structure is essential for nitrate reduction. Monometallic In salt, 

Pd NPs, and In2O3 powder were all inactive for nitrate reduction regardless of the 

presence or absence of H2 gas (Figure 2.13). The catalyst synthesis procedure (i.e., the 

addition of the InCl3 precursor directly to the Pd NP suspension followed by H2 

bubbling before addition to the reactor) is crucial for high activity. When the Pd NPs 

and InCl3 were added separately to the reactor and the catalyst testing was carried, 

the activity for nitrate reduction is only ~10% of that observed for the pre-
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synthesized In-on-Pd NPs. The activity was attributed to the possible slow reduction 

of the InCl3 onto the Pd NP surfaces, which is much less efficient due to the much more 

dilute conditions in the batch reactor. 

 

Figure 2.13 – Observed pseudo-first-order rate constants for control catalytic 

activity experiments. 

Reference Sample 
kcat 

(L/g 
catalyst/min) 

kcat 
(L/ g metal/min) 

This work 
40 sc% In-on-Pd 

NPs 
1.8 1.8 

Gao, et. al.; J. 
Hazard. Mater. 

2015, 286, 425–
431. 

5%Pd 
5%In/Al2O3 

5%Pd 
1.25%In/Al2O3 

0.223a 

0.241a 
0.114a 

2.23b 

3.86b 

2.02b 
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5%Pd 
0.625%In/Al2O3 

Prusse, et. al.; 
Catal. Today 

2000, 55, 79–90. 

5%Pd 
1%In/Al2O3 

0.005a 0.083b 

Barbosa, et. al.; J. 
Mole. Catal. A 

2013, 266, 294-
302 

5%Pd 
2%In/Al2O3 

0.0044a 0.0628b 

Chaplin, et. al., 
Environ. Sci. 

Technol 2007, 41, 
5491-5497 

5%Pd 1%In/γ-
Al2O3 

0.19a 3.16b 

Marchesini, et. Al., 
Appl. Catal. A Gen. 
2008, 348, 60–70. 

1%Pd 
0.25%In/Al2O3 0.066a 5.28b 

G. Mendow et. al., 
Ind. Eng. Chem. 
Res. 2011, 50, 
1911–1920. 

1%Pd 
0.25%In/SiO2 

1%Pd 
0.25%In/Al2O3 

0.0035a 
0.152a 

0.28b 

12.16b 

Krawczyk et. al., 
Reac Kinet Mech 
Cat. 2011, 103, 

311–323 

5%Pd 2%In/ SiO2 

5%Pd 2%In/ 
Al2O3 

5%Pd 2%In/ TiO2 

0.04a 
0.015a 

0.0165a 

0.57b 

0.214b 

0.236b 

Lemaignen et. al., 
Catal. Today 

2002, 75, 43-48. 

5%Pd 1.25% 
In/activated 

carbon 
0.38a 6.08b 

aReported or calculated based on total gcat (metal + support) 

bRecalculated assuming the reported kcat values were based on total catalyst (metal 

+support) 

Table 2.8 – Comparison of nitrate reduction activity reported for various PdIn. 



 
54 

 

2.6.3. Computation methodology 

All periodic density functional theory (DFT)98 calculations were performed 

using the Vienna ab-initio simulation (VASP) package.99–102 Electron exchange and 

correlation were described by the revised Perdew-Burke-Ernzerhof (GGA-RPBE) 

functional.103,104 The projector augmented wave (PAW) 105,106 method was used to 

describe the core and valence electrons with a kinetic energy cut-off of 400 eV for 

surfaces and 540 eV for bulk materials. Partial occupancies for the wavefunctions 

were calculated using Gaussian smearing107 with a Fermi temperature (kbT) of 0.1 eV. 

The total energies were extrapolated to kbT = 0 eV at the end of ionic convergence. 

Bader charge analysis108–111 was performed to assess the extent of oxidation of the 

indium atoms. 

A flat Pd(111) surface was constructed using a (4×4) unit cell, and a (1×3) unit 

cell was used to describe the stepped Pd(211) surface. For both structures we used 

an equivalent of four atomic layers, where the top two layers were fully relaxed and 

the bottom two layers were fixed at their bulk positions corresponding to the 

optimized lattice constant value of 3.99 Å. A vacuum of 20 Å was added along the z 

axis normal to the surface along with the corresponding dipole correction.112 For the 

bulk and surface calculations a (13×13×13) and (4×4×1) Monkhorst-pack k-point 

mesh113 were used, respectively. The bulk structure of Indium was also optimized 

using the RPBE functional, with the initial crystal structure obtained from ICSD.114,115 

The final optimized lattice constants were a = 3.34 Å, b = 3.35 Å, c = 5.10 Å. The 

monometallic In(001) surface was constructed using a (2×2) unit cell, with a (4×4×1) 
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Monkhorst-pack k-point mesh and other calculation settings were kept consistent 

with the palladium system. 

The bimetallic In-on-Pd models were created by successively replacing 

Pd(111) surface atoms with In, as shown in Figure 2.14. The In sc% was then 

approximated by the number of indium atoms in the surface divided by the total 

number of surface atoms, e.g., a substitution of 4 Pd atoms with In in a (4×4) unit cell 

yields 4/16 = 25 sc% In. When the In surface coverage reached 50 sc%, the larger In 

atoms could no longer be accommodated in the Pd lattice without causing significant 

surface buckling and reconstruction. Thus, we increased the Pd(111) unit cell to 

(6×6) and added a layer of 25 In atoms to reduce the surface strain when modeling a 

full monolayer of In on Pd(111) (100 sc%). Here a (3x3x1) Monkhorst-pack k-point 

mesh was used. 

 

Figure 2.14 – Successive In atom (red) substitution in a Pd(111) 4×4 unit cell 

to form compact In ensembles. The progressive substitution sequence is 
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indicated by the numerals 1-7 and a decreasing red color intensity. 

Substitution of all seven sites results in a nominal In surface content of 7/16 = 

43.8 sc%. 

To avoid problems of using periodic DFT methods to describe the charged NO3- 

species as reference, we used neutral HNO3 as gas phase reference instead, and 

obtained the energy for the nitrate ion according to the thermodynamic cycle shown 

in Figure 2.15. This reference neglects the solvation energy, ΔGsol, of nitrate in 

aqueous environment, but ΔGsol is constant when different catalysts are compared and 

can be included in the estimation of the equilibrium constant for nitrate adsorption. 

Upon adsorption on the metal surface any charges on adsorbates are quenched and 

delocalized throughout the metal, such that surface energetics are robust within 

typical DFT errors. The gas phase energy values for H, H2, H2O, HNO3, and N2 were 

obtained from Gamma point only calculations by placing a single molecule in a cubic 

box with edges of 10 Å.  

 

Figure 2.15 – Thermodynamic cycle to estimate the reference DFT energy for 

the NO3- ion using reference values for the ionization energy of H (I.E.)116 and 

the heat of reaction for HNO3(g) deprotonation (ΔHr).117 
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Transition state geometries were found using the climbing image nudged 

elastic band (NEB)118–123 and dimer methods.124–127 A single imaginary mode in the 

subsequent vibrational analysis using the harmonic oscillator approximation and a 

Cartesian displacement of 0.01 Å verifies these geometries as true saddle points.  

All rate constants in the lumped kinetic model are estimated from free 

energies obtained from first principles and corrected for the zero-point energy, 

enthalpy and entropy contributions at 300 K. For adsorbed species, we obtained these 

corrections from a frequency analysis in the harmonic oscillator approximation. For 

gas phase free energies, we adopted enthalpy and entropy corrections calculated 

using the Shomate equation and gas phase partial pressures totaling 1 bar. 

2.6.4. Kinetic modeling 

Our collaborators used a simple lumped kinetic model to understand the 

promotional effect of In on Pd for nitrate reduction leading to the remarkable activity 

of In-on-Pd catalysts. The kinetic model was developed to qualitatively explain 

activity changes with In content, and quantitative agreement was not expected. In this 

model, the adsorption of a nitrate ion is quasi-equilibrated, followed by an 

irreversible NO3* reduction to NO2* and O*. Since Pd is known to rapidly reduce NO2* 

to N2 or NH3, we assumed that the remaining elementary reaction steps are fast and 

not rate-limiting. Thus, this model helps us understand how each of these catalyst 

models perform for the initial NO3* to NO2* reduction step. The simplified reaction 

mechanism is written as: 
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N𝑂3
−(g) + ∗ ↔  NO3

∗   → (1) 

NO3
∗  + ∗  →  NO2

∗ ∗  + O∗ ∗ → (2) 

NO2
∗ ∗  + 2H2 (g) →

1

2
N2(g) + H2O (g) + ∗ (fast) → (3) 

H2(g) + O
∗ ∗ →  H2O (g) + ∗ (fast) → (4) 

We note that this lumped mechanism fails for active sites that easily oxidized, 

such that oxygen removal becomes rate-limiting (step 4). Similarly, the catalyst must 

be a good NO2- reduction catalyst for step 3 to be fast. Under the stated assumptions, 

we derived an analytical expression for the NO3- reduction rate. Using the quasi-

equilibrium approximation for step 1 we obtain 

𝜃𝑁𝑂3 = 𝐾1𝐶𝑁𝑂3𝜃∗ 

The forward rate of the irreversible step 2 is then 

𝑟2 = 𝑘2
+𝜃𝑁𝑂3𝜃∗ = 𝐾1𝑘2

+𝐶𝑁𝑂3𝜃∗
2 

in which K1 is the equilibrium constant for reversible NO3 adsorption 

calculated from ΔG1 = ΔGads - ΔGsol, k2+ is the forward reaction rate constant for NO3* 

reduction, 𝐶𝑁𝑂3  is the nitrate concentration, and 𝜃𝑁𝑂3  and 𝜃∗  are the surface 

coverages of NO3* and vacant sites ‘*’, respectively. 

Finally, we assumed that all active site models have a similar fraction of empty 

sites, because the adsorption of NO3- is highly endothermic as shown in Figure 8, 

hydrogen binds weakly as we discuss later in Figure 10, and NO2* disappears quickly 
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on Pd sites. This leaves O* as the most important surface intermediate to consider, 

but as previously stated, the simplified model assumes that O* removal is not rate-

limiting. If the fraction of vacant sites is similar, then the 𝜃∗
2 term cancels out when 

we define the final expression for the NO3 reduction rate r’ relative to Pd(111) 

𝑟′ =
𝐾1𝑘2

+

𝐾1,𝑃𝑑(111)𝑘2,𝑃𝑑(111)
+ . 

At this point we note that the constant contribution of ΔGsol to K1 on different 

catalyst models also cancels out and we consider only ΔGads for the estimation of K1. 

This relative rate of disappearance of nitrate species is shown for all investigated In 

ensemble models in Figure 2.16a. The 6-atom In ensemble, corresponding to 37.5 

sc%, outperforms all other tested ensembles and coincides with the experimentally 

determined activity peak between 40-50 sc% (Figure 2.6). From the semi-log scale 

plot in Figure 2.16b one can more clearly see that In ensembles of 4 or more atoms 

(>25 sc%) show a drastically improved nitrate reduction rate (6 orders of magnitude 

or more) that extends to 100 sc%. It can also be shown that the effective, lumped rate 

constant 𝐾1𝑘2
+ implies that the apparent activation energy is equal to the transition 

state energy GTS = ΔGads + Ea, where ΔGads describes the free energy of nitrate 

adsorption and Ea is the activation barrier for nitrate reduction.  Thus, the high 

activity for the 6-atom In ensemble can be attributed to its low transition state energy 

GTS in Figure 2.8i. 
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Figure 2.16 – Nitrate reduction rate r’ relative to pure Pd(111) as function of 

In sc% in (a) linear scale and (b) semi-log scale. 

Overall, the theoretical results support the first part of our hypothesis, namely 

that In atoms are necessary to improve nitrate adsorption and lower the transition 

state energy for nitrate reduction. As discussed in the previous section, the key 

contribution of In to stabilize the nitrate abstraction transition state stems from its 

affinity towards oxygen. This may ultimately prove detrimental, however, when the 

In ensembles become so large that they resemble bulk In and form an oxide phase, 

rendering our assumption of rapid oxygen removal invalid. 
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Magnetic In-Pd Catalysts for Nitrate 

Degradation 

3.1. Introduction 

Catalytic reduction is a promising chemical denitrification method due to its 

high activity and simple operation.128,129 Nitrate can be directly converted into 

harmless dinitrogen over a catalytic surface by using hydrogen or other reducing 

agents under mild reaction conditions. Since this chemistry was first reported by 

Vorlop and Tacke in 1989,129 extensive research efforts have been made for the 

development of novel catalysts with high activity and dinitrogen selectivity.18,28,130–

132 For example, monometallic Pd21,22,70,71 and bimetallic and PdAu66 catalysts have 

proven to be very active and selective to the reduction of nitrite to dinitrogen. 

Although Pd itself has very low reduction activity for nitrate,37 its combination with 
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certain secondary promotor metals greatly increases catalytic activity.32,38,40,72,73 The 

Pd-In bimetallic combination is preferred over other compositions due to its high 

activity and high selectivity to dinitrogen over undesired ammonia.36,69 Additionally, 

it is also more stable to hypochlorite exposure during clean-in-place treatment.43  

Previous studies66,130,133 have focused on the synthesis of structure-controlled 

bifunctional catalysts and the mechanistic understanding of how the addition of 

promotor metals help improve the catalytic reduction of nitrate (and nitrite) 

oxyanions. Chapter 2 reported the synthesis of colloidal In-decorated Pd nanoparticle 

("In-on-Pd NPs") as a model catalyst for nitrate reduction.130 Among other findings, 

reduction activity varied with volcano-shape dependence on In surface coverage, 

with In ensembles (with 4 to 6 atoms) as the active site for the nitrate-to-nitrite rate-

limiting reaction step. The suspension form of these In-on-Pd NPs were amenable to 

batch kinetic experiments, but it is impractical for continuous-flow nitrate treatment. 

Superparamagnetic Fe3O4 in the form of nanostructured powders ("nFe3O4") 

has been explored extensively as a magnetic catalyst support.52–54 Once nFe3O4 is 

dispersed in a liquid, its high magnetic saturation and reversibly magnetic behavior 

lead to easy separation and manipulation under an external magnetic field.55–58 

nFe3O4 can be a catalyst support for the Pd-In NPs, such that the overall composite 

material is recovered and reused magnetically without the need for filtration or 

centrifugation. However, Fe3O4 is liable to leach iron species during use.59,60 Fe3O4 
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itself shows some activity for the reduction of nitrate (and other oxyanions),61–63 but 

the leached iron species may also be participating in the reaction.64 

In this work, the concept of a magnetically recoverable nitrate reduction 

catalyst was demonstrated based on a multi-compositional design that comprises 

superparamagnetic nFe3O4, a SiO2 shell coating, and Pd-In NPs. Results shown that 

the SiO2 shell prevented iron leaching from occurring. The nitrate reduction activity, 

selectivity, and recoverability of the material in two water types (deionized water and 

simulated drinking water) were assessed and the range of applicability of these 

magnetic denitrification catalysts was discussed. 

3.2. Materials and methods 

3.2.1. Chemicals  

All chemicals were of analytical grade and used as received without further 

purification. Ammonium hydroxide aqueous solution (NH3, 28%), hydrochloric acid 

(HCl, 37%), 2-propanol, tetraethyl orthosilicate (TEOS), (3-aminopropyl) 

trimethoxysilane (APTES), sodium tetrachloropalladate(II) (Na2PdCl4), citric acid, 

ethanol (EtOH), polyvinylpyrrolidone (PVP, Mw~55,000), indium chloride 

tetrahydrate (InCl3·4H2O, 97%), sodium nitrate (NaNO3, >99.0%), sodium nitrite 

(NaNO2, >97.0%), 1 wt% Pd on alumina catalyst (Pd/Al2O3), magnetite iron oxide 

nanopowder (nFe3O4), and modified Griess's reagent were purchased from Sigma-

Aldrich. H2 and CO2 gases (99.99% purity) were obtained from Matheson. Nitrate 
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(2.170 M, 10000 ppm) stock solution was prepared by dissolving proper amounts of 

NaNO3 into deionized (DI) water and stored in the dark in a refrigerator at 4 °C. All 

the experiments were conducted using deionized (DI) water (>18 MΩ·cm, Barnstead 

NANOpure Diamond). 

3.2.2. Synthesis and surface modification of nFe3O4@SiO2 

A modified Stober process was used to coat nFe3O4 material with a SiO2 

shell.134 Briefly, 1 g of nFe3O4 was placed in 0.1 M HCl aqueous solution (50 mL) and 

ultrasonicated for 10 min; separated with magnet and washed with DI water; and 

then dispersed in a solution of ethanol (80 mL), DI water (20 mL) and concentrated 

ammonia aqueous solution (1.0 mL, 28 wt%). TEOS (0.9 g, 4.32 mmol) was added 

immediately afterwards. The mixture was stirred at room temperature for 12 h, and 

the resulting nFe3O4@SiO2 solid was subsequently separated with a neodymium 

permanent magnet and washed with ethanol and water three times before its 

redispersion in an ethanol solution. 

Next, to support immobilization of metal NPs, the nFe3O4@SiO2 surfaces were 

functionalized with amine groups using 3-aminopropyl triethoxysilane (APTES), 

because of the strong chemical interaction between the NPs and the -NH2 group.  

Approximately 1 g of nFe3O4@SiO2 obtained from previous step was added to 60 mL 

of isopropanol in a 250-mL two-neck bottom-round glass flask via sonication in a 

water bath. Then a solution containing 1.5 mL APTES and 10 mL of isopropanol was 

added dropwise under stirring. The suspension was bubbled with N2 gas for 30 min, 
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and then sealed and left to stir at room temperature for 12 h. After magnetically 

recovering and washing with ethanol three times, the resulting amine-functionalized 

nFe3O4@SiO2 was dried in a vacuum oven at 40 °C.135  

3.2.3. Metal deposition on amine-functionalized nFe3O4@SiO2 

Pd NPs were synthesized using a one-step method.136 Briefly, an aqueous 

solution of Pd salt was prepared by dissolving 57 mg of Na2PdCl4 in 3 mL of water. 

The solution was then mixed rapidly with 8 mL of aqueous solution containing 105 

mg of PVP and 60 mg of L-ascorbic acid in a 25-mL round-bottom glass flask under 

continuous stirring. The flask was immersed in an oil bath and maintained at 80 °C 

for 4 h under continuous stirring. The solution was then cooled to room temperature, 

yielding approximately100 mg of Pd NPs.  

An aliquot of the as-synthesized Pd NPs suspension (5.6 mL containing ~10 

mg of Pd) was added to 30 mL water in a 100-mL round bottle glass flask on a shaker 

table. Then ~1 g of amine-functionalized nFe3O4@SiO2 was added to the flask via 

sonication in a water bath. The mixture was then mechanically shaken continuously 

for several hours until the supernatant became clear and colorless, which meant the 

suspended Pd NPs were successfully immobilized on the nFe3O4@SiO2 surface. The 

target loading of Pd NPs was 1 wt%. 

Next, indium (In) metal was deposited by adding 215 µL of InCl3·4H2O (0.04 

M) to the above solution and bubbling H2 at 1 atm pressure for 30 min to reduce the 
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In on top of Pd. The total In loading was 0.1 wt%. The Pd-In/nFe3O4@SiO2 catalysts 

were collected with a neodymium permanent magnet and dried overnight in a 

vacuum oven at 40 °C. An alternative method involves the synthesis and 

immobilization of In-on-Pd NPs onto the nFe3O4@SiO2 surface. We were unsuccessful 

in reliably producing a highly active catalyst in this manner, which we attributed to 

In oxidation during the handling of the In-on-Pd NPs.130 

3.2.4. Synthesis of comparison materials 

To test the importance of the SiO2 shell, we synthesized "Pd-In/nFe3O4" by 

skipping the TEOS step, directly functionalizing nFe3O4 with APTES, and then carrying 

out the Pd NP immobilization and In deposition steps. For a non-magnetic version, 

we synthesized "Pd-In/Al2O3" through the incipient wetness method; 215 μL of 0.04 

M InCl3·4H2O solution was mixed with 1 mL of DI water prior to contacting with 1 g 

of Pd/Al2O3 powder (1 wt% Pd). The resulting material (1 wt% Pd, 0.1 wt% In) was 

then air dried at 120 °C for 14 h and heated at 120 °C for 1 h under flowing H2 gas 

(200 mL/min). TEM and XRD analysis showed Pd-In/Al2O3 to have 2.2-nm Pd 

particles and the gamma-alumina phase (Figure 3.1and Figure 3.2). The Pd/Fe3O4 

was prepared by immobilizing Pd NPs on Fe3O4 and In/Fe3O4 was made by adding In 

precursor to Fe3O4 with follow up reduction procedure in furnace (500 ℃, 3 hours). 

Table 3.1 lists the five catalyst compositions tested. The Pd and In content of Pd-

In/nFe3O4@SiO2 was confirmed to be within 2% of target loading using an inductively 

coupled plasma optical emission spectrometer (Perkin Elmer Optima 8300 ICP-OES) 
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(Table 1). We assumed the Pd and/or In content of the comparison materials were 

also within 2% of target loading. 

 

Figure 3.1 – (a) TEM image of Pd-In/Al2O3 catalyst (scale bar = 50 nm) and (b) 

Pd particle size distribution the Pd-In/Al2O3 catalyst. 

 

Figure 3.2 – XRD spectrum of Pd-In/Al2O3 sample. 
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Sample Pd wt% a In wt% a BET SA (m2/g) Support material 

Pd-In/ nFe3O4@SiO2 1 (0.98b) 0.1 (0.11b) 15.5 SiO2 on nFe3O4 
Pd-In/nFe3O4 1  0.1  43.5 nFe3O4 
Pd-In/Al2O3 1 0.1 - Al2O3 
Pd/nFe3O4 1 - 44.2 nFe3O4 
In/nFe3O4 - 0.1 42.9 nFe3O4 

a: Pd and In loadings estimated from precursor amounts 

b: Pd and In loadings measured through ICP-OES  

Table 3.1 – Measured metal content and surface areas of nitrate reduction 

catalysts. 

3.2.5. Preparation of simulated drinking water (SDW) 

SDW contains dissolved species at concentrations typical of drinking water. 

The SDW composition follows the formulation based on the NSF/ANSI53 standard for 

challenge water (Table 3.2).137 

General Parameters Specification 

Water Source De-ionized water (conductivity < 1 µS/cm) 

pH adjusted with HCl 7.5±0.25 

Temperature 20±2.5 ℃ 

Constituents 
Concentration 

(mg/L)  
Concentration (mM)  

Bicarbonate (HCO3-) 183 3.0 

Chloride (Cl-) 71 2.0 

Sulfate (SO42-) 48 0.50 

Silicate (SiO22-) 21.4 0.33 

Nitrate (NO3-) 8.9 (2.0 as N) 0.14 

Phosphate (PO43-) 0.12 (0.04 as P) 0.0013 

Fluoride (F-) 1.0 0.053 

Calcium (Ca2+) 40 1.0 

Magnesium (Mg2+) 12 0.50 

Sodium (Na+) 89 3.86 
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Total dissolved solids 
(TDS) 

478 - 

Ionic strength - 8.5 

Table 3.2 – NEWT general test water (fresh) – for drinking water. 

3.2.6. Catalyst structure characterization 

Magnetic measurements were collected using a Superconducting Quantum 

Interference Device (SQUID) completed with a MPMS XL (Quantum Design Inc.). 

Dried powder samples were weighed, wrapped in Teflon, and measured within the 

SQUID from -10 kOe to 10 kOe at 300 K. The resulting hysteresis curves were 

analyzed to determine the coercivity (Hc), magnetic remanence (Mr), and magnetic 

saturation (Ms) of each sample. Transmission electron microscopy (TEM) images 

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 with ImageJ software. Crystal structure and powder 

phase analysis were obtained with a Rigaku diffractometer with Cu Kα radiation 

(Rigaku D/Max (WEST) Ultima Powder XRD) instrument and Rigaku PDXL2 

integrated powder XRD analysis software. The data was collected from 20° to 90°. 

The mean size of the ordered (crystalline) Fe3O4 domains was obtained from the 

Scherrer equation,138 which can be written as: 

𝐿 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
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Equation 3.1 – Scherrer equation. 

where L is the mean crystallize size. K is the dimensionless shape factor (0.94). 

 is the x-ray wavelength (1.5418 Å),  expressing diffraction peak profile spread (the 

integral width of the most intensive peaks and is ~0.01 radian), and  is the Bragg 

angle (2 = 35.6º) which represents the most intense peak of the (311) phase of 

magnetite. 

3.2.7. Catalyst activity characterization 

Similar to our previous experiments,67,130 batch nitrate reduction experiments 

were conducted in a screw-cap bottle (125 mL, Alltech) with PTFE-sealed threads and 

a PTFE-silicone septum. The solid magnetic catalyst was added directly to the reactor 

before the H2/CO2 bubbling and the water (DI water or SDW) volume was 49.75 mL 

so that the final liquid reaction volume was 50 mL. The amount of catalyst was 50 mg 

in each reactor, the final catalyst charge concentration was 1000 mg/L, 10 mg Pd/L 

and 1 mg In/L, respectively. The solution was then bubbled simultaneously with H2 

gas (50 mL/min, to serve as reductant) and CO2 gas (50 mL/min, to buffer the solution 

to a pH value of 4-6) for 15 min to displace dissolved oxygen and to fill the headspace 

with a hydrogen/CO2 atmosphere (1 atm). All the catalytic reactions were conducted 

at room temperature (~23 °C). A schematic of the experimental setup was shown in 

Figure 3.3 and the photography of the separation of the catalyst was shown in Figure 

3.13. 
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Figure 3.3 – Schematic of the experimental setup. 

After hydrogen and carbon dioxide bubbling, 0.25 mL of NaNO3 solution (10 

mg/mL) was injected into the sealed bottle to start the reaction (initial NO3- 

concentration was 50 mg-NO3-/L = 11.3 mg-N/L). The reaction was monitored 

periodically by withdrawing 1.5 mL aliquots from the reactor after using a 

neodymium permanent magnet to momentarily entrap the powder to one side of the 

reactor. The activity of the non-magnetic Al2O3 supported catalysts was tested 

similarly as a control, except that the solid catalyst was removed through syringe 

filters (0.45-μm PFTE filter media) when sampling periodically. The sealed reactor 

was constantly agitated on a shaker table. To investigate the shaking speed on mass 

transfer limitation, experiments was designed with the Pd-In/Fe3O4 catalyst in which 

the shaking speed was modulated, and the results are shown in supplemental 

information. The experiment verified that that shaking speed was found to show little 

effect on the reduction rate of nitrate when it was above 300 rpm, which suggested 
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that the external diffusion limitation was not significant under current experimental 

set up (300 rpm shaking speed). In calculating the Weisz-Prater parameter (Cwp) to 

assess the presence of internal mass transfer effects, we found Cwp ~3.6 × 10−6, which 

was much less than 1, indicating internal mass transfer limitations were negligible for 

our nitrate reduction reaction system (Figure 3.14). 

The reusability and stability of the materials was evaluated by successive 

cycles of nitrate reduction reaction testing. After a reaction, the catalyst material was 

collected to the side of the reactor wall with a permanent magnet, then rinsed with DI 

water (50 mL). The reactor was then replenished with DI water (or SDW) and 

bubbling with H2/CO2 for 15 mins before adding nitrate (50 ppm) to start the next 

reaction cycle. 

Nitrate concentrations were analyzed using a nitrate ion selective electrode 

(Cole-Parmer, lower detection limit 0.1 mg-NO3-/L). Nitrite concentrations were 

analyzed using the Griess test.87 The ammonium concentrations were analyzed using 

Nessler's reagent. Typically, the reagent solution (0.2 mL), the sample solution (0.2 

mL), and water (1.6 mL) were mixed together and allowed to react at room 

temperature for 10 min, after which no further color change was observed.130  

The observed reaction rate constant kobs (min-1) was calculated by assuming 

pseudo first-order dependence on nitrate concentration (H2 gas was in excess) and 

the linear portion of the data was fit with the model below: 
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−
𝑑𝐶𝑁𝑂3−

𝑑𝑡
= 𝑘𝑜𝑏𝑠𝐶𝑁𝑂3−  

where  is the concentration of nitrate (with units of mg L-1) and t is 

reaction time (with units of min).  

The total metal-normalized reaction rate constant kcat (with units of L/g 

metal/min) was then calculated from kcat= kobs/Ccat where Ccat is the total amount of In 

and Pd in the reaction medium volume (with units of g metal/L). 

The initial molar concentration of nitrate and the molar concentration of 

nitrate after time t are C0 and C. Prior studies indicate that small amounts (~5%) of 

intermediate products NO and N2O can be formed during nitrate reduction.19,74 The 

selectivity to nitrite and to ammonium are: 

𝑆
𝑁𝑂2

−=(
𝐶𝑁𝑂2

−

𝐶0−𝐶
)×100%

 

and 

𝑆
𝑁𝐻4

+=(
𝐶
𝑁𝐻4

+

𝐶0−𝐶
)×100%

 

3.2.8. Measurement of any leached Fe, Pd and In during catalysis 

The Pd and In content were determined through ICP-OES. The detection limit 

was 0.05 mg/L for both Pd and In. 0.5 mL of the sample was diluted with 4.4 mL H2O 

and 0.1 mL aqua regia (2%) to analyze the dissolved ions. The dissolved iron 

measurement followed our previous study by using adapted procedures from the 

C
NO3

-
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National Environmental Methods Index (NEMI).139 Specifically, the NEMI 3500 Fe-B 

(phenanthroline) method, which is well suited for field tests, was used.140 For each 

sample, 0.5 mL was removed and combined with a solution containing HCl (20 L; 38 

wt% conc. aqueous solution), hydroxylamine (10 µL, 22.14 mM), ammonium acetate 

buffer (100 µL, 587 mM), and phenanthroline solution (40 L, 0.31 mM). The 

resulting solution was vigorously agitated and then allowed to sit for 30 min before 

being analyzed with UV-vis spectroscopy at 510 nm (Shimazdu UV-2450 UV-

Spectrophotometer).  

3.3. Results and discussion 

3.3.1. Structural magnetic properties 

Representative TEM images for nFe3O4, nFe3O4@SiO2 and Pd-In/nFe3O4@SiO2 

are shown in Figure 3.4. The nFe3O4 were agglomerates of spheres with a mean 

diameter of 32±0.35 nm (Figure 3.4a). The SiO2 shell increased had a thickness of ~12 

nm (Figure 3.4b). In Fig. 1c, it can be clearly seen that Pd-In nanoparticles are 

deposited on the amino group functionalized SiO2 surface. The -NH2 groups 

chemically bind with the Pd species and subsequently are beneficial for the 

immobilization of Pd nanoparticles on the surface.141 The corresponding particle size 

distributions of nFe3O4 and Pd-In NPs from Figure 3.4c was shown in Figure 3.5. 

Similar with our previous study, the size and morphology of Pd-In NPs almost remain 

the same after In reduction process.136 
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Figure 3.4 – (a) TEM image of nFe3O4, (b) nFe3O4@SiO2 with a SiO2 shell 

thickness of ~12 nm and (c) Pd-In/nFe3O4@SiO2 catalyst. 

 

Figure 3.5 – Particle size distribution of (a) nFe3O4 and (b) Pd-In NPs of Pd-

In/nFe3O4@SiO2 catalyst material. 

The nFe3O4 powder was confirmed to be the magnetite phase (Figure 3.6a). 

The nFe3O4@SiO2 and Pd-In/nFe3O4@SiO2 materials retained the magnetite phase; 

(b)(a)
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no additional XRD peaks were found. The grain sizes of nFe3O4@SiO2 and Pd-

In/nFe3O4@SiO2 were ~26.8 nm and ~26.4 nm, respectively.  

 

Figure 3.6 – (a) X-ray diffraction (XRD) pattern of nFe3O4, nFe3O4@SiO2 and 

Pd-In/nFe3O4@SiO2, (b) Magnetization curves of nFe3O4, nFe3O4@SiO2 and Pd-

In/nFe3O4@SiO2 at 300K from -10 kOe to 10 kOe. Inset: magnetization curves 

from -0.4 kOe to 0.4 kOe. 

The nFe3O4 has superparamagnetic-like behavior typical of aggregated 

magnetite nanoparticles, as evident by its non-zero low coercivity (i.e., Hc = 0.06 kOe) 

and magnetic remanance (i.e., 7.0 emu/g for nFe3O4) values (Figure 3.6b). The SiO2-

coated nFe3O4 showed superparamagnetic-like behavior also, but its magnetic 

saturation Ms (56.0 emu/gtotal) was 73% of that for nFe3O4 (77.1 emu/gtotal). The 

magnetic saturation of the SiO2-coated nFe3O4 normalized to nFe3O4 content (i.e., 70.9 

emu/g-Fe3O4) was below that of nFe3O4, pointing to contributions from the 
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diamagnetic moments of SiO2 atoms.142–144 The SiO2 shell caused SiO2-coated nFe3O4 

to have larger coercivity and remanance values relative to the nFe3O4 nanopowder.144  

The Pd-In/nFe3O4@SiO2 had a lower magnetic saturation (29.5 emu/gtotal), 

38% of that for nFe3O4 due to the nonmagnetic contributions of oxidized In and the 

SiO2 shell. The magnetic saturation of Pd-In/nFe3O4@SiO2 normalized to nFe3O4 

content (37.4 emu/g-Fe3O4) was still less than that of nFe3O4.145–147 Its larger 

coercivity value (0.18 kOe compared to 0.07 kOe for nFe3O4@SiO2) may be due to Pd 

NPs being weakly ferromagnetic.148 The detailed values for each sample are listed in 

Table 3.3. While its magnetic saturation was less, Pd-In/nFe3O4@SiO2 can be quickly 

concentrated on the container wall using an external magnet, and easily redispersed 

into water with a manual agitation after the magnet was removed. 

Compound 
Magnetic 

Saturation 
Ms (emu/g) 

Magnetic 
Remanence 
Mr (emu/g) 

Magnetic 
Remanance/Magn

etic Saturation 

Coercivity 
(kOe) 

nFe3O4 77.1 7.0 0.091 0.06 
nFe3O4@SiO2 56.0 4.5 0.080 0.07 

Pd-In/nFe3O4@SiO2 29.5 2.5 0.085 0.18 

Table 3.3 – Magnetic properties of nFe3O4, nFe3O4@SiO2 and Pd-

In/nFe3O4@SiO2. 

 

3.3.2. Nitrate reduction catalytic properties in DI water 

When the reaction was completed, the catalysts were separated by using a 

neodymium permanent magnet. Figure 3.7 shows the catalytic nitrate reduction 
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performances by Pd/nFe3O4, In/nFe3O4, Pd-In/nFe3O4 and Pd-In/nFe3O4@SiO2 

catalysts with the same Pd (1 wt%, 10 mg/L) and In (0.1 wt%, 1 mg/L) loading 

amount. Pd-In/nFe3O4@SiO2 and Pd-In/nFe3O4 showed nitrate activity comparable to 

that of Pd-In/Al2O3. Pd/nFe3O4 and In/nFe3O4 were not active, emphasizing the need 

for both metals. 

Dinitrogen was formed as the major product (~85% at early times, ~75% 

towards end of reaction), with selectivities to intermediate nitrite (NO2-) and to 

ammonium (NH4+) of the three active catalysts are shown in Figure 3.8. In general, for 

Pd-In/nFe3O4@SiO2, and Pd-In/Al2O3, the selectivity to nitrite increased and then 

decreased as a function of nitrate conversion, with high ammonium selectivity values 

at higher nitrate conversions. The Pd-In/Fe3O4 catalyst showed slightly higher 

ammonium selectivity than Pd-In/Fe3O4@SiO2 when the nitrate conversion above 

90%, which may be due to another NO3-/NO2- reduction pathway catalyzed by 

leached iron (see next Section). The control sample Pd-In/Al2O3 generated more 

ammonium than the Fe3O4-based materials, which could be related to the average 

particle size of Pd being smaller on Al2O3 than on Fe3O4. Smaller particles have more 

low-coordination metal sites (i.e., edges and corners) which impede nitrogen-

containing surface species from coupling to eventually form N2.130,149  
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Figure 3.7 – Nitrate concentration-time profiles for Pd-In/nFe3O4@SiO2, and 

for the comparison materials of Pd-In/nFe3O4, Pd-In/Al2O3, Pd/nFe3O4, and 

In/nFe3O4 (metal loading:1 wt% of Pd and 0.1 wt% of In). Reaction conditions: 

1 g/L catalyst loading, 300 rpm string rate, 1 atm pressure, DI water 

containing nitrate. 

 

Figure 3.8 – Selectivity of the Pd-In/nFe3O4@SiO2, Pd-In/nFe3O4 and Pd-

In/Al2O3 catalysts to nitrite and ammonium as a function of nitrate conversion 

in DI water. (a) S NO2- , (b) S NH4+. Reaction conditions: 1 g/L catalyst loading, 

300 rpm string rate, 1 atm pressure, DI water containing nitrate. 

(a) (b)
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Both Pd-In/nFe3O4 and Pd-In/nFe3O4@SiO2 catalysts were magnetically 

recovered and reused six times. At the end of each reaction run, the catalyst in the 

reactor was magnetically concentrated, collected, and washed under same 

procedures and conditions. The decrease in nitrate concentration fit well to a pseudo 

first-order rate law model. The Pd-In/nFe3O4@SiO2 removed >90% nitrate within 2 

h for all six cycles carried out (Figure 3.9a). The rate constant was 5.4 L/min/gmetal 

for the first cycle, and 4.5-4.7 L/min/gmetal for the last three cycles (~17% decrease). 

Pd-In/nFe3O4 showed generally similar catalytic activity (Figure 3.9b). However, the 

rate constant increased with reaction cycle, up to ~9% in the third cycle before 

decreasing. Either dissolved Fe2+ species and the exposed Fe3O4 surface can increase 

nitrate reduction through accelerated electron transfer.64 The uncoated Pd-In/nFe3O4 

was apparently somewhat more active than the coated Pd-In/nFe3O4@SiO2. 

 

 

Figure 3.9 – Nitrate reduction kinetics in DI water for multiple recovery-reuse 

for (a) Pd-In/nFe3O4@SiO2 and (b) Pd-In/nFe3O4 catalysts. Reaction 
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conditions: 1 g/L catalyst loading, 300 rpm string rate, 1 atm pressure, DI 

water containing nitrate. 

3.3.3. Chemical stability of Pd-In/nFe3O4@SiO2 during nitrate reduction in 

DI water 

Aliquots drawn from the Pd-In/nFe3O4@SiO2 reaction experiments were clear 

and colorless when exposed to air. In contrast, yellow-colored precipitation occurred 

in the aliquots sampled from the Pd-In/nFe3O4 reaction experiments, indicating the 

formation of iron oxyhydroxide and implying the leaching of dissolved iron species 

from the un-coated material.  

The dissolved iron content was quantified during the nitrate reduction 

reaction through all six cycles (Figure 3.10a). For the Pd-In/nFe3O4@SiO2 catalyst, the 

dissolved iron concentration was measured to be close to or lower than the EPA 

secondary MCL of 0.3 mg/L. For the uncoated Pd-In/nFe3O4 catalyst, the dissolved 

iron concentration exceeded ~60 mg/L after the first cycle; this uncoated material 

continued to release iron through the subsequent cycles, at concentrations that were 

an order of magnitude higher than compared to the coated material.  
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Figure 3.10 – (a) Total dissolved iron concentrations in DI water for multiple 

recovery-reuse and (b) corresponding iron leaching rate from Pd-In/nFe3O4 

and Pd-In/nFe3O4@SiO2. Reaction conditions: 1 g/L catalyst loading, 300 rpm 

string rate, 1 atm pressure, DI water containing nitrate. 

The iron leaching rates were calculated for each cycle for both materials 

(Figure 3.10b). In the first reaction cycle, the SiO2 coating lowered the iron leaching 

rate (from 0.97 mg-Fe/L/min to 0.04 mg-Fe/L/min) by 96%, indicating the 

effectiveness of the SiO2 shell to substantially suppress iron leaching from the Fe3O4 

support. Whereas the coated material showed little leaching in subsequent cycles 

(<0.002 mg-Fe/L/min), the uncoated material showed increased leaching rates in the 

second and third cycles, and decreased rates in subsequent reaction cycles. The 

presence of dissolved iron correlated with the higher rate constants of the uncoated 

material compared to the coated material (Figure 3.9). Measurements of dissolved Pd 

and In for Pd-In/nFe3O4@SiO2 were carried out at the end of each cycle (via ICP-OES). 

No leached Pd or In were detected. In summary, these results demonstrate that the 

(b)

in DI water

(a)

0.97 mg-Fe/L/min
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Pd-In/nFe3O4@SiO2 catalyst is chemically stable against iron and NP leaching and 

that the silica shell provides effective protection of the iron oxide support.  

3.3.4. Testing Pd-In/nFe3O4@SiO2 for nitrate reduction in simulated 

drinking water  

The reactivity of catalysts in real water systems is strongly affected by several 

factors, such as (1) temporary or permanent fouling by impurities in the water, (2) 

loss of the promoter metal, noble metal, and/or support material due to leaching in 

treated discharges, and (3) damage to the material structure during regeneration 

treatment to recover catalyst performance.40,41,69  

We assessed the nitrate reduction properties of Pd-In/nFe3O4@SiO2 in 

realistic drinking water by carrying out the recovery-reuse experiments for six cycles 

using simulated drinking water. The catalyst was active for all cycles, but the activity 

was lower (Figure 3.11a). The first cycle took ~200 min to reach ~90% conversion 

(compared to 60 min, in DI water case, Figure 3.9a). The rate constants for the 

simulated drinking water and DI water cases were 1.3 and 5.4 L/min/gmetal, 

respectively. The catalyst became less active with recovery-reuse cycles; the rate 

constant was 0.7 L/min/gmetal at the last cycle. It expectedly showed little iron 

leaching after the first cycle. Less than 10 mg/L ppm iron was detected, and the 

leaching rate was comparably low (0.027 mg-Fe/L/min).  
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Figure 3.11 – (a) Nitrate reduction kinetics in SDW for multiple recovery-

reuse for Pd-In/nFe3O4@SiO2, and (b) the iron leaching concentration during 

the first cycle. Reaction conditions: 1 g/L catalyst loading, 300 rpm string rate, 

1 atm pressure, SDW containing nitrate. 

The catalyst likely suffered from fouling or competitive adsorption by many of 

the SDW constituents (Table 3.2). Halide ions, SO42-, and HCO3- have weak 

interactions with the catalyst metals, and the overall reaction rate decreases when 

these ionic species compete with the NO3- species for the active site adsorption during 

the reduction reaction.78,132,150 Calcium and magnesium ions are also in SDW. Mineral 

precipitation on the catalyst surface can result in blockage of active sites and lead to 

decreases in contaminant reduction rate constants. It has been reported that mineral 

precipitation by hardness ions (e.g., Ca2+ and Mg2+) does not occur to a large extent 

during catalytic dehalogenation,61 likely due to the generation of protons during 

in simulated drinking water
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reaction. However, mineral precipitation can foul Pd-based catalysts during catalytic 

NO3- reduction.38,151,152 Appropriate regeneration strategies and engineering 

solutions (such as introducing citrate as an antiscaling agent152) would improve the 

performance stability and reusability of such catalysts. 

The selectivities to nitrite and ammonium were quantified for first cycle 

(Figure 3.12). The selectivity trends were similar to the DI water case, but the 

selectivity values were generally higher. At 50% nitrate conversion, SNO2- and SNH4+ 

were 19% and 13% respectively. At the same conversion, nitrate reduction in DI 

water yielded SNO2- and SNH4+ values less than 5% (Figure 3.8). Carrying out the nitrate 

reduction reaction in SDW caused the catalyst to generate more nitrite and ammonia 

than in DI water. The higher nitrite and ammonium selectivities in SDW may be the 

result of salt species competing with nitrate anions for the same adsorption sites and 

displacing N-containing surface intermediate species that are needed for N-N 

coupling.27,150,153  
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Figure 3.12 – Selectivity of the Pd-In/nFe3O4@SiO2 and Pd-In/nFe3O4 catalysts 

to nitrite and ammonium as a function of nitrate conversion in SDW. (a) S NO2-

, (b) S NH4+. Reaction conditions: 1 g/L catalyst loading, 300 rpm string rate, 1 

atm pressure, DI water containing nitrate. 

3.4. Conclusion 

We successfully (i) synthesized a core-shell magnetic catalyst with bimetallic 

Pd-In NPs attached to its surface, (ii) characterized the material through TEM and 

SQUID, (iii) tested its catalytic properties toward aqueous phase nitrate reduction, 

and (iv) performed iron leaching and magnetic recovery tests. The Fe3O4 allowed for 

the easy recovery and collection, and SiO2 coating substantially protected the Fe3O4 

from leaching iron during the nitrate reduction reaction. Pd and In leaching was not 

detected. The Pd-In/nFe3O4@SiO2 nanocomposite material showed repeatable 

nitrate reduction performance over six recovery-reuse cycles in DI water and in SDW, 

with the latter lowering (but not eliminating) catalytic activity. SiO2-coated Fe3O4 

(a) (b)
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nanopowders are a stable, magnetically capturable material that may usefully host 

other catalytic NPs for water treatment reactions. 
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Figure 3.13 – Photography of the separation process of catalysts by an 

external magnet. 
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3.6.1. Mass transfer calculation 

The Weisz–Prater parameter (CWP) was used to evaluate internal mass 

transfer limitations, as described in the following formula: 

𝐶𝑊𝑃 =
𝑅2𝑘𝑜𝑏𝑠𝜏

𝐷𝜃
 

Equation 3.2 – Weisz-Prater parameter. 

Where kobs is the observed pseudo-first-order rate constant for nitrate 

reduction (0.0616 s−1) from Figure 3.7, R is the catalyst's radius, τ is the tortuosity 

factor of the catalyst (typically varies from 2 to 10), θ is the porosity of the catalyst 

(typically varies from 0.2 to 0.7), and D is the diffusion coefficient of nitrate in water 

(1.7 × 10−9 m2/s). The reaction is significantly limited by internal mass transfer while 

CWP is much greater than 1, while is negligible when CWP is much less than 1. If we 

choose the smallest θ value (0.2), the largest τ value (10) and R value (1 μm) to 

estimate the maximum value of CWP. The calculated maximum CWP was 3.6 × 10−6, 

much less than 1. Thus, internal mass transfer limitations are also negligible for our 

Pd-In/Fe3O4 catalyst in the nitrate reduction. For the SiO2 coated catalyst, the surface 

radius is supposed to be larger than Pd-In/Fe3O4 and θ will be smaller, while the 

estimated CWP was still smaller than 1. 
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Figure 3.14 – Changing shaking speed to check the external mass transfer. 

Reaction conditions: 1 g/L catalyst loading, 200, 300 and 400 rpm string rate, 

1 atm pressure, DI water containing nitrate. 

3.6.2. Study salts effects using Pd-In/Al2O3 control material 

Alumina (Al2O3) supported Pd-In catalyst was used as a control to be tested in 

two different water types including DI water and SDW made according to the recipes 

from NEWT. The purpose of the testing was to study the salts effect on nitrate 

reduction efficiency when utilizing Pd-In based catalysts. The average particle size of 

Pd in this control sample is 2.2 nm and no obvious Pd and In peaks are shown in the 

XRD spectrum. Figure 3.15a shows the performance of the control Pd-In/Al2O3 

catalyst degrading 50 ppm of nitrate in the two different water types. Compared to its 
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performance in DI water, the nitrate reduction activity of the Pd-In/Al2O3 catalyst in 

simulated drinking water is significantly inhibited. 

 

Figure 3.15 – The catalytic nitrate reduction performances: (a) concentration 

profile in two different water types: DI water (DIW) and simulated drinking 

water (SDW), (b) kcat of 1wt%Pd-0.1wt%In/Al2O3 as control sample for 

nitrate reduction in different water types and anion concentrations, 

respectively. 

Figure 3.15b shows the catalytic rate constant (kcat) in the two different water 

types and the kcat associated with spiking DI water with a variety of anion 

concentrations (i.e. Cl-, SO42-, HCO3- and SiO32-). It has been reported that HCO3-, Cl-, 

SO4- and other groundwater constituents can inhibit nitrate reduction rates by 

competing for the active sites of the catalyst.69,73,78,154 This behavior is clearly seen  in 

Figure 3.15b, where decreased kinetics in each water type result from the combined 
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effects of the competing  anions, among which chloride and silicate have the most 

significant inhibition effects. 
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Improved nitrate reduction kinetics 

over indium-decorated mixed alloy 

PdAu nanoparticle catalysts 

 

4.1. Introduction  

Nitrate (NO3-) is one of the most ubiquitous contaminants detected globally in 

groundwater 1,2. Groundwater often has low levels of naturally occurring NO3-, 

however, there are also many anthropogenic NO3- sources, such as fertilizer runoff, 

other agricultural sources, and septic tank leakage 3,4. Elevated nitrate levels in water 
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can pose both acute and long-term hazards to public health. High levels of nitrate in 

drinking water are of particular concern for infants and pregnant woman and can 

cause methemoglobinemia and thyroid damage5,6 and can lead to the formation of 

cancer-causing N-nitroso compounds in the human body 7. This has led to the U.S. 

Environmental Protection Agency (EPA) to regulate nitrate and its reduced form 

nitrite (NO2-) at a maximum concentration level (MCL) of 10 mg-N/L and 1 mg-N/L, 

respectively. The EPA has taken action to reduce risk through supporting reductions 

in nutrient loads from point and nonpoint sources, strengthening nutrient standards, 

and providing financial assistance to communities for drinking water treatment 9. 

Even though surface water systems that serve more people have improved over time, 

many groundwater systems remain in violation for longer periods, indicating 

persistent nitrate problems in drinking water 10. 

The most commonly implemented technologies for nitrate removal are anion 

exchange and reverse osmosis. However, these produce brine waste streams, and 

sustainable application of these technologies is often limited by a lack of local disposal 

options and the challenge of increasing salt loads 155,156. The need for alternative 

options has driven the drinking water community to develop new technologies that 

effectively remove nitrate while limiting cost and brine disposal challenges. Studies 

have shown that nitrate violations above the MCL are largely associated with small 

systems (serving populations less than 500) and intermediate sized systems (500 to 

100 000 people), which together account above ~90% of the systems with 
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monitoring results greater than 10 mg-N/L 10. Installation of treatment for such small 

systems can be challenging due to technical, managerial, and financial limitations 11. 

Catalytic treatment of nitrate has emerged as a promising alternative for 

removing NO3- from drinking water because of its easy startup and operation and its 

potential for converting NO3- without producing a secondary waste stream 14,15. 

Decades of effort have been dedicated to designing active bimetallic catalysts for NO3- 

reduction, which requires a metal capable of reductant H2 activation (e.g., Pd and Pt), 

as well as a secondary metal (e.g., In, Cu and Sn) as a promoter 14,16–19. The most 

significant obstacle for the nitrate reduction reaction is the identification of a catalyst 

system that can achieve excellent reaction activity and longevity, while maintain high 

selectivity to the desired dinitrogen (N2) end-product.  

Our previous studies have focused on the synthesis of model In-on-Pd NPs to 

better understand the “limiting-step” (NO3 →NO2) of NO3- reduction and the reaction 

mechanism 130,136,157. Pd-on-Au NPs 66,67 and mixed Pd-Au alloy catalysts 33 have been 

studied for direct NO2- reduction, and have shown promotional effects compared with 

monometallic Pd NPs. However, to date they have not been studied as core materials 

with a promotional metal to further understand the structure-activity-selectivity 

relationships for the more difficult NO3- reduction. 

The overall goal of this work is to identify highly active and selective In-

decorated PdAu alloy catalysts for aqueous phase NO3-/NO2- reduction. To achieve 

this goal, NPs with Pd:Au ratios from 9:1 to 1:9 were synthesized as core materials, 
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and indium was then deposited on the surface of the resultant PdAu alloys in a room-

temperature synthesis. The resulting In-on-PdAu NPs were evaluated for their NO3- 

reduction activity in model batch reactions, using H2 as the electron donor. Catalytic 

NO3- reduction was also evaluated in simulated drinking water to determine 

deactivation resistance to common water components, as has been previously 

reported for Pd-on-Au NPs. Density functional theory (DFT) was used to assess the 

NO2- reduction activity over a trimetallic catalytic surface and other reference 

surfaces by calculating the N and N2 binding energies. The data obtained allowed us 

to identify a further improved nitrate reduction model catalyst and revealed the 

importance of the rate-limiting step in the overall reaction. 

4.2. Materials and methods 

4.2.1. Chemicals 

All chemicals were of analytical grade and used as received without further 

purification. Ethylene glycol (EG, 98%), potassium tetrachloroplatinate (II) (K2PdCl4, 

99%), gold(III) chloride trihydrate (HAuCl4· 3H2O, >99.9%), poly(vinylpyrrolidone) 

(PVP, Mw~55,000), indium chloride tetrahydrate (InCl3·4H2O, 97%), sodium nitrate 

(NaNO3, >99.0%), sodium nitrite (NaNO2, >97.0%) and 3-aminopropyl-functionalized 

silica gel were purchased from Sigma-Aldrich. Nessler reagent was purchased from 

Fisher-Scientific. Griess reagent was made by dissolving 1.0 g of sulfanilamide 

(Sigma-Aldrich, ≥98%) and 0.1 g of N-(1-naphthyl)ethylenediamine dihydrochloride 
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(Sigma-Aldrich, >98%) with 2.94 mL H3PO4 (Sigma Aldrich, 85 wt%, 99.99% trace 

metal basis) in a 100 mL volumetric flask so that the final concentrations are 1 wt% 

sulfanilamide, 0.1 wt% N-(1-naphthyl)ethylenediamine dihydrochloride and 5% 

H3PO4.88 H2 and CO2 gases (99.99% purity) were obtained from Airgas. Nitrate (0.161 

M, 10000 ppm) and nitrite (0.217 M, 10000 ppm) stock solutions were prepared by 

dissolving the appropriate amounts of NaNO3 and NaNO2vdeionized (DI) water and 

stored in the dark in a refrigerator at 4°C. Unless otherwise noted, all experiments 

were conducted using DI water (> 18 MΩ.cm, Merck Millipore). 

4.2.2. Preparation of simulated drinking water (SDW) 

SDW contains dissolved species at concentrations typical of drinking water. 

The SDW composition follows the formulation based on the NSF/ANSI53 standard for 

challenge water (Table 3.2).137 

4.2.3. Catalyst preparation and characterization 

The catalysts used in this work were colloidal NPs synthesized based on 

previous work.33,158 Pd-Au alloy NPs were synthesized first as a core material. PVP 

(200 mg) and NaBH4 (5.6 equivalents per Au (III) atom) were dissolved in EG (15.0 

mL), and the solution temperature was brought to 150°C under stirring in an oil bath. 

Separately, the metal precursors (K2PdCl4; HAuCl4· 3H2O) were each dissolved in EG 

(2.5 mL) and briefly sonicated to ensure complete dissolution. The exact molar 

amounts of each metal precursor employed in a given reaction were determined by 
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the target value of x for the PdxAu100-x NPs; the combined molar amount of Pd (II) and 

Au (III) precursors was maintained at 0.10 mmol. The two solutions were then 

combined and mixed to give a total volume of 5.0 mL, which was delivered directly 

into the hot PVP/NaBH4 solution by a 5.0 mL syringe. After the addition was complete 

(30 s), the reaction mixture was stirred under constant heating for 5 mins. At the end 

of the reaction, the reaction flask was quickly cooled using an ice-water bath. The 

resulting PdxAu100-x NPs were precipitated by acetone (40 mL) and isolated by 

ultracentrifugation (8000 rpm, 20 mins). Pd NPs were also synthesized using the 

same method but without adding Au precursor and NaBH4 to the reactor. The NPs 

were then re-dispersed in 10.0 mL DI water and the concentration and molar ratio 

between Pd and Au was confirmed via inductively coupled plasma-optical emission 

spectroscopy (ICP-OES).  

The indium precursor (InCl3·4H2O, 0.04 M) was added successively to the as-

synthesized Pd-Au NPs with H2 bubbled for 30 mins at room temperature and 

designated as In-on-PdAu NPs. The loading of In was calculated based on the Pd 

surface coverage with the magic cluster model 159, with a target goal of adding ~25% 

surface coverage (sc%) of In to the alloy NP. In-on-Pd NPs were also synthesized as a 

reference by reducing the In precursor on the surface of monometallic Pd NPs.  

To perform x-ray photoelectron spectroscopy (XPS) measurements, 10 mg of 

the PVP-capped In-on-PdAu NPs was mixed with 3-aminopropyl-functionalized silica 

(Sigma-Aldrich, 40-63 μm) to achieve a target of approximately 1.5 wt% total metal 
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loading. Typically, the NPs were sonicated for 5 min to ensure a homogeneous 

dispersion. Separately, silica was added to a 20 mL glass scintillation vial containing 

a magnetic stirrer bar. The NP suspension of interest was then added dropwise over 

10 min. The resulting slurries were sonicated for 10 min and stirred overnight, at 

which point the supernatant was colorless, indicating adsorption of the NPs onto the 

silica. The supported catalysts were then vacuum filtered in air, washed copiously 

with water and ethanol, and finally dried overnight in an oven at 40 °C. 

Transmission electron microscopy (TEM) images were obtained using a JEOL 

2010 TEM operating at an accelerating voltage of 200 kV. The particle size 

distribution was calculated by counting at least 200 particles with ImageJ software. 

XPS data was obtained by using a PHI Quantera System with monochromatic Al KR 

radiation (1486.7 eV).  

4.2.4. Catalyst activity characterization 

NO3- reduction experiments were conducted at constant temperature (22 ± 

1°C) and atmospheric pressure (1 atm) under magnetic stirring in a septum-sealed 

glass batch reactor (50 mL). The reaction medium contained source water amended 

with the prepared catalyst and the suspension was bubbled with H2 gas (reductant) 

and CO2 gas (buffer) at equal flowrates (50 mL/min) for 15 min to saturate the water 

and headspace. The reaction was initiated by injecting 250 μL of NaNO3 aqueous stock 

solution (0.161 M) to achieve an initial concentration of 50 ppm of NO3- (= 50 mg-

NO3/L ~ 11.3 mg-N/L). The CO2 buffer maintained a pH of 5.6. Samples were taken at 
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regular time intervals for analysis; the total sample volume removed was ≤10% of the 

total solution volume. Since the catalyst suspension was homogeneously dispersed in 

the reactor, the catalyst concentration in the reactor remained approximately 

constant. Experiments were repeated in triplicate. The kinetic experiments with SDW 

were performed using a similar method above except the reaction media was SDW 

instead of DI water. Reactions using nitrite were similarly run as described in DI 

water, except using a starting concentration of 37 ppm nitrite for an equivalent molar 

concentration of N as the nitrate reduction experiments. 

Nitrite concentrations and ammonium concentrations were analyzed using 

the Griess and Nessler tests respectively. The Griess or Nessler reagent solution (0.2 

mL), a sample solution (0.2 mL), and water (1.6 mL) were mixed together and allowed 

to react at room temperature for 10 min, after which no further color change was 

observed. The Griess test resulted in a typical magenta color and the Nessler test had 

a light yellow color. The absorbance at 540 nm and 480 nm was measured via UV−vis 

spectroscopy, and the concentrations were determined in the 0 to 2.0 ppm range 

using standard calibration curves. Nitrate measurements were made using a nitrate 

ion selective electrode (Cole-Parmer, lower detection limit 0.1 ppm). 

NO3- and NO2- reduction were found to follow pseudo-first-order kinetics for 

conversion up to and greater than 80% of the initial concentration. The observed 

first-order rate constants kobs were normalized by the total gram amount of (Pd+In) 
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for each catalyst, obtained from linear regression of the natural log of concentration 

versus time plots, using equation 

−
𝑑𝐶𝑁𝑂3−

𝑑𝑡
(
1

𝐶𝑐𝑎𝑡
) = 𝑘𝑐𝑎𝑡𝐶𝑁𝑂3− 

where 𝐶𝑁𝑂3−  represents the aqueous nitrate concentration (mg NO3-/L), 𝐶𝑐𝑎𝑡 

represents the concentration of total Pd and In metal in the catalyst (g total Pd+In/L), and 

𝑘𝑐𝑎𝑡  is the observed first-order rate constant normalized by metal concentration 

(L/min/g total Pd+In). 

The initial concentration of nitrate and the concentration of nitrate after t are 

C0 and C (mg-N/L). The selectivity to ammonium and selectivity to nitrite are 

calculated in the following way: 

𝑆𝑁𝐻4+ = (
𝐶𝑁𝐻4+−𝑁

𝐶0 − 𝐶
) × 100% 

𝑆𝑁𝑂2− = (
𝐶𝑁𝑂2−−𝑁

𝐶0 − 𝐶
) × 100% 

Based on prior studies which indicate that only trace amount of intermediate 

products NO and N2O are formed in the bulk and will be converted to end-products 

during nitrate reduction 19,42,74. Thus, we calculate the selectivity to N2 in the 

following way: 

𝑆
𝑁2
= 100% − 𝑆𝑁𝐻4+ − 𝑆𝑁𝑂2

−   
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4.2.5. Density functional theory calculations 

Density functional theory (DFT) calculations were performed using the VASP 

code with the Perdew-Burke-Ernzerhof functional and the projector augmented wave 

method 103,105. Structural optimizations were carried out using a (3×3×1) k-point 

mesh with the method developed by Monkhorst and Pack 160. Convergence was 

determined when the force on each atom dropped below 0.05 eV/Å. The kinetic 

energy cutoff for the plane wave basis was set as 400 eV for all of the calculations. A 

four-layer, (4×4) slab was modeled to simulate the catalytic surface, with the upper 

two layers allowed to relax, while the bottom two layers were constrained in bulk 

positions. A vacuum layer of at least 12 Å was applied in the z-direction of the slab, to 

separate periodic images. The Pd3-In, Pd2In1, and Pd1In2 ensembles were respectively 

modelled by replacing 3Pd+1In, 2Pd+1In, and 1Pd+2In with the surface Au atoms of 

a Au (111) slab.  

4.3. Results and discussion 

4.3.1. Catalyst characterization and optimizing In loading  

A blind screening of In surface coverages was first conducted without 

measuring the particle size of the catalysts. Three Pd-rich samples (Pd88Au12, 

Pd83Au17 and Pd74Au26 NPs) were synthesized with the same method and different 

amount of In precursors were deposited on the surface of core material to form 

trimetallic In-on-PdxAu100-x NPs. Bimetallic In-on-Pd100Au0 NPs with corresponding In 
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amount were also synthesized as control. The concept of In surface coverage (sc) and 

its calculation were the same with our previous studies 66,83,130; briefly, we model the 

nanoparticles as magic cluster cuboctahedra, where the size of the PdAu core was 4 

nm. The goal of this process was to do initial assessment of NO3- reduction with the 

target materials and to determine the most optimized In loading in trimetallic system 

so that we could lock the amount of In the same in the future. The In-on-PdAu NPs 

were consistently higher NO3- reduction activity compared with the bimetallic 

controls (Figure 4.1) for a wide range of In loading (10% to 200% surface coverage). 

The TEM images have shown that the average particle size of Pd83Au17 was 3.2 nm so 

that the In loading was corrected as shown on top of Figure 4.1. Seen from Figure 4.1, 

the optimized In sc% ranged from 18% to 42% and we chose the middle point of 

~25% as the In loading for each sample in Table 4.1. 
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Figure 4.1 – Screening of In loading in trimetallic catalysts with varied In 

surface coverages. 

The calculated and measured values of Pd:Au molar ratios for the  PdAu alloy 

core NPs are shown in Table 4.1. The bulk Pd:Au compositions of the products were 

examined by ICP-OES and the surface Pd:Au molar ratios were investigated by XPS. 

The results show that the actual PdAu alloy NPs obtained were matched well with the 

target compositions, with Au content only marginally higher.  

Target composition 
(%) 

Composition by 
ICP-OES (%) 

Composition by 
XPS (%) 

Pd Au Pd Au Pd Au 

100 0 100 0 100 0 

90 10 90 10 88 12 

80 20 79 21 78 22 

70 30 67 33 69 31 

50 50 47 53 42 58 

30 70 26 74 39 61 

10 90 8 92 26 74 

Table 4.1 – Compositions of Pd-Au alloy NPs. 

The PdAu NPs had average sizes ranging from 2.6 to 4.8 nm; the average size 

was found to gradually increase for more Au rich NPs (Figure 4.2). The pure Pd NPs 
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(Pd100Au0) were of a similar size (3.8 nm) and the TEM images of the NPs confirmed 

cuboctahedra-like morphology with good monodispersity.  

 

Figure 4.2 – Representative TEM images of different compositions of Pd-Au 

alloy core and pure Pd NPs. Scale bars are 20 nm. 

A clear Pd oxidation signal (336.7 eV) was observed for Pd-rich NPs by XPS, 

whereas none was observed in the Au-rich NPs (Pd8Au92 NPs, Figure 4.3a). 

Specifically, a larger proportion of Pd was found in the Pd(Ⅱ) oxidation state relative 

to Pd(0) as the NPs became more Pd rich (Table 4.2), in agreement with reported 

literature 33. The Pd(0) peak also shifted to lower binding energies in the more gold-

rich samples (Pd47Au53, Pd26Au74, Pd8Au92). The XPS results showed no changes in the 

Au oxidation state, with the exception of a small shift to higher binding energy for Au-

rich samples (Pd26Au74 and Pd8Au92 in Figure 4.3b). These result demonstrate the 
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well-known electronic effect of Au on the Pd oxidation state and d-level density 

80,161,162. 

 

Figure 4.3 – Pd 3d and Au 4f XPS spectra of different compositions of PdAu 

catalysts. 

Samples Pd (0) 
(molar %) 

Pd (Ⅱ) 
(molar %) 

Samples 
In-on-PdxAuy 

Pd (0) 
(molar %) 

Pd (Ⅱ) 
(molar %) 

Pd8Au92 100 0 In-on-Pd8Au92 100 0 

Pd26Au74 91 9 In-on-Pd26Au74 89 11 

Pd47Au53 83 17 In-on-Pd47Au53 85 15 
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Pd67Au33 79 21 In-on-Pd67Au33 80 20 

Pd79Au21 78 22 In-on-Pd79Au21 79 21 

Pd90Au10 73 27 In-on-Pd90Au10 76 24 

Pd100Au0 60 40 In-on-Pd100Au0 70 30 

Table 4.2 – Oxidation state distribution (%) of Pd from all PdAu NPs and In-on-

PdAu NPs (derived from XPS data). 

To impart activity for nitrate reduction, the particles were subsequently 

decorated with In. The calculated In surface coverage of each of the alloy 

compositions is shown in Table 4.3. All samples had nearly the target coverage which 

ranged around 25±3 sc%. 

Sample  Pd-Au core 
particle size 

(nm) 

In surface 
coverage 

(sc%) 
In-on-Pd8Au92 4.8 25 

In-on-Pd26Au74 3.8 25 

In-on-Pd47Au53 3.2 28 

In-on-Pd67Au33 2.9 27 

In-on-Pd79Au21 2.6 23 

In-on-Pd90Au10 2.9 27 

In-on-Pd100Au0 3.8 25 

Table 4.3 – Indium surface coverages information on the surface of different 

compositions (trimetallic). 
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Figure 4.4 shows the Pd 3d, Au 4f, and In 3D XPS spectra of the In-decorated 

alloy nanoparticles as a function of alloy composition. As can be seen from Figure 4.4, 

there was no obvious shift in the binding energy levels of either Pd or Au after In 

deposition on any of core materials relative to the uncoated samples (Figure 4.3). The 

ratio of Pd(0)/Pd(Ⅱ) of each In-decorated PdAu NP was consistent and similar with 

the bimetallic PdAu NP analogue. Finally, no shift was observed in the In (In2O3 

~444.3 eV 89) regardless of core material, suggesting surface In sites between the 

catalysts may be electronically similar.  

 

Figure 4.4 – Pd 3d, Au 4f and In 3d XPS spectra of different compositions of In-

on-PdAu NPs. 
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4.3.2. Catalytic NO3- reduction performance 

The decrease in nitrate concentration fit well to a pseudo first-order model, 

and apparent observed reaction rate constants were determined from NO3- reduction 

concentration-time profiles. To gain a better understanding of the roles of the 

catalytic sites, we additionally normalized to the total PdIn loading of each catalyst, 

which presumes the Au is inactive 34,136. Figure 4.5a shows typical concentration-time 

profiles of the catalysts for nitrate reduction, while Figure 4.5b shows the resultant 

pseudo-first order rate constants as a function of core particle composition. It is clear 

(Figure 4.5b) that the activity of In-on-PdAu NPs had a volcano-shaped dependence 

on the ratio of Pd:Au, with more Pd-rich samples generally exhibiting higher activity. 

A peak in activity was observed over the In-on-Pd80Au20 NPs with kcat = 7.2 L/g total 

(Pd+In)/min, which is 2.7 times higher than that observed over the bimetallic In-on-Pd 

NPs (2.7 L/g total (Pd+In)//min). It should be noted that all of the trimetallic 

compositions tested here were significantly more active in NO3- reduction than the 

analogous bimetallic In-on-Pd NPs, despite Au being catalytically inactive for this 

reaction. Excessive Au loading was not beneficial to NO3- reduction reaction, which 

may be because H2 → H-atom dissociation was impeded over the Au-rich catalysts. 

The H2 activation step is important in this reaction, as it is thought to both regenerate 

oxidized In sites as well as reduce surface N-species 163.  
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Figure 4.5 – (a) Nitrate concentration-time profile and (b) pseudo-first order 

NO3- reduction reaction rate constants of In-on-PdAu NPs catalyst at varying 

Pd:Au ratios. Reaction conditions: 350 µg Pd+In loading for In-on-PdAu NPs or 

In-on-Pd NPs (control), 600 rpm stirring rate, 1 atm pressure, 50:50 H2:CO2 pH 

= 5, [NO3-]0= 50 ppm. 

Figure 4.6a & Figure 4.6b shows the corresponding concentration profile of 

intermediate NO2- and byproduct NH4+ respectively for the In-on-PdAu NP and 

bimetallic In-on-Pd NP catalysts. As expected, in all cases the concentration of nitrite 

increases before decreasing, while ammonium steadily increases over time. Figure 

4.6c & Figure 4.6d show the selectivity of nitrite and ammonium respectively as a 

function of nitrate conversion, which is a more rigorous way to compare the catalysts, 

while Figure 4.6e & Figure 4.6f show the selectivity to nitrite and ammonia as a 

function of catalyst composition at low and high nitrate conversion. As can be seen 

from Figure 4.6e & Figure 4.6f, at both high and low conversions the selectivity of the 

trimetallic catalysts is low (<6%), while the bimetallic catalyst forms more nitrite in 
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both cases. Additionally, while the selectivity for ammonium over the trimetallic 

catalysts is generally low early in the reaction (Figure 4.6e), a much different picture 

emerges at higher conversions. As shown in Figure 4.6f the selectivity to ammonium 

generally decreases with increasing Pd content up to the bimetallic control, where the 

selectivity sharply rises.  
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Figure 4.6 – (a) Concentration-time profile of NO2- and (b) NH4+. Selectivity 

versus NO3- conversion of (c) NO2- and (d) NH4+ for all the In-on-PdAu NPs. 

Selectivity to NO2- and NH4+ at (e) low (40%) and (f) high (80%) nitrate 

conversion. 
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For the Au-rich samples, we hypothesize that the dilution of the Pd with more 

Au geometrically isolates Pd sites, decreasing the likelihood of N-N coupling and 

steering selectivity toward over-hydrogenation to NH4+. We note that there may be 

an electronic effect as well; as shown in Figure 4.3a & Figure 4.4a, the most Au-rich 

samples exhibit a slightly negative shift in Pd binding energies, which is reflective of 

electron enrichment of Pd. Previous studies have indicated electron-rich Pd favors 

the over-reduction to ammonia164,165. We note that the bimetallic control has higher 

ammonium selectivity compared to our previous study130, presumably due to the 

smaller particle size used in this study. Smaller particles have more low-coordinated 

metal sites (i.e., edges and corners) which impede nitrogen-containing surface 

species from coupling to eventually form N2 29. Still, we note that the bimetallic 

catalyst alone shows significant improvement compared to previous studies which 

showed more than 20% selectivity to ammonium 41,166,167. Less NO2- was formed on 

the Pd-Au surface and was consumed quickly during the reaction (Figure 4.6c). Au-

diluted Pd surfaces were shown to be beneficial for intermediate NO2- reduction and 

so as promoted the pairing of N-species to form N2 33,34.  

4.3.3. Potential origins of Au promotion 

To verify the role of Au addition in the nitrate hydrogenation, and also to test 

the sensitivity of NO2-/ NO3- reduction to the surface structures, direct NO2- reduction 

using the same catalysts were conducted and the kinetics were compared to that of 

in NO3- reduction. Pure Pd was synthesized and used as reference to validate the 
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performance of bimetallic and trimetallic materials. The initial NO2- concentration 

was calculated as 37 ppm in order to keep the N-mg/L (molar concentration) the 

same with NO3- system. As shown in Figure 4.7, pure Pd and In-on-Pd NPs exhibited 

very similar NO2- reduction kinetics, which suggested that In does not help the non-

limiting step in NO3- reduction. This is to be expected and in agreement with previous 

studies that In primarily in charge of activating NO3- and convert it to NO2- 69,74,130,168. 

With the addition of Au, a two-fold enhancement in activity was achieved with the 

trimetallic In-on-PdAu NPs compared to the catalysts without Au incorporation. This 

trend is also displayed in NO3- reduction (green columns with right y-axis), revealing 

that Au incorporation is crucial to get high performance of nitrate hydrogenation 

though Au primarily promoting non-limiting step in the reaction. Obviously, the NO2- 

reduction was not as sensitive as NO3- reduction to the surface Pd content, though 

they had similar kinetics trends. The not-that-structure-sensitive of NO2- bar 

compared with NO3- probably suggest that only a small number of Pd surface atoms 

are required for NO2- reduction reaction 32. 
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Figure 4.7 – NO2- (pink bar with left y-axis) and NO3- (green bar with right y-

axis) reduction activity with different Pd-based compositions. 

To better understand the role of Au addition in the nitrate hydrogenation, we 

also tested the catalysts for NO2- reduction activity. The initial NO2- concentration was 

37 ppm, consistent with the N-mg/L used for the NO3- reduction experiments. Figure 

4.8 shows the pseudo-first order nitrite reduction rate constant plotted against the 

nitrate reduction rate constant. Monometallic Pd NPs are slightly more active than 

the bimetallic In-on-Pd NPs (25% sc), which could be due to the blockage of Pd sites 

active for nitrite reduction and H2 dissociation by the In atoms, which are thought to 

be only active in the NO3- → NO2- step.69,74,130,168. Further shown in Figure 4.8 is that 

the addition of Au affords up to a two-fold enhancement in nitrite reduction activity. 
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Interestingly, there is a linear relationship between the two reduction rate constants, 

which suggests the promotional effect is due to the same phenomenon. Moreover, the 

wider horizontal spread of the data points suggests that nitrite is relatively structure 

insensitive compared to nitrate, which suggests that only a small number of Pd 

surface atoms are required for NO2- reduction reaction 32. 

 

Figure 4.8 – Correlation profile of NO2- reduction kinetics and NO3- reduction 

kinetics. The grey solid line is linear regression of kcat (NO2-) versus kcat (NO3-) 

for each sample, and the enclosed grey region represent 95% confidence 

intervals of linear regression. Kinetics unit: L/g total Pd+In/min. 
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Less than 4% selectivity to ammonium was observed over the Pd-rich 

catalysts during nitrite reduction, which increased to up to 9% for more Au-rich 

samples (Figure 4.9), and is consistent with findings in Figure 4.6 as well as previous 

works studying direct NO2- reduction 32,33,66.  

 

Figure 4.9 – Selectivity versus NO3- conversion of NH4+ for the In-on-PdAu NPs 

in direct nitrite reduction reaction. 

To better understand our experimental results, DFT calculations were 

performed to calculate the N and N2 binding energies at the three-fold ensembles on 

InPdAu surfaces (Figure 4.10a), together with the volcano activity model of nitrite 

reduction developed by our previous study 67. Figure 4.10b shows the derived 

volcano activity plot for the N2 formation pathways, with the free energy barrier of 
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the rate-limiting step, 𝐺_𝑚𝑎𝑥, plotted as the contours. The volcano activity plot, 

shown here, is determined as a function of the N and N2 binding energies. The reaction 

site of a close-packed surface at the peak of the volcano indicates an optimal 

theoretical activity for nitrite reduction, with the lowest estimated reaction free 

energy at the rate-determining step. Our previous combined computational and 

experimental studies have shown that this derived volcano activity plot with the 

functions of N and N2 binding energies can effectively predict nitrite reduction 

activity for many different transition metal systems 67,169,170. For a catalytic reaction 

at alloy surfaces, the ensemble effect (specific composition of a binding site) is usually 

dominant for many of the Pd-based systems, since the adsorbate binding is primarily 

determined by the specific adsorption environment of a surface site 171.  
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Figure 4.10 – (a) Examples of binding sites considered for DFT calculations. 

(b) Volcano activity plot of nitrite reduction, with the plotted ensembles of 

InPdAu, PdAu, and pure Pd and Au (111) (black marks). Orange, blue, and 

purple marks represent Pd75Au25, Pd50Au50, and Pd25Au75, respectively. 

Gray marks represent the InPdAu systems. Yellow, blue, pink, and light blue 

spheres represent Au, Pd, In, and N, respectively. 

Interestingly, it can be seen that mixing In with Pd (gray mark: Pd3In) leads to 

slightly lower nitrite reduction activity, compared to pure Pd(111) (black mark) 

(Figure 4.10b), which indicated that the addition of In inhibits nitrite reduction, in 

excellent agreement with our experiments (Figure 4.8). The three surfaces with 

different compositions of PdAu with four typical triatomic ensembles were examined 

and compared with Pd(111), using the calculated binding energies previously 

published 67. It can be clearly seen that Pd-rich ensembles (e.g., Pd3) are the most 

active ensembles for nitrite reduction on these Pd-related systems, but the alloying 

effect of Au can further tune the activity of these Pd-rich sites 66,67. From these results, 

it is obvious that alloying Au with Pd can help to further promote the activity of nitrite 

reduction: the compositions of Pd50Au50 (blue marks) and Pd75Au25 (orange marks) 

shift the pure Pd ensembles even closer to the peak of volcano, suggesting a 

promotion effect for nitrite reduction activity presumably due to the electronic and 

strain effects 171. Meanwhile, Au-rich samples (Pd25Au75) had less enhancement on 

nitrite reduction activity, likely due to the proportional decrease in the Pd-rich 

ensembles on surface. As found previously for the bimetallic PdIn 130, the addition of 

In (gray marks, Figure 4.10b) to PdAu ensembles offers no significant enhancement 
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for nitrite reduction. These DFT results are in good agreement with our experimental 

results that combining In with Pd leads to slightly lower nitrite reduction than pure 

Pd, while adding Au to Pd can significantly improve nitrite reduction activity (Figure 

4.8).  

One implication of the faster nitrite reaction rate on the more complex nitrate 

reaction is that N-fragments are more efficiently cleared from the PdAu surface. More 

Pd site are then open for H2 dissociation, which is necessary for regenerating InOx 

sites formed during nitrate reduction. Indeed, H-adatoms have previously been found 

to be more mobile over PdAu alloys relative to monometallic Pd 67,171, and this greater 

mobility may assist in the rapid regeneration of In sites. Additionally, the free Pd sites 

may assist in the spillover of NO2 fragments from In sites post nitrate reduction. This 

is consistent with the selectivity data from Figure 4.6, which shows that relatively 

little nitrite intermediate is formed over the In-on-PdAu catalysts vs the bimetallic In-

on-Pd NPs. Indeed, in a study into shape effects of Pd NPs for nitrite reduction, Werth 

and coworkers found that high concentrations of nitrite led to self-poisoning of the 

catalysts with NO fragments which did not allow for sufficient H2 activation 29.These 

results counterintuitively show how the more complex nitrate reduction may be 

accelerated by improving the activity of the underlying reductive surface (i.e., PdAu) 

rather than the promoter metal (i.e. In) 
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4.3.4. Nitrate reduction performance in simulated drinking water 

To further explore potentially applicability in real systems, In-on-PdAu 

trimetallic catalysts were also tested in simulated drinking water (SDW). The 

normalized pseudo-first-order rate constants were found to be significantly lower 

than those obtained for the catalysts in the DI water (Figure 4.5b). Activities of 33% 

or less of the original activity were observed when SDW was used as the reaction 

media. It is assumed that addition of other competitive ions adsorbed to the NP 

surfaces, thus blocking adsorption sites for incoming NO3- and/or H2, resulting in 

lower overall reduction activity 157. The In-on-Pd79Au21 remained the most active 

catalyst, exhibiting a rate of 7.2 L/min/gPd In, which was 2.6 times greater than the 

bimetallic In-on-Pd NPs (2.7 L/min/gPd In) under the same conditions. However, the 

best-performing catalysts in terms of relative activity after exposure to SDW were Au-

rich samples (In-on-Pd26Au74 and In-on-Pd8Au92), which maintained 38% of its 

activity in comparison to its performance in DI water. These observations are 

consistent with our previous works using PdAu catalysts, which demonstrated Au 

imparts better deactivation resistance in the presence of cosolutes 172,173. These 

observations pointed us to a potentially important relationship between Pd:Au 

content and the resulting ability of the alloyed PdAu core to resist deactivation in real 

waters. 
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4.4. Conclusion 

In this study, we synthesized an array of In-decorated PdAu NP catalysts and 

tested them for nitrate/nitrite reduction ability relative to a bimetallic In-on-Pd NP 

control. Au afforded an excellent promotion for nitrate reduction with good 

selectivity to desired dinitrogen end product. The most active catalysts were 

relatively Pd-rich. DFT calculations indicated that nitrite reduction has the lowest free 

energies over Pd-rich ensembles, in agreement with the experimental results. We 

hypothesize that these sites indirectly promote nitrate reduction as they are better 

cleared of N-surface fragments, allowing for more facile H2 activation responsible for 

In site regeneration. Finally, experiments in SDW showed that the PdAu alloy core 

offers protection from deactivation by other species. However, the results also 

indicate that catalyst deactivation is possible over high concentration of co-

contaminants, and further work is needed to probe fouling/deactivation mechanisms.  
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4.6. Supplementary information 

4.6.1. TEM images after before and after In loading 

Representative TEM images for Pd87Au13 NPs and In-on- Pd87Au13 NPs are 

shown in Figure 4.11. The Pd-rich NPs were monodisperse, with a mean diameter of 

2.8 ± 0.7 nm. After In deposition, the In-on-PdAu NPs were around 3.0 ± 0.5 nm, 

slightly increased in particle size. 
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Figure 4.11 – TEM images of Pd87Au13 NPs (left one) and In-on- Pd87Au13 NPs 

(right two). 

4.6.2. Ensembles distribution in DFT models 

Similar to the experimentally determined compositions, three different alloy 

compositions (Pd25Au75, Pd50Au50 and Pd75Au25) were used as the alloy composition 

in the model. The distribution of alloyed surface ensembles were calculated with the 

assumption that the Pd and Au are distributed randomly on the surface174–176: 

𝐷𝑃𝑑3 = 𝑃𝑑%
3 

𝐷𝑃𝑑2𝐴𝑢1 = 3𝑃𝑑%
2(1 − 𝑃𝑑%) 

𝐷𝑃𝑑1𝐴𝑢2 = 3𝑃𝑑% (1 − 𝑃𝑑%)2 

𝐷𝐴𝑢3 = (1 − 𝑃𝑑%)
3 

Equation 4.1 – Surface Pd and Au ensembles distribution. 

In the equation above, Pd% represents the composition of Pd. 𝐷𝑃𝑑3 , 𝐷𝑃𝑑2𝐴𝑢1 , 

𝐷𝑃𝑑1𝐴𝑢2  and 𝐷𝐴𝑢3  represent the distribution of the 3-fold triatomic ensembles Pd3, 

Pd2Au1, Pd1Au2 and Au3, respectively. As shown in Figure 4.12, Pd-rich sample had 

the most Pd3 and Pd2Au1 ensembles and Au-rich sample had the most Au3 and Pd1Au2 

ensembles. Pd-rich example shown the best performance in both experimental and 
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computational results suggesting that pure Pd ensemble or Pd-rich ensembles in Pd-

Au alloy surface play significant important role in NO3- reduction reaction. 

 

Figure 4.12 – Different triatomic ensemble distribution with the assumption 

that all binding sites were distributed randomly. 
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Summary and Future Research 

 

5.1. Summary and conclusions 

This dissertation focuses on the development of Pd-based catalysts for the 

advanced reduction of nitrogen-oxyanions, including nitrate and nitrite. It evaluates 

the impacts of surface structures, water quality (i.e., co-contaminants) and 

nanoparticulate metal on catalytic activity, selectivity and reusability for 

nitrate/nitrite reduction. Catalyst performance can be tailored based on research 

results, and Pd-based catalytic reduction holds the promise to remove contaminants 

from drinking water. Conclusions drawn from the studies are shown in the following 

sections. 
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5.1.1. Mechanism study of nitrate reduction over Indium-decorated-

Palladium nanoparticles catalysts 

• Indium as a promotor enhances NO3- reduction significantly, and the reaction is 

structure-sensitive regarding In surface coverages on Pd. 

• Volcano dependence of NO3- reduction observed on Indium surface coverage for 

In-on-Pd NPs, and peak activity observed experimentally and computationally 

at ~40 sc%. 

• Rate-limiting step of NO3- reduction is oxygen abstracting from NO3-. 

• Small In ensembles strongly favor NO3- reduction and can remain reduced via 

hydrogen spillover from adjacent Pd sites. 

• This research has identified first in situ XAS evidence for metallic In (of the In-

on-Pd NPs) oxidizing in the presence of NO3- water solution. 

5.1.2. Magnetic In-Pd catalysts for nitrate degradation 

• This research demonstrated a novel magnetic nanocomposite material that 

utilized magnetic materials for its easy separation and manipulation as well as 

functional nanoparticles (In-Pd NPs) for NO3- reduction. 

• Fe3O4 nanopowder with surface functionalization and modification of SiO2 as 

magnetic core fulfills the recyclability and reusability of the catalyst, and the 

material was stable up to 5 cycles of NO3- reduction in terms of iron leaching. 
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• The NO3- reduction activity was also assessed in simulated drinking water, and 

the target catalyst (Pd-In/Fe3O4@SiO2) was stable in first 5 cycles of reaction 

while the kinetics were decreased due to competition of co-contaminants  

5.1.3. Nitrate hydrogenation properties of Indium-decorated mixed alloy 

PdAu nanoparticle catalysts 

• NO3- reduction activity was further improved by incorporating catalytically 

inactive metal (i.e., Au) into Pd surface and Pd: Au compositions influenced both 

reaction activity and selectivity. 

• Direct NO3- and NO2- reduction were conducted with all the trimetallic In-on-

PdAu NPs. The results showed that NO3- reduction was more sensitive to NO2- 

reduction in terms of Pd surface content, suggesting that only a small number 

of Pd surface atoms are required for NO2- reduction. 

• The depletion speed of intermediates would be the key factor out of all the other 

factors such as particle size, initial concentration, etc. that influence selectivity. 

Trimetallic In-on-PdAu catalyst design significantly improved the 

intermediates' degradation and promoted the pairing of N-species. 

• Au-rich bimetallic catalysts had better performance in terms of relative activity 

after exposure to SDW. These observations pointed us to a potentially 

important relationship between Pd: Au content and the resulting ability of the 

alloyed PdAu core to resist poisoning by other competitors in natural waters  
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5.2. Engineering application 

The key findings in this dissertation help develop highly active and selective 

Pd-based catalysts for nitrogen-oxyanions removal from drinking water, and it 

promotes the implementation of this technology. It also offers the possibility of 

treating a variety of contaminants existed in groundwater that suitable for the 

advanced catalytic reduction process. The contaminants including but not limited to 

halogenated compounds (especially chlorinated ethane), oxyanions (bromate, 

perchlorate), NDMA etc. 

Magnetic iron oxide supported catalysts show unique properties in separation 

and reusability with fast NO3- reduction kinetics. This concept of a magnetically 

recoverable NO3- reduction catalyst can be used not only for the nitrogen-oxyanions 

reduction but also for a variety of catalytic reactions to remove a series of 

contaminants besides NO3-/NO2-. The functional nanoparticles can be designed and 

tailored based on the target reactions and attached to magnetic core materials to 

fulfill the magnetic separation of the catalysts. The integration of catalytic process and 

physical separation by using catalysts loaded magnetic materials and a magnetic field 

is advantageous compared with either physical adsorption/filtration or catalytic 

treatment alone. For example, catalysts loaded magnetic materials could first serve 

as adsorption sites, and this process concentrates the low-level contaminants on the 

media surface. It enhances catalytic performance by fully utilizing available catalytic 

active sites. At the end of catalytic reaction, the composite material could be 
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separated, captured and reused from treated water in-line under continuous flow 

conditions with the help of optimized permanent magnetic nanoparticle recovery 

devices. 

Selectivity to ammonium was common and hard to avoid concern in terms of 

the practical application of catalytic nitrogen-oxyanions reduction. It is crucial to 

consider both activity and selectivity to dinitrogen for NO3- and NO2- reduction, and 

an optimum Pd-based catalysts design exists to balance fast reduction kinetics and 

high selectivity. Perhaps the most significant current obstacle to the implementation 

of an economically and environmentally sustainable NO3- treatment technology is the 

identification of a catalyst system that can achieve acceptable activity and longevity. 

Trimetallic catalysts extended the design of nanostructures to another alternative 

that utilizing unique properties of similar or quite different metals. 

5.3. Future directions 

5.3.1. Practical Implementation Issues of Catalytic Water Treatment 

Substantial progress has been made in developing new catalysts and catalytic 

reduction processes for oxyanions in drinking water and waste brine treatment. 

However, practical application requires a sufficient and low-cost supply of reducing 

agents, usually hydrogen. As mentioned earlier, catalytic treatment unit using stored 

H2 gas will likely not be adopted for home use, but its electrolytic production is 

appropriate. The estimated amount of H2 needed to treat one cubic meter of nitrate-
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contaminated water (from 100 to 9 mg-N/L) is 0.33 kg H2, assuming 100% selectivity 

to dinitrogen and 10% H2 utilization efficiency. Its production would cost ∼$1.65 

based on electricity priced at ∼$0.08/kWh.177 In comparison, a small IX system 

(serving a community of <500 people) would cost ∼$2.70 to treat the same water to 

the same treatment goal.178 The H2 production cost is lower than the IX cost, 

indicating the margin for cost competitiveness for a catalytic water treatment, which 

would need to accommodate other operations and maintenance costs and capital 

costs. To further reduce the hydrogen cost, future research should focus on ways to 

increase hydrogen utilization efficiency, for example, improving hydrogen mass 

transfer. 

The high per-mass cost of the precious metals used in the catalyst material 

could be of some concern. However, the catalyst itself accounts for only a small 

fraction of the overall capital cost. A study by Reinhard and co-workers found that the 

catalyst was ∼10% of the total cost of a treatment unit they designed and constructed, 

which was designed to remove trichloroethene from groundwater using Pd/Al2O3.179 

Lowering the metal content or replacing with an earth-abundant catalyst are helpful, 

though not critical, research goals. Instead, the more important opportunity is to 

design metal catalysts that perform stably under realistic water conditions and that 

require less downtime for regeneration. Long-term studies on the operation and 

effective regeneration of the catalyst are lacking. 
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To make more informed decisions on whether catalysis could be competitive 

against the available technologies, catalytic treatment approaches need to 

incorporate a techno-economic analysis of capital and operational costs, and a LCA to 

address their environmental footprint. The LCA work on the combined IX-catalyst 

nitrate system49and a catalytic perchlorate system180are a promising start. 

5.3.2. Recommended future works 

Researchers from the Nanotechnology Enabled Water Treatment (NEWT) 

Center (http://www.newtcenter.org/) have put nitrate as top contaminants and 

intensive researches on laboratory adsorption/reduction and potential scale-up have 

been studied. Future research should also focus on reactor design to improve 

hydrogen mass transfer and improve hydrogen utilization efficiency. Although the 

optimization of trickle bed reactor (TBR) packed with Pd-In/Al2O3 catalyst has been 

studied,48 more research is needed to further improve the reaction activity and 

longevity. Besides, catalyst deactivation, which has been observed after one month of 

operation in Werth’s work, will need to be addressed with improved regeneration 

strategies.  

A collaborative work (Nitrate Reduction by Catalytic Hydrogenation: 

Controlling Hydrogen Delivery with Nano-Enabled Polymetric Hollow Fibers) done 

together with the ASU team exhibited that In-Pd nano-enabled hollow fiber reactor 

improves hydrogen delivery for nitrate reduction in continuous flow operation. The 

nanoparticles attached on the surface of hollow fibers could maximumly utilize 

http://www.newtcenter.org/)
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permeable H2 (Figure 5.1). This method improves the efficiency of hydrogen 

delivered, which results in an order to magnitude decrease in required hydrogen flow 

rate and cost. Future work should address different reactor parameters and 

corresponding effects on activity and selectivity of the catalyst and evaluate the 

stability, longevity as well as deactivation resistance of the catalysts. 

 

Figure 5.1 – Schematic of nano-enabled hollow fiber reactor. 

Previous researches had focused on precious-metal-based catalysts while 

cheap metals or earth-abundant metals as alternatives are worth studying in terms 

of future application of this technology. Preliminary screening of those metals is time-

consuming and sometimes aimless. DFT calculation is a smarter way to predict or 

model the performance of the catalyst before experimental design. On the contrary, 

experimental results could reflect the accuracy of DFT calculations. We already did 
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this work in our co-authored paper (Design of a Pd-Au Nitrite Reduction Catalyst by 

Identifying and Optimizing Active Ensembles) published in ACS Catalysis together 

with collaborators from UT Austin. We have shown that catalytic modeling can 

predict the performance of mono- and bimetallic surfaces for nitrite reduction, which 

occurs via a complicated reaction network, using adsorbate binding energies as 

reactivity descriptors. Based on theoretical knowledge of ensemble, electronic, and 

strain effects,171 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 high selectivity for N2 formation. Most 

importantly, our study shows that the rational design of bimetallic catalysts using 

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

environmental issue involving a complicated reaction network. We found out some 

cheap metals that are probably promising as a replacement for Pd-based precious 

metals. The lighter the color in Figure 5.2c, the more favorable in nitrate/nitrite 

reduction. For example, Cu-Ni and Cu-Ir could be appropriate bimetallic systems that 

treat nitrate/nitrite and future experiments could be conducted based on reliable 

DFT prediction. 
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Figure 5.2 – 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.67  

Hybrid or integration systems for contaminant removal will have synergistic 

effects and will have better performance than sing treatment technology. For 

example, electronically generate hydrogen in situ will overcome the hydrogen-

related limitations especially for on-site use. Advanced electrooxidation and catalytic 

reduction may be coupled and can be used for advanced water treatment. Advanced 

oxidation removes the majority of organic contaminants by mineralization, and the 

following reduction removes oxidative pollutants or persistent contaminants. This 

integration will provide the catalytic reduction system cleaner water sources, and it 
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will be promising for point of use drinking water treatment for removing a variety of 

contaminants. 
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