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Thesis Synopsis 

Attaining sustainability in chemical synthesis is an important step to achieving the UN 

Sustainable Development Goals (SDGs) of Climate Action and Responsible 

Consumption and Production. The diligent utilization of solar energy by plants offers an 

excellent way for sustainable chemical production in a perpetual manner. The four key 

steps in photosynthesis, starting from light absorption leading to charge generation, 

charge separation, and charge transfer (process I) to water oxidation (process II) on one 

end and proton/electron storage in the form of NADPH (process III) on the other and 

finally reduction of CO2 to biomass (process IV), can be coupled or decoupled for 

implementation of different solar utilization technologies. Among them, solar-to-

chemical energy conversion in photosynthesis has gained substantial popularity, and 

hence, the area of photocatalysis is at the forefront of modern research. At the core of all 

photocatalytic transformations are the three fundamental steps: generation of charge 

carriers, separation, and charge transfer/utilization. Based on the physical parameters 

dictating these fundamental steps, combined with unique optoelectronic properties and 

rich surface chemistry, our choice of photocatalysts is plasmonic metal nanoparticles 

(NPs) and quantum dots (QDs). This thesis deals with maximizing the efficiency of each 

fundamental step through the rational design of both the core and the surface of the 

chosen photocatalysts for challenging and industrially relevant multielectron chemical 

transformations.  

The present thesis begins with an introduction to photocatalysis, its fundamentals, 

and its advantages over thermal catalysis. This is followed by a discussion over our 

choice of photocatalyst cores - plasmonic metal nanoparticles and semiconductor 

quantum dots, their unique optoelectronic properties, and the associated challenges, 

respectively. Next, we summarize the significant role of ligands on the surface of the 

chosen photocatalysts in dictating the fundamental processes involved in 

photocatalysis. Finally, we discuss the impact of appropriately designed photocatalyst 

cores and surface ligands in driving challenging multielectron chemical transformations, 

which the present thesis revolves around.  
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With this objective, Chapter 3 focuses on deciphering the role of light excitation 

attributes in light-driven nicotinamide cofactor regeneration with plasmonic metal 

nanoparticles. The choice of anisotropic gold nanorod core as the plasmonic 

photocatalyst allowed us to understand the exclusive role of interband vs intraband 

transitions in NADH photoregeneration. This work emphasizes the need for an 

appropriately chosen catalyst–reactant system and reaction conditions to gain 

meaningful insights into various factors controlling the product yield and selectivity in 

plasmonic photocatalysis.  

With the aim of synthesizing important commodity chemicals such as ammonia, we 

fine-tuned the photocatalyst design in Chapter 4a to arrive at indium phosphide (InP) 

QDs with appropriate surface chemistry to drive selective nitrate-to-ammonia 

conversion. Photocatalytic nitrate-to-ammonia conversion is a multiproton and 

multielectron transformation and demands photocatalysts that generate long-lived 

surplus charge carriers and allow optimum surface interaction with the N-sources. Due 

to the challenges associated with a short lifetime in plasmonic metal nanoparticles, we 

changed the core from metal to semiconductor quantum dots (QDs). A rational choice of 

indium phosphide (InP) QDs and its appropriate surface functionalization, along with a 

preferential affinity of N-sources towards surface In atoms and ligands on InP QD 

photocatalysts, led to the selective and efficient ammonia production under visible-light 

irradiation at room temperature. We gained an in-depth understanding of important 

pathways involved in photocatalytic nitrate reduction in Chapter 4b to establish InP QD 

as a potential visible-light photocatalyst for ammonia synthesis. We listed key findings 

associated with reaction rate, competing reactions, proton source, and the fate of 

photoexcited holes in the multielectron transformation of nitrate to ammonia. 

In Chapter 5, we attempted to enhance the efficiency of charge extraction by the 

appropriate choice of inorganic surface ligands on the InP QDs for light-driven ammonia 

synthesis. A positively charged metal-solvent complex was chosen as the ligand to 

maintain favorable catalyst-reactant interactions, while the inorganic nature of the ligand 

helps in improving charge extraction and transfer processes. The inorganic metal-solvent 

complex-capped InP QDs exhibited 16x rate enhancement for nitrate-to-ammonia 

transformation compared to organic long-alkyl ligands employed in the previous chapter. 



 Thesis Synopsis 
 
 

 
12 

Consequently, there was ~8x enhancement in quantum efficiency. This is one of the first 

reports where cationic inorganic ligands are employed in quantum dot photocatalyzed 

chemical transformations.  

In summary, the present thesis showcases the need for the appropriate design of core 

and surface ligands to maximize each fundamental step in photocatalysis for challenging 

multielectron transformations. The concepts developed in this thesis can be easily 

extended to complex molecule/material synthesis in a sustainable manner, including 

multicomponent reactions.  
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1.1. Introduction 

Chemical synthesis is an endergonic process, often relying on conventional non-

renewable energy sources to meet the production demands.1 The ever-increasing 

demand for chemical products across different supply chains is related to the 

production of high-value primary chemicals- methanol, ammonia, ethylene, propylene, 

and benzene/toluene/xylenes (BTX).1-3 Not only do these commodity chemicals 

consume the largest proportion of energy to supply high temperatures, pressures, or 

purification, but they are also associated with the largest greenhouse gas emissions 

(Figure 1.1), arising from the enormous burning of fossil fuels.3,4 Stipulated by the Paris 

Agreement, attaining sustainability in chemical synthesis and processing has sparked 

the urgent need for sustainable and low-carbon solutions. Utilizing surplus energy 

supplied by the Sun is considered one of the most sustainable and affordable solutions 

to reach these goals. Consequently, the development and implementation of various 

solar harvesting technologies are of great interest to the scientific community.5-9  

 

Figure 1.1. The global production and emissions per year associated with primary chemicals, 
along with their demands in different market sectors in different parts of the world. Reproduced 
with permission from reference 2. Copyright 2023 Elsevier Inc.  

The attractive design principles catering to the modern solar energy research originate 

from the process of natural photosynthesis (Figure 1.2).9 The four key steps of the natural 

photosynthetic process: I) charge generation, charge separation, and charge extraction, 

II) catalytic H2O oxidation, III) H+/e- transfer and energy storage in the form of NAD(P)H 

and ATP, and IV) catalytic CO2 fixation, can be coupled or decoupled for the 
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implementation of various solar utilization technologies, such as solar-to-thermal, solar 

-to-power or solar-to-chemical energy conversion.9-11 The present thesis is primarily 

focused on solar-to-chemical energy transformation, which is widely achieved via the 

process of photocatalysis. In fact, photocatalysis is considered to be one of the most 

sustainable ways to make and break chemical bonds. In natural photosynthesis, the light 

cycle is associated with the catalytic oxidation of H2O to produce O2, with simultaneous 

storage of hydride ions in the form of reactive nicotinamide cofactor, NAD(P)H.12-15 This 

reduced cofactor enters the light-independent Calvin cycle for the catalytic fixation of 

CO2 into biomass in a ceaseless manner.15 This process prompted the development of 

artificial mimics of the natural photosynthetic systems, which require an appropriate 

choice and design of the light-harvesting materials with continuous catalytic function for 

sustainable chemical production. Furthermore, an in-depth understanding of the 

underlying fundamental principles behind photocatalyst design, its interaction with light, 

related photophysical processes, and interaction with substrates/reactants of choice is 

crucial to build photocatalytic platforms.  

 
Figure 1.2. Schematics illustrating the key processes of natural photosynthesis that serve as the 
basis for the development of modern solar utilization technologies. The present thesis is focused 
on the transformation of solar energy into chemical bonds via photocatalysis.  

In this thesis, we have uncovered the design principles pertaining to the photocatalyst 

core and modulation of its surface to drive important and challenging chemical 

transformations involving multiple electrons and protons. In this direction, the first 

section of this Chapter presents a brief overview of the photocatalysis- the past and the 

present, with its advantages for sustainable chemical synthesis. This is followed by a 

brief discussion on the fundamental processes involved in any photocatalytic 
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transformations, followed by an overview of emerging areas of plasmonic and quantum 

dot photocatalysis. With plasmonic metal nanoparticles (NPs) and quantum dots (QDs) 

as the photocatalyst of our choice, we will discuss the meticulous design strategies to 

arrive at the champion photocatalyst. These strategies will be utilized in the subsequent 

Chapters to make and break chemical bonds using visible light.  

1.2. The dawn of photocatalysis  

The beginning of the era of photocatalysis dates to the early 1900s, with Eibner, Kozak, 

and Ciamician being considered the early proponents of photochemistry.5,16-18 The term 

‘photocatalysis’ first appeared in 1911 in a study by Kozak, which discussed the 

decomposition of oxalic acid in the presence of uranyl salts (UO2+) when exposed to 

sunlight.16 In the same year, Eibner independently reported the bleaching of Prussian 

blue in the presence of zinc oxide (ZnO) under light illumination.17 Numerous reports on 

light-driven chemical transformations appeared at the beginning of the 20th century, but 

with the term ‘photocatalytic reaction’ being used with a more general meaning of 

‘photochemical reaction’ as no catalyst was employed in several of them.19-22 

Nevertheless, all these works sparked a great interest in performing ‘chemistry with 

light’, and gradually the area was dominated by semiconductor oxides (ZnO, TiO2, Sb2O3) 

as the photocatalyst, with interesting reports on photocatalytic activities of oxides 

appearing from the 1940s by Markham.23-25 A strong push to the area was given in the 

1970s when Honda and Fujishima reported photoelectrochemical water splitting 

assisted by TiO2 photocatalyst and Pt cocatalyst.26 And in the past 50 years, the area has 

expanded its limits to drive exotic and challenging chemical transformations, spanning 

across different classes such as solar fuels production, organic synthesis, wastewater 

treatment, CO2 utilization, and so on.27-32  

Not only does photocatalysis provide an alternate route for sustainable chemical 

synthesis, but it also offers added advantages. One of the key highlights is to drive 

thermodynamically uphill reactions or photosynthetic reactions under milder 

conditions.27,33 While the excitation of the catalyst by light can enhance the kinetics of 

the exergonic reaction bearing ΔG < 0, endergonic or thermodynamically non-
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spontaneous reactions with ΔG > 0 can also be performed (Figure 1.3a).27,33 In a stricter 

sense, the reactions bearing a positive value of ΔG are categorized as photosynthetic 

reactions. The key distinction is that photocatalysts promote the reactions with ΔG < 0 

without storing the solar energy, whereas products of photosynthetic reactions are 

higher in energy, which makes reverse photosynthetic reactions thermodynamically 

feasible. Hence, photosynthetic reactions must suppress the reverse pathway along 

with facilitating non-spontaneous reactions in the forward direction by using and storing 

solar energy. Some of the prominent examples of photosynthetic reactions include 

overall water splitting into H2 and O2, N2 fixation accompanied by water splitting, CO2 

reduction to methanol and methane with water oxidation, etc.27,33,34  

In an interesting study by Fujita, Abe, Miyauchi, and coworkers, the 

thermodynamically uphill process of methane dry reforming (CH4 + CO2  2H2 + 2CO, 

ΔG298K = +171 kJ mol-1) under photocatalytic conditions was found to break the thermal 

limitation of the thermal catalysis at 450 oC.35 Typically, the reaction requires high 

temperatures in the range of 800-900 oC to achieve substantial conversion greater than 

50 %. By using rhodium NPs modified strontium titanate (Rh/SrTiO3) as the 

photocatalyst, more than 50 % conversion could be achieved under light irradiation 

without any additional heat input (Figure 1.3 b). More interestingly, H2 production was 

~50 % even at mild temperatures below 200 oC under photocatalytic conditions. Control 

experiment with Rh/SrTiO3 carried out under thermal conditions in the absence of light 

displayed lower performance (grey line in Figure 1.3b) than the limitations of the thermal 

catalyst (black dashed line in Figure 1.3b). Bare SrTiO3 did not yield any H2, confirming 

the active role of Rh catalytic sites (green line in Figure 1.3b). Detailed electron spin 

resonance and Kelvin probe force microscopy studies confirmed the active participation 

of photoexcited charge carriers in driving dry reforming of methane.  
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Figure 1.3. Distinct advantages of photocatalysis for sustainable chemical synthesis. a) 
Schematics showing the thermodynamics of uphill and downhill light-assisted catalytic 
reactions. With the help of photocatalysis, thermodynamically non-spontaneous reactions can 
be carried out under milder conditions.  Reproduced with permission from reference 27. 
Copyright 2018 American Chemical Society. b) Photocatalytic uphill process of dry reforming of 
methane performed under light illumination in the presence of Rh/SrTiO3 photocatalysts at much 
lower temperatures and high yields. The black dashed line depicts the limitation of the thermal 
system, which suggests the need for at least 400-450 oC to achieve decent H2 production. The 
red squares show excellent H2 production even at milder temperatures in the presence of 
Rh/SrTiO3 photocatalyst under light irradiation, showcasing the potential of photocatalysis in 
achieving sustainability. Reproduced with permission from reference 35. Copyright 2020 
Springer Nature. c) Conversion of furan to pyrrole in a single step under photocatalytic 
conditions. A distinct reaction mechanism allows selective furan to pyrrole conversion with 
excellent yields at room temperature. Reproduced with permission from reference 36. Copyright 
2024 American Association of the Advancement of Science. 

Another added advantage lies in molecular skeletal editing, where complex organic 

synthesis can be carried out in fewer steps than conventional routes under 

photocatalytic conditions.36 One such example is the conversion of furan to pyrrole, 

which is highly challenging, as furan is highly stable due to its aromaticity. Classical 

methods for this chemical transformation include pyrolysis of furan in an ammonia 

stream over activated alumina at 450 oC or photolytic conversion using high-energy 
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ultraviolet (UV) irradiation.36-38 The former method requires extremely high temperatures, 

while the latter strategy results in poor product yields.36-38 In a seminal work by Park and 

coworkers, heteroatom swapping was done at ease to convert furan to pyrrole in a single 

step under photocatalytic conditions (Figure 1.3c).36 A distinctly different reaction 

mechanism than the conventional routes was the key behind a single-shot conversion of 

O-atom to N-atom. Herein, an acridinium-based photocatalyst under blue light 

irradiation initiates one-electron oxidation of furan to yield furanic cation (Figure 1.3c). 

The electron-deficient furanic cation enables nucleophilic addition of amine to form an 

adduct, which in the next step accepts an electron from the reduced photoexcited 

photocatalyst. Subsequent proton transfer yields a ring-opened intermediate, followed 

by Paal-Knorr-type condensation to construct pyrrole (Figure 1.3c). The photocatalytic 

pathway resulted in an excellent yield of 92 % without any overoxidized or side products. 

The strategy was extended to synthesize naturally occurring products and 

pharmaceutical drugs, such as diosbulbin B, cafestol acetate, furosemide, etc.  

All the fundamental studies and collective efforts till now have resulted in the 

translation of photocatalytic strategies to pilot scale, which is quite a remarkable feat. 

Recently, Syzygy Plasmonics- a Houston-based startup, produced its first batch of liquid 

fuel using Rigel photoreactors that drive chemical reactions in the presence of light.  All 

these examples clearly demonstrate the power of photocatalysis for sustainable 

synthesis and the crucial role of fundamental research in achieving the same.  

1.3. Fundamentals involved in photocatalysis  

At the core of all these photocatalytic transformations lies three key steps: I) 

absorption of light leading to the generation of charge carriers, II) separation of 

photoexcited charge carriers, and III) charge extraction or transfer to the reactant of 

interest (Figure 1.4).27,39-42 Various physical parameters dictate these key steps for all the 

photocatalysts, which impact the overall photocatalytic efficiency. Absorption of light is 

unambiguously the foremost step for any photocatalytic reaction, as without light input, 

no photocatalysis will occur. The interaction of light with the photocatalyst can be 

expressed as follows:42 
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I0 = A% + T + Rs + S + Rd            (1.1) 

where, I0 is the photon flux of incident light, A% is the absorptance or the ratio of the 

absorbed to incident light, T is the transmitted light, Rs is the specularly reflected light, S 

is the forward-scattered light, and Rd is the backward-scattered light. 

 
Figure 1.4. a) Schematic illustration of the key steps involved in photocatalytic transformations. 
b) Table summarizing the key photophysical parameters of commonly used photocatalysts.  

Out of all, it is the absorption of light that dictates the subsequent process of charge 

generation and is determined by the absorption coefficient ( ()) of the material. The 

absorption coefficients of different classes of photocatalysts are summarized in Figure 

1.4. Amongst them, plasmonic metal nanoparticles (NPs) stand out with their 

exceptionally high molar absorption coefficient in the range of 108-1010 M-1 cm-1, arising 

from strong light-matter interactions due to the unique phenomenon of localized surface 

plasmon resonance (vide infra). Now, the number of electron-hole pairs generated per 

absorbed photon as a function of wavelength () and light penetration depth (x), is 

described by the generation rate, G, as follows:43,44 
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𝐺 =  𝛼𝐼0𝑒−𝛼𝑥             (1.2) 

Once charge carriers are generated, they must be spatially separated to reach their 

respective surface sites before they undergo recombination. The separation of 

photoexcited charge carriers is associated with various parameters such as exciton 

binding energy, effective mass of the charge carriers, carrier lifetime, carrier mobility, 

and diffusion length.42 Based on the photoabsorbers, two distinct modes of charge 

separation are involved: asymmetric energetics (AE) and asymmetric kinetics (AK) 

(Figure 1.5).39 For photoabsorbers possessing continuous energy bands, AE is the 

preferred mode of charge separation. Under AE, the charge carriers drift towards the 

respective surface reaction sites under the influence of the electric field within the 

photoabsorber, which enables the spatial separation.39,45 Consequently, tuning of energy 

levels at the surface sites becomes necessary. Such a modulation can be achieved via 

varying the doping, constructing solid-solid interfaces, appropriately designing the 

crystal facets of varying surface energies, or by tuning the extrinsic and intrinsic dipoles 

of surface sites (Figure 1.5a,b).39 For photoabsorbers that cannot sustain internal 

electric fields, such as molecular catalysts and quantum-confined materials, AK is the 

way to achieve charge separation.39 In AK mode, the difference in the charge transfer rate 

is the driving force to achieve charge separation (Figure 1.5c,d). Once one of the charge 

carriers is utilized, there is an excess accumulation of the other carrier, thereby creating 

a gradient of charge carrier concentration.39,46 As a result, the overall process becomes 

diffusion-limited and necessitates that the diffusion length of the charge carriers is larger 

than the size of the photocatalyst to avoid charge recombination before reaching the 

surface reaction sites. Based on Marcus' model, the modulation of charge transfer rates 

by varying the donor-acceptor distance is one of the ways to achieve charge separation 

under the AK regime.47,48 Another commonly used strategy is to incorporate redox 

couples or sacrificial agents to remove the charge carriers, or by varying the free energy 

of the charge transfer process by tuning the acceptor energy levels. An interesting 

approach to tuning the local concentration of the acceptor near the photocatalyst 

reaction sites also facilitates charge separation.39  
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Figure 1.5.  Schematics of different modes of charge separation in different photocatalysts: a, b) 
asymmetric energetics and c, d) asymmetric kinetics. a) and c) depict the ideal scenario for 
charge separation, while b) and d) represent various physical parameters that dictate charge 
separation under asymmetric energetics and asymmetric kinetics, respectively. Reproduced 
with permission from reference 39. Copyright 2022 American Chemical Society. e) Scheme 
showing the modes of photoinduced charge transfer from the semiconductor to the acceptor 
molecules. Reproduced with permission from reference 41. Copyright 2024 American Chemical 
Society. 

Once the charge carriers reach the respective surface sites before the recombination, 

the final step involves the extraction of the charge carriers by the reactant molecules. For 

homogeneous photocatalysts, charge transfer occurs through diffusive collisions and is 

commonly described by either Smoluchowski or Collins-Kimball theory.41 As diffusion 

occurs on longer time scales, generally, photocatalysts bearing triplet states are 

employed for effective charge transfer. When it comes to the heterogeneous 

photocatalysts, the phenomenon of charge transfer becomes more complex due to the 
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involvement of an interface. The charge transfer can occur via either surface binding 

(direct charge transfer) or reactant diffusion (diffusive charge transfer) (Figure 1.5e), 

depending on the photocatalyst and reactant of choice.41,49,50 While the first two steps of 

photocatalysis are highly dependent on the photocatalysts' design, the process of 

charge extraction is significantly affected by the external environment as well.50,51  

Based on some of the key parameters affecting the key steps in photosynthesis 

(Figure 1.4b), we have chosen plasmonic metal NPs and semiconductor NPs (quantum 

dots, QDs) as the photocatalysts of our choice. The subsequent section of this Chapter 

will discuss the light-matter interactions with plasmonic metal NPs and semiconductor 

QDs, their distinct features, charge transfer mechanisms, and the associated 

challenges. With these two classes of photocatalysts, we will discuss the design 

strategies to maximize each fundamental step in photocatalysis, which forms the 

objective of the present Thesis. 

1.4. Introduction to plasmonic photocatalysis  

Accelerating chemical transformations under plasmonic excitation is the crux of the 

area of plasmonic photocatalysis. What makes these plasmonic excitations exciting lies 

in the way metal NPs interact with the incoming electromagnetic radiation. When the 

frequency of incoming electromagnetic radiation matches the frequency of oscillating 

free electrons of metal NPs, a resonant condition is achieved.43 This phenomenon is 

known as surface plasmon resonance (SPR). For metal NPs of the size range of 1-100 nm, 

SPR is confined to a small volume, which is commonly referred to as localized surface 

plasmon resonance (LSPR).52 For metal NPs of size much smaller than the wavelength of 

light, only the dipolar mode of interaction is taken into consideration.52 Under this 

assumption, the polarizability of spherical NPs of volume V is given by Clausius-Mossotti 

relation:43 

𝛼 = 3𝜀0𝑉 (
𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
)                          (𝟏. 𝟑) 
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where   is the polarizability,  0 is the permittivity of vacuum,  m is the dielectric constant 

of the medium, and  is the dielectric function of metal, which is complex and frequency 

dependent.  can be expressed as () = r() + ii(), where r and i are the real and 

imaginary parts of the dielectric function, respectively.  

From eq. 1.3, it can be seen that polarizability is maximum when r = -2m under the 

assumption that i is small or weakly dependent on frequency. For most of the metals, 

the real part of the dielectric function is negative (Figure 1.6a, b). The absorption and 

scattering cross-sections (Cext and Csca, respectively) can be related to dipolar 

polarizability as:43,53 

𝐶𝑒𝑥𝑡 = 𝑘 𝐼𝑚(𝛼)               (𝟏. 𝟒) 

𝐶𝑠𝑐𝑎 =
𝑘4(𝛼)2  

6𝜋
              (𝟏. 𝟓), where 𝑘 =  

2𝜋𝜀𝑚
1/2

𝜆
 

For very small particles (r << ), the scattering cross-section can be neglected, and the 

extinction cross-section is dominated by absorption, which can be expressed as:53,54 

𝐶𝑒𝑥𝑡 =  
24𝜋2𝑟3𝜀𝑚

3/2

𝜆
 

𝜀𝑖

(𝜀𝑟 + 2𝜀𝑚)2 + 𝜀𝑖
2              (𝟏. 𝟔) 

Thus, the extinction cross-section becomes maximum at the resonant conditions and 

can even exceed the geometric cross-section of metal NPs by ten times.55 As a result, 

NPs are able to absorb enormous light, which makes them highly desirable for 

photocatalysis. Of all metals, NPs of coinage metals such as Au, Ag, and Cu are highly 

interesting as the plasmon resonance frequency lies in the visible region of the 

electromagnetic spectrum (Figure 1.6a, b). For instance, AuNPs of size 10 nm exhibit 

strong absorption features at ~520 nm.55 It is evident from eqs. 1.3 and 1.6 that the 

extinction cross-section is sensitive to the size and shape of the NP and the dielectric 

constant of the materials and the surroundings.55-57 Thus, light absorption can be tuned 

across the visible light spectrum by modifying these parameters.  
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Once a plasmon is excited, it undergoes dephasing within 1-10 fs via radiative or non-

radiative relaxation pathways.53,58,59 For small metal NPs (< 50 nm), non-radiative 

relaxation dominates and is relevant for photocatalysis (Figure 1.6c).53,55 The dephasing 

of LSPR leads to the formation of highly energetic non-thermal charge carriers, which 

undergo thermalization by electron-electron scattering on the time scale of 100 fs to 

form a hot Fermi-Dirac distribution of charge carriers (Figure 1.6c).53,59 Till this point, the 

hot charge carriers can be extracted to perform photocatalytic reactions and form the 

basis of the area of plasmonic photocatalysis. If hot charge carriers are not extracted, 

electron-phonon scattering events will occur on a time scale of 1-10 ps, after which the 

hot Fermi-Dirac distribution thermalizes to heat up the NP lattice (Figure 1.6c).53,59 At this 

point, the local temperature at the surface of metal NPs can reach hundreds of Kelvins. 

The heated NP ultimately dissipates the energy to the surroundings by phonon-phonon 

scattering on a 100 ps timescale (Figure 1.6c).53,59 In order to perform photocatalytic 

reactions, the hot charge carriers formed during the relaxation must be extracted before 

the energy is dissipated in the form of heat, and this is a core challenge in the area of 

plasmonic photocatalysis.59,60  
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Figure 1.6. a) The real and b) imaginary part of the dielectric function of different metals as a 
function of wavelength. The black line in a) represents the resonant condition where r = -2m with 
negligible or small contribution from the imaginary part of the dielectric function. Reproduced 
with permission from reference 54. Copyright 2018 Springer Nature. c) Scheme showing the 
plasmon relaxation dynamics, where the plasmonic excitation leads to the formation of highly 
energetic charge carriers, which dissipate their energy via electron-electron, electron-phonon, 
and phonon-phonon scattering events. Reproduced with permission from reference 59. 
Copyright 2021 Wiley-VCH. 

The efficiency of charge generation in plasmonic NPs depends on both intrinsic and 

extrinsic factors such as geometrical shape and size of NP, light frequency and intensity, 

hot-spot generation between adjacent NPs, etc.59,61-63 Since a small window of time exists 

between hot charge carrier generation and their thermalization, charge extraction must 

be carried out efficiently within the timescales of relaxation (within 10’s of ps). There are 

two distinct mechanisms for charge transfer between plasmonic NPs and the reactants: 

I) indirect and II) direct charge carrier transfer.59,64-66 In indirect charge injection, the 

charge carriers are first generated within the metal NP core, as discussed above, 

followed by their transfer to the acceptor molecules (Figure 1.7). Herein, the energy of 

the generated charge carriers is of prime importance as the potential barrier needs to be 

overcome to eject charge carriers out of the NP. As the highly energetic non-thermal 

charge carriers thermalize within a ps time scale, the concentration of low-energy charge 

carriers is higher.64 This essentially suggests that charge transfer will be more favorable 

to the acceptor’s energy levels that are close to the Fermi level of metal NPs, which limits 

the reaction yield. On the other hand, direct charge transfer is proposed to occur in a 

single step where the charge carriers are directly excited into the adsorbate’s energy 

level, triggering the chemical reactivity (Figure 1.7).64-66 This is also referred to as 

chemical interface damping (CID). The direct charge transfer mechanism is thought to 

have an intrinsic 100 % charge injection efficiency, as excited charge carriers do not stay 

inside the metal NPs to lose their energy via different scattering events.59 This 

mechanism is found to dominate in systems where there is strong hybridization between 

the metal surface and the adsorbates' energy levels. Such strong electronic hybridization 

can also be utilized to achieve selectivity in the chemical transformations by targeting 

specific adsorbate energy levels.67 
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Figure 1.7. Mechanisms of charge transfer in plasmonic photocatalysis. a) In indirect charge 
transfer, hot charge carriers are first formed within the metal core and then transferred to the 
acceptor molecules. b) Direct charge transfer involves the transfer of photoexcited charge 
carriers in a single step by direct excitation of an electron from the metal to the adsorbate 
unoccupied orbital upon plasmon relaxation. Reproduced with permission from reference 65. 
Copyright 2015 Springer Nature. 

1.5. Introduction to quantum dot photocatalysis  

Quantum dots (QDs) are semiconductor nanoparticles having their size comparable 

to their bulk exciton Bohr radius.68 This size regime is the quantum confined regime, 

where the exciton begins to feel the presence of the particle’s boundaries.68-70 As a 

consequence of the quantum confinement effect, the continuous energy levels collapse 

to give rise to discrete and quantized energy levels.70,71 In general, the extent of 

confinement is manipulated by changing the size of QDs, which dramatically alters the 

optoelectronic properties.68-71 With the decrease in the size of the QDs leading to a higher 

degree of confinement, the band gap increases (Figure 1.8).70-72 Brus' equation describes 

the relation between the band gap (Eg) of the QDs to its bulk band gap as follows:73 

𝐸𝑔 =  𝐸𝑏𝑢𝑙𝑘 +  
ℎ2

8𝑅2
(

1

𝑚𝑒
∗

+  
1

𝑚ℎ
∗ ) − 

1.786𝑒2

4𝜋𝜀𝑜𝜀𝑟𝑅
               (𝟏. 𝟕) 

where, h is the Planck’s constant, R is the radius of the QD, 𝑚𝑒
∗  and 𝑚ℎ

∗  are the effective 

masses of electrons and holes in the QD, respectively, 𝜀𝑜 is the permittivity of vacuum 

and 𝜀𝑟  is the relative permittivity.  
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Figure 1.8. Schematics representing the quantum confinement effect leading to the change in 
the band gap of semiconductor nanoparticles as a function of their size. Reproduced with 
permission from reference 72. Copyright 2017 Springer. 

From the photocatalytic point of view, QDs offer enormous flexibility to tune the band 

positions with respect to the thermodynamics of the desired reaction, just by varying the 

size of the QD. In addition, QDs exhibit a wide and tunable absorption range, large 

extinction coefficient, and high photostability - all of which make QDs attractive to be 

employed as photocatalysts.74-76 Unlike molecular photocatalysts that follow Kasha’s 

rule, QDs often involve higher excited states under photocatalytic conditions (Figure 

1.9). Thus, high-energy charge carriers can be directly extracted by reactants.77,78 

However, the defect states are often present in QDs, which significantly affect the charge 

transfer by trapping the photoexcited charge carriers and can either act as a relay or a 

point of charge recombination (Figure 1.9).79 Interestingly, QDs are susceptible to 

multiexcitonic processes as well due to the presence of degenerate and quasi-discrete 

energy levels.41,80 This results in exciting non-trivial non-linear charge transfer processes 

across the interface (Figure 1.9). Another interesting process by which charge transfer 

can occur in QDs is through an Auger-assisted mechanism, in which electron transfer is 

promoted by virtue of hole excitation to deeper energy levels (Figure 1.9).41,81 With such 

distinct charge carrier dynamics, albeit intricate, QDs serve as a unique photocatalytic 

platform for performing a wide array of chemical transformations.82-85  
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Figure 1.9. Schematics showing the different pathways of charge transfer from quantum dots to 
the acceptor. Reproduced with permission from reference 41. Copyright 2024 American 
Chemical Society. 

1.6. Surface as a template for tuning photocatalysis  

As the famous saying goes, “God made the bulk, surfaces were invented by the devil” 

by Wolfgang Pauli, the surface effects are quite phenomenal in the area of catalysis and 

photocatalysis.85-103 The chosen photocatalysts, plasmonic metal NPs and QDs, not only 

offer intriguing optoelectronic properties, but the high surface-to-volume ratio of these 

nanostructures renders them a rich surface chemistry. Anatomically, metal NPs or QDs 

have two distinct parts: I) the core, which imparts photophysical properties, and II) the 

surface ligands, which act as stabilizing agents and provide dispersion in different media 

(Figure 1.10a).76,86 A typical ligand comprises three parts: a binding group that attaches 

to the NP/QD surface, a spacer that determines the length between the NP/QD and the 

surroundings, and a terminal group from which various covalent and noncovalent forces 

emanate (Figure 1.10a).51,86 Ligands form a self-assembled monolayer (SAM) on the 

surfaces of NP/QD, which decides how a NP/QD will interact with its surroundings.  

From a photocatalysis point of view, ligands are often undesirable. The long-chain 

alkyl ligands hinder the approach of reactants towards the catalyst’s surface, and their 

insulating nature restricts the flow of photoexcited charge carriers.86,87-89 Taking 

inspiration from enzymes that employ a complex network of interactions to drive 

catalytic chemical reactions, the ligands on the surface of NP/QD can bring various 

interparticle forces into action, which can directly regulate the catalyst–reactant 
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interactions. By attaching the ligand of choice to the surface of NP/QD, favourable 

catalyst-reactant interactions can be installed to channel the reactants toward the 

NP/QD surface, thereby increasing the local concentration and, hence, the efficiency of 

the catalytic reaction (Figure 1.10b).86,90-93 Thus, ligands can act as ‘gatekeepers’ in 

plasmonic metal NPs and QDs photocatalyzed chemical reactions such as H2 evolution, 

CO2 reduction, biological cofactor regeneration, carbon-carbon coupling, etc.  

 

Figure 1.10. a) Schematic representation showing the anatomy of an NP/QD comprising core and 
surface ligands. A typical ligand comprises three parts: a binding group, a spacer, and a terminal 
group. b) Surface ligand “gated” catalysis. The graph on the left shows the exponential variation 
in the surface potential of the NP, arising from the charged ligands, as a function of distance. A 
favorable electrostatic interaction can channelize the flow of the reactants and increase their 
local concentration near the NP catalyst surface, thereby enhancing the catalytic activity. The 
catalyst–reactant interaction can be fine-tuned by varying the ratio of the [+] and [−] ligands on 
the NP surface, which has the power to modulate the catalytic activity as per the demand: highly 
catalytic, moderately catalytic, and noncatalytic. Reproduced with permission from reference 
86. Copyright 2022 American Chemical Society. 

Apart from improving the catalytic activity, surface ligands can play a crucial role in 

accomplishing other desirable functions in catalysis as well, such as product selectivity, 

switchability, and recyclability.94-102 In an interesting study by Reisner and coworkers, 

product selectivity for the reduction of CO2 to CO was achieved by stabilizing a particular 
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reaction intermediate with the help of smartly chosen ligands.97 Here, the surface of ZnSe 

QDs was modified with imidazole ligands that stabilize the surface-bound *CO2
–, which 

is a key intermediate in the formation of CO (Figure 1.11a). A 4-fold and 13-fold increase 

in the product yield and selectivity were obtained using imidazole functionalized ZnSe 

QDs, respectively. In a similar study, the same group has achieved CO product selectivity 

by inhibiting the H2 evolution using dithiolated ligands having long chain lengths.98 These 

preliminary studies indicate that the surface ligands have the power to control the 

adsorption–desorption kinetics of reactants, intermediates, and products. On a different 

note, Weiss and coworkers functionalized CuInS2 QDs with distinct ligands terminated 

with amine to improve the photocatalytic CO2 reduction activity in the presence of cobalt 

porphyrin catalyst (Figure 1.11b).101 Here, the amine functional groups capture CO2 as 

carbamic acid to enhance CO2 solubility in water, and the electrostatic attraction 

between protonated amine groups and negatively charged cobalt porphyrin enables fast 

multielectron transfer from QD to the catalyst. As a result of finely tuned ligand 

chemistry, CO2 photoreduction proceeded with unprecedented efficiency, with turnover 

number reaching >80000 with 5.2 % quantum yield and > 99 % selectivity.  

Additionally, surface ligands also play a pivotal role in dictating the intrinsic properties 

of NP/QDs.51,103-109 For instance, the electronic structure of the QD was found to be 

perturbed by surface ligands, resulting in a shift in the band edge positions.104-106 The 

direct impact of this could be useful in modulating the free energy for charge transfer 

from photocatalysts to the reactant molecules. More importantly, ligands are known to 

significantly alter charge carrier dynamics, can introduce or eliminate trap states, 

modulate intrinsic conductivity, or even impact the stability under photoirradiation 

conditions.107-111 Hence, it is clear that along with designing the photocatalyst core, it is 

crucial to optimize the ligand shell to obtain maximum efficiency in light-assisted 

chemical transformations.  
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Figure 1.11. Surface ligand-mediated product selectivity in photocatalysis. a) Scheme 
representing the stabilization of the surface-bound *CO2

– intermediate by the imidazole ligand, 
resulting in a selective photocatalytic reduction of CO2 to CO by ZnSe QDs. Reproduced with 
permission from reference 97. Copyright 2021 The Royal Society of Chemistry. b) Schematic 
illustration of photocatalytic CO2 reduction with CuInS2 QDs as photosensitizer and Co-
porphyrin catalyst. The use of alkyl ligands bearing primary amine functional groups enables CO2 
capture in the form of carbamic acid, leading to higher solubility of CO2, and the strong 
electrostatic interactions between oppositely charged surface ligands and Co-porphyrin catalyst 
ensure efficient electron transfer from QD to the catalyst under light irradiation. Reproduced with 
permission from reference 101. Copyright 2021 American Chemical Society. 

1.7. Objective of the thesis  

As seen in this Chapter, doing chemistry with light involves intricate underlying 

mechanisms for charge generation, separation, and their utilization in order to achieve 

desired chemical transformations. The main focus of the present thesis is to maximize 

the efficiency of the key fundamental steps in photocatalysis by rational design of the 

photocatalyst core and its surface ligands, to drive challenging multielectron reactions, 
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in particular. We believe that tuning the core properties (plasmonic metal NPs vs QDs) 

will allow us to regulate and maximize charge carrier generation and their dynamics in 

the excited states, whereas a meticulous choice of the surface ligands will dictate the 

interaction with reactants for effective utilization of photoexcited charge carriers. As 

discussed in this Chapter, a large number of studies focus on the fundamental aspects 

of charge generation, separation, and extraction independently. Despite extensive 

fundamental photophysical studies, these have not been translated to photocatalytic 

transformations to a sufficient extent. 

 In light of this, the present thesis will showcase the impact of rationally designed core 

and surface ligands in dictating the photocatalytic efficiencies in driving challenging 

multielectron transformations. In Chapter 2, the details of the chemical reagents used, 

the synthetic protocols followed, and the instrumentation methods are discussed. 

Chapter 3 is focused on understanding the role of light excitation attributes in plasmon-

photocatalyzed nicotinamide cofactor regeneration, which requires a rationally 

designed plasmonic core and surface. Appropriate design of the light-harvesting 

components was crucial to maximize the key photocatalytic steps and distinguish 

amongst various plasmon activation mechanisms under different light excitations. With 

an increase in the complexity of the reaction, from 2e-/H+ driven regeneration of 

nicotinamide cofactors to 8e-/9H+ reduction of nitrate ions to ammonia, we switched 

from plasmonic metal core to QDs to increase the charge separation process in Chapter 

4a. Herein, we established indium phosphide (InP) QDs as an excellent visible light 

photocatalyst for ammonia synthesis at room temperature. The key mechanistic details 

involved in photocatalytic nitrate to ammonia conversion are listed in Chapter 4b. With 

the goal of increasing the efficiency of InP QD photocatalyzed nitrate to ammonia 

conversion, organic long-alkyl ligands were replaced with inorganic surface ligands to 

improve the charge utilization step in Chapter 5. The modifications in surface ligands on 

the InP QD surface led to a multifold enhancement in reaction rate and quantum 

efficiency. We envision that the areas of plasmonic photocatalysis and QD 

photocatalysis will surely benefit from adopting the existing fundamental concepts or 

even advance beyond our predictions. 
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2.1. Materials and reagents 

Tetrachloroaurate trihydrate (HAuCl4.3H2O), hexadecyltrimethylammonium bromide 

(CTAB), ascorbic acid, silver nitrate (AgNO3) tetramethylammonium hydroxide (TMAOH) 

25 % wt. in water, 11-mercaptoundecanoic acid (MUA), β-nicotinamide adenine 

dinucleotide sodium salt (NAD+), β-nicotinamide adenine dinucleotide reduced 

disodium salt (NADH), rhodium chloride hydrate (RhCl3.H2O), 1,2,3,4,5-

pentamethylcyclopentadiene (Cp*), 2,2’-bipyridyl (bpy), tris-(dimethylamino)phosphine 

(P(DMA)3), oleylamine (OAm), potassium nitrate (KNO3), potassium nitrite (KNO2), 

potassium nitrate-15N labeled (K15NO3), zinc stearate, 1-dodecanethiol (DDT), 1-

octadecene (ODE), sulfur powder, trioctylphosphine (TOP), and glutamate 

dehydrogenase were purchased from Sigma-Aldrich. 1-Decanol, disodium 2-

oxoglutarate, indium chloride (InCl3), zinc chloride (ZnCl2), indium bromide (InBr3), and 

indium iodide (InI3) were purchased from TCI Chemicals Pvt. Ltd. India. Triethanolamine 

(TEOA) was purchased from Avra Chemicals. Dimethylformamide (DMF) was purchased 

from Advent ChemBio. All the reagents were used as received without any further 

purification. N, N, N-Trimethyl(11-mercaptoundecyl) ammonium chloride (TMA) was 

synthesized according to the reported procedure.1 

2.2. Synthesis of gold nanorods (AuNRs) 

Gold nanorods (AuNRs) were synthesized following a modified literature procedure.2 

In a typical experiment, a solution of 50 mM CTAB/13.5 mM n-decanol was prepared by 

dissolving 9.111 g of CTAB and 1.068 g of n-decanol in 500 mL of Milli-Q water. This was 

followed by the preparation of small AuNP seeds (1–2 nm) by rapidly injecting 800 μL of 

NaBH4 (20 mM) into 20 mL of a CTAB/n-decanol solution, 200 μL of HAuCl4 (50 mM), and 

100 μL of ascorbic acid (0.1 M). The seed solution turned yellowish-brown upon NaBH4 

addition and was kept for aging (at least 60 min) for complete consumption of excess 

NaBH4. For the synthesis of small anisotropic AuNRs, 325 mL of a CTAB (50 mM)/n-

decanol (13.5 mM) solution, 2.6 mL of AgNO3 (10 mM), and 3.25 mL of HAuCl4 (50 mM) 

were added. From this mixture, 25.45 mL of the solution was taken out in a different flask, 

and 325 μL of ascorbic acid (0.1 M) was added. The solution turned colorless and was 
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divided into five equal parts of 1.55 mL, followed by the addition of HCl (1 M) in increasing 

amounts, starting from 250 to 450 μL. The growth solution was left undisturbed for 3–4 h 

after adding 300 μL of the prepared AuNP seed solution. An appropriate amount of HCl 

was chosen for which the longitudinal SPR band lies at ∼800 nm. Using the same reagent 

solutions, the same AuNP seeds, and an optimized HCl amount, the synthesis was 

scaled up to ∼300 mL by keeping all ratios constant. The growth solution was left 

overnight to obtain a higher yield of NRs, followed by centrifugation at 10000 rpm for 30 

min so as to obtain a concentrated colloidal solution. Scanning electron microscopy 

(SEM) images revealed uniform size distribution of AuNRs of an aspect ratio of ∼4. 

2.3. Synthesis of indium phosphide quantum dots (InP 

QDs) 

2.3.1. Synthesis of core-only InP QDs 

A modified literature procedure was used for the synthesis of red-emitting core-only 

InP QDs.3,4 In a typical synthesis, indium(III) chloride (100 mg, 0.45 mmol), zinc chloride 

(300 mg, 2.2 mmol), and oleylamine (5.0 mL, 15 mmol) were placed in a 100 mL three-

neck RB equipped with a stir bar. The mixture was heated to 120 °C under an Ar 

atmosphere with gentle stirring until a clear solution was obtained. The reaction mixture 

was degassed for ∼60 min at 120 °C, followed by a rise in temperature to ∼200 °C. Upon 

reaching ∼200 °C, 350 μL of tris(dimethylamino)phosphine (1.93 mmol) in 1.0 mL of 

oleylamine was quickly injected into the reaction mixture. The temperature was 

maintained at ∼200 °C for 60 min for the growth of the InP core QDs. In the end, the 

reaction mixture was quenched with a water bath, followed by the addition of 5.0 mL of 

hexane to arrest the growth of core-only QDs. The as-synthesized QD solution was 

centrifuged at 8000 rpm for 10 min to remove unreacted precursors. The resultant 

supernatant was purified by precipitation with ethanol and redispersed back in toluene 

for further use. 
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2.3.2. Synthesis of core/shell InP/ZnS QDs 

For the synthesis of core/shell InP/ZnS QDs, firstly, core-only InP QDs were 

synthesized according to the procedure described in Section 2.3.1. After the complete 

growth of core-only InP QDs, the reaction mixture was cooled down to room temperature 

with a cold-water bath and further proceeded for ZnS shell growth. For the shell growth, 

zinc stearate (63 mg, 0.1 mmol ) and DDT (24 mL, 0.1 mmol) were dissolved in ODE and 

injected into the reaction mixture containing core-only InP QDs under inert conditions. 

The temperature was raised to 300 oC and kept for 20 min. Finally, the reaction mixture 

was quenched with a water bath, followed by the addition of 5 mL hexane to arrest the 

shell growth. As prepared, red-emitting InP/ZnS QDs were purified by precipitation with 

ethanol twice and redispersed in toluene for further use.  

2.4. Ligand exchange reaction for AuNRs and InP QDs 

2.4.1. Ligand exchange of AuNRs 

CTAB/n-decanol-stabilized AuNRs, [+] AuNRs, were place-exchanged with negatively 

charged 11-mercaptoundecanoic acid (MUA, [−]) ligand to obtain [−] AuNRs (Scheme 

2.1). In a typical place exchange, 1 mL of concentrated [+] AuNRs were precipitated by 

the addition of 25 mL of methanol, which yielded a black precipitate. The supernatant 

was carefully removed, and a 10 mM MUA ligand dissolved in methanol was added to the 

precipitated AuNRs. The solution was left undisturbed for 8 h to ensure complete place 

exchange with the MUA ligand. Next, the supernatant was decanted, and the precipitate 

was washed with 25 mL of methanol, followed by acetone. The precipitate was then dried 

and redispersed in Milli-Q water by adding 20 μL of tetramethylammonium hydroxide (25 

% wt. in water) to deprotonate the carboxylic acid group. Zeta potential (ζ) 

measurements confirmed the successful ligand exchange, and the as-synthesized [−] 

AuNRs were used for further studies. 
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Scheme 2.1. Schematic illustration for the synthesis and place exchange of AuNRs. Positively-
charged CTAB stabilized NRs, [+] AuNRs, were synthesized via the seed-mediated method and 
ligand exchanged with negatively charged MUA ligands to yield [-] AuNRs. 

2.4.2. Ligand exchange of InP QDs 

The parent OAm-capped InP QDs were subjected to ligand exchange with positively 

charged N,N,N-trimethyl(11-mercaptoundecyl) ammonium chloride (TMA, [+]) to 

achieve colloidal stability in an aqueous medium in accordance with the literature report 

(Scheme 2.2).5 In a typical place exchange protocol, TMA (∼50 mg) was dissolved in 2 mL 

of water, and 800 μL of parent OAm-capped InP QDs were added. The solution was 

vigorously shaken for ∼5 min, followed by the addition of 1 mL of water and 10 mL of 

toluene. The solution was stirred overnight to facilitate a complete transfer of QDs from 

the organic phase to the aqueous phase. The aqueous phase was separated, 

precipitated with 2-propanol, and centrifuged to remove excess TMA ligands. Finally, [+] 

InP QDs were redispersed in water for photocatalytic studies. 

Similarly, [−] InP QDs were prepared by a ligand exchange protocol using 11-

mercaptoundecanoic acid (MUA, [−]) as the ligand (Scheme 2.2).5 Here, MUA (∼100 mg) 

was dissolved in a 1:4 ratio of water: methanol (0.3 and 1.2 mL, respectively), and the pH 

was adjusted to 10 using NaOH. To this, ∼800 μL of parent QDs was added, followed by 

the addition of 2 mL of water and 10 mL of toluene. The solution was stirred overnight to 

facilitate a complete phase transfer of QDs from the organic phase to the aqueous 

phase. The aqueous phase was carefully transferred, precipitated with acetone, and 

centrifuged to remove the excess MUA ligands. The anionic [−] InP QDs were redispersed 

in water for further studies. 
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Scheme 2.2. Schematics showing the ligand exchange of oleylamine-capped InP QDs with 
positively charged N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) and 
negatively charged 11-mercaptoundecanoic acid (MUA) thiolated ligands.  

A modified literature protocol was used to functionalize a metal-solvent complex 

(MSC) on the InP QD surface.6 Firstly, 50 mg InCl3 was dissolved in 2 mL of DMF to form 

[In(DMF)6]3+ complex ([+] MSC). To this solution, 800 mL of parent OAm-capped InP QDs 

in hexane were added. The reaction mixture was stirred vigorously for 12 h to facilitate 

the transfer of InP QDs from hexane to DMF (Scheme 2.3). The place-exchanged QDs 

were purified twice with hexane, followed by precipitation using toluene, and 

redispersed in water for further photocatalytic reactions.  

 
Scheme 2.3. Schematics of ligand exchange of InP QDs with positively charged metal-solvent 
coordination complex, [In(DMF)6]3+ ([+] MSC). 
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2.5. Instrumentation and techniques used 

2.5.1. UV-vis absorption studies 

All UV-vis absorbance data were recorded on a Shimadzu UV-3600 

spectrophotometer and a quartz cuvette of path length 1 cm, over the range of 200-1200 

nm. The concentration of AuNRs and InP QD solution was calculated using Beer-

Lambert’s law: 

𝐴 =  𝜀 . 𝑐 . 𝑙 

where, 

A is the absorbance  

ε is the molar extinction coefficient (M-1 cm-1) 

c is the concentration of the solution (M) 

l is the optical path length (cm). 

Molar extinction coefficient for InP QDs was calculated using the following equations:7 

𝐷 = (−3.7707 ×  10−12)𝜆5 + (1.0262 ×  10−8)𝜆4 − (1.0781 × 10−5)𝜆3  

+ (5.4550 ×  10−3)𝜆2 −  (1.3122)𝜆 + 119.9   

𝜀 = 3046.1 (𝐷)3 − 76532 (𝐷)2 + (5.5137 ×  105)(𝐷) − (8.9839 × 105) 

where D is the diameter of QDs in nm, and λ is the wavelength corresponding to the first 

excitonic peak of QDs in nm. 

2.5.2. Zeta potential measurements 

Zeta potential (ζ) measurements of the functionalized AuNRs and InP QDs were 

performed in Zetasizer Nano series, Nano-2590 (Malvern instruments, U.K.). The optical 

density of the solution was maintained ~0.05 during all the measurements. The ζ value 

was estimated from the electrophoretic mobility (UE) (the velocity with which the charged 

particles are attracted to the oppositely charged electrodes) and is calculated using 

Henry’s equation:8 

𝑈𝐸 =
2𝜀𝜁𝑓(𝑘𝑎)

3𝜂
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where,  

 ε is the dielectric constant of the medium, 

 ζ is the zeta potential (mV) 

 f(ka) is Henry’s function  

 η is the viscosity of the medium (Pa s).  

Smoluchowski’s approximation was used to measure the zeta potential values. 

2.5.3. Nuclear magnetic resonance (NMR) spectroscopy studies 

1H NMR data were recorded on a Bruker 400 MHz spectrometer.  

2.5.4. Scanning electron microscopy (SEM) imaging 

Field emission scanning electron microscopy (FESEM) studies were carried out using 

a Zeiss Ultra Plus FESEM instrument. The SEM sample was prepared by drop-casting a 

solution of AuNRs on a silicon wafer and dried under a vacuum. The SEM imaging for the 

paper-based dip catalyst system, loaded with [−] AuNRs, was carried out by taking a 

small portion of the paper film.  

2.5.5. Transmission electron microscopy (TEM) imaging 

NP and QD samples were drop-casted onto a 400-mesh copper grid (Ted Pella Inc.) 

and dried under vacuum. The high-resolution transmission electron microscopy 

(HRTEM) imaging was performed on Jeol JEM2200FS (200 kV) instrument. 

2.5.6. Cyclic voltammetry (CV) studies 

Metrohm DropSens µStat400 electrochemical workstation and Dropview 8400 

software were used to carry out the CV experiments. Glassy carbon was used as the 

working electrode, non-aqueous Ag/AgNO3 in acetonitrile as the reference electrode, 

and a Pt wire was used as the counter electrode. Ferrocene was used as the internal 

standard. The oxidation and reduction potential for QDs vs vacuum was determined 

using the following equations: 
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𝐸𝑉𝐵 =  −𝐼𝑃 =  −(𝑒𝐸𝑜𝑥 +  𝐸𝑟𝑒𝑓)𝑒𝑉 

𝐸𝐶𝐵 =  −𝐸𝐴 =  −(𝑒𝐸𝑟𝑒𝑑 +  𝐸𝑟𝑒𝑓)𝑒𝑉 

where,  

 Eox and Ered are the onset redox potentials with respect to the reference electrode, 

Eref is the potential difference between the selected reference electrode and the vacuum 

energy level, and 

IP and IA are the ionization potential and electron affinity. 

2.5.7. Fourier-transform infrared spectroscopy (FTIR) 

FTIR experiments were performed to confirm the presence of ligands on the surface of 

QDs. The measurements were performed on Bruker ALPHA II FTIR spectrometer. 

2.5.8. Mass spectrometry 

Qualitative gas analysis was performed with BELMASS II quadrupole mass 

spectrometer from Microtrac. Mass channels for the desired gases were selected, and 

the gases from the reactor’s headspace were injected into the mass spectrometer using 

a gas-tight syringe. 

2.5.9. X-ray photoelectron spectroscopy (XPS) 

The XPS studies were performed on a Thermo Fisher Scientific Instrument, 

Leicestershire, UK (Model: K-Alpha+) using Al-Kα anode in a transmission lens mode and 

multi-channel plate (MCP) detector. OAm-InP QDs and [+] InP QDs before the reaction 

were drop-casted on a silicon wafer and dried completely in vacuum. To prepare the 

sample after the photocatalytic reaction, [+] InP QDs were precipitated from the reaction 

mixture by centrifugation and dried completely in vacuum. The dried [+] InP QD sample 

was dispersed in IPA and drop-cast on a silicon wafer. The binding energy scale was 

calibrated using the standard C 1s peak (284.6 eV), and the elemental peaks were 

analyzed using non-linear Shirley background correction. The peak position fittings were 
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carried out using XPSpeak41 software and optimized by a weight least-square fitting 

method using Gaussian and Lorentzian lineshape. 

2.5.10. Ion chromatography 

Dionex Aquion ion chromatography system from Thermo Fisher Scientific was used to 

quantify the concentration of different ions in the reaction. Cations and anions were 

analysed using CS16 column (5 x 250 mm) with CDRS 600 (4 mm) suppressor and AS23 

column (4 x 250 mm) with ADRS 600 (4 mm) suppressor, respectively. Methanesulfonic 

acid (30 mM) and a mixture of sodium carbonate (4.5 mM) and sodium bicarbonate (0.8 

mM) were used as the eluent for cation and anion analysis, respectively. The sample loop 

was kept constant at 25 L for all studies. The concentrations of NH4
+, NO3

-, and NO2
- 

were deduced from the calibration curves plotted for the respective ions.  
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3.1. Abstract 

Photocatalysis with metal nanoparticles is attractive because of their unique 

plasmonic properties, such as large absorption cross-section, high charge density, 

spectral tunability, and photostability. As a result, plasmonic photocatalysis has 

emerged as a distinct area in catalysis for performing different classes of chemical 

transformations. However, disentangling the exact mechanism in plasmonic 

photocatalysis is often challenging because of the interference from different plasmon 

relaxation pathways, which in turn is highly dependent on the catalyst–reactant system. 

Presently, the field demands a detailed investigation into different factors involved in 

plasmonic chemistry to gain a better understanding of the complex reaction pathway. 

Herein, we reveal the critical role of light excitation attributes in the plasmon-driven 

photoregeneration of the nicotinamide (NADH) cofactor by gold nanorods (AuNRs). The 

two distinct surface plasmon bands in AuNRs allowed us to study the exclusive role of 

interband vs intraband transitions in NADH photoregeneration. Also, the choice of 

reaction is ideal for testing various hypotheses, as it proceeds only in the presence of 

both light and catalyst. Long-lived hot charge carriers generated through interband 

transition, in combination with a favorable catalyst–reactant interaction, drive the 

efficient photoregeneration of the NADH cofactor (∼40 %). Our study emphasizes the 

need for an appropriately chosen catalyst–reactant system and reaction conditions to 

gain meaningful insights into various factors controlling the product yield and selectivity 

in plasmonic photocatalysis. 
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3.2. Introduction 

Localized surface plasmon resonance (LSPR) in metal nanoparticles (NPs) offers a 

unique way for converting solar energy to chemical fuels, which forms the basis of the 

area of plasmonic photocatalysis.1-3 Upon LSPR excitation, the plasmon can dephase via 

(i) radiative pathway by creating intense electric fields in the vicinity of the NP surface, or 

(ii) nonradiative pathways by forming highly energetic hot charge carriers, which 

eventually dissipate their excess energy to the surroundings in the form of heat.2-6 

Literature reports establish that both radiative (near-field enhancement) and 

nonradiative (hot charge carriers and local heating) processes can activate molecules 

and trigger useful chemical transformations in the presence of light (Figure 3.1).7-19 As a 

result, the mechanism involved in a plasmon-driven chemical transformation is 

complex.20,21 A better understanding, as well as control over the involvement of different 

relaxation pathways, is essential to overcome the existing challenges of low product 

yield and selectivity in plasmonic photocatalysis.22-24  

 

Figure 3.1. Schematics showing the feasibility of chemical transformations with plasmonic 
nanomaterials via different relaxation pathways. The non-radiative relaxation after plasmonic 
excitation results in generation of generation of hot charge carriers which can be extracted out to 
perform chemical reactions. The inefficient extraction of charge carriers results in dissipation of 
large amount of heat energy, which can also be utilized to do chemical transformations.  

The contribution of different pathways will depend on the choice of chemical reaction, 

photocatalyst design, and reactor design (light excitation, volume, temperature, 

colloidal/solid phase, fluid flow, etc.).20,21,24-26 For instance, Baldi and co-workers 

observed the change of dominant reaction mechanism from non-thermal to thermal, 
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depending on the fraction of NP volume under irradiation.25 Herein, the authors 

investigated the contribution of different activation mechanisms by employing Au@Ag 

core@shell nanoparticles synthesis. The rate of Ag shell formation under different 

conditions was monitored through extinction spectroscopy as well as modelled to 

simulate light propagation and heat transfer dynamics. The local heating effects were 

completely overruled. However, a prominent participation of collective thermal effects 

was observed, accounting for 30 to 100 % of the total reaction rate when the volume of 

the reaction mixture was varied from 90 mL to 450 mL. Such a subtle change in the 

reaction volume leading to a complete change of reaction mechanism clearly shows the 

need to elucidate the role of vast reaction parameters for a holistic understanding of 

plasmon-powered processes.  

In an interesting study by Un and Sivan, the impact of fluid flow on heat generation was 

elucidated in plasmon-mediated redox reactions (Figure 3.2).26 The spatial distribution 

as well as temporal dynamics of temperature were analyzed in two exemplary 

experimental studies: a) plasmon-induced dithionite-mediated redox reactions (Figures 

3.2a,b) and b) plasmon-mediated CO2 reduction to C1-C3 hydrocarbons (Figures 3.2c-

e), alongside the fluid convention dynamics. In the former case, the reaction was found 

to be driven via thermal effects, mainly because of the presence of a non-uniform 

temperature profile after light irradiation. Modeling studies revealed that the local 

temperature in the regions close to illuminated nanoparticles was higher, while no 

significant heating could be observed in the bulk. However, in the latter case, non-

thermal effects dominated as forced convection by stirring reduced the temperature 

gradients. The convection dynamics (natural vs. forced) and the use of additional hole 

scavengers were responsible for such contrasting reaction mechanisms. This study 

demonstrates that minute differences in the experimental setup can turn out to be 

decisive in the elucidation of the underlying reaction mechanism in plasmon-powered 

processes.  
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Figure 3.2. The role of fluid flow in plasmon-photocatalyzed chemical reactions. a) Schematics 
showing the simulation domain of the reactor used in plasmon-induced dithionite-mediated 
redox reactions. b) Temperature distribution as a function of distance from the center of the 
beam spot. The inset shows the temporal rise in temperature after light illumination. c) 
Schematics of the simulated reactor design used for plasmon-mediated CO2 reduction to C1-C3 
hydrocarbons. d) and e) are the temperature profiles after light irradiation in the absence and 
presence of forced convection by stirring, respectively. It can be clearly seen that the thermal 
gradients are significantly reduced when the reaction mixture is stirred. Reproduced with 
permission from reference 26. Copyright 2021 American Chemical Society.  

Light excitation is one such parameter that is crucial for any photocatalytic reaction 

and can significantly impact the reaction rates and product selectivity. In the light of 

plasmonic photocatalysis, light excitation attributes play a crucial role in tuning the 

reaction parameters such as yield, rate, and selectivity. In a seminal work by Jain & 

coworkers, harvesting of multiple electrons becomes prevalent with continuous wave 

light excitation of moderate power after a threshold light intensity is achieved.10 With the 

help of a hole scavenger and appropriate excitation wavelength, the reaction rate 

followed a superlinear trend as a function of photon flux. The authors strategically used 

this observation in another work to tune the selectivity in photocatalytic CO2 reduction, 
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wherein the light intensity influenced the rate of formation of C1 (methane) and C2 

(ethane) products.9 Higher photon energy and flux favored C2 products due to the 

simultaneous harvesting of multiple charge carriers. This study impressively utilizes light 

excitation as a tool to drive challenging multielectron chemical transformations with fine 

control over the reaction mechanism and selectivity. As the outcome of any plasmon-

powered process is highly sensitive to the catalyst-reactant system as well as the 

experimental conditions, it cannot be generalized. Thus, given the diversity of 

parameters involved in the photocatalytic process, there is a need for catalyst and 

reaction-specific investigations to understand plasmon-powered chemical 

transformations.  

In this direction, we report here the conclusive role of light excitation and hot charge 

carriers in dictating the outcome of a plasmon-catalyzed chemical transformation. Our 

study demands the appropriate choice of photocatalyst as well as a chemical reaction, 

to minimize the contribution from the other two relaxation processes (near field 

enhancement and thermal effects). Gold nanomaterial was our choice for the plasmonic 

photocatalyst because of its wide applicability in different classes of chemical 

transformations.8-12,15,16 In the case of Au, plasmon is damped via excitation of interband 

‘d-sp’ and intraband ‘sp-sp’ transitions (Figure 3.3a). 6,9,10,27-29 The threshold energy 

required for interband ‘d-sp’ transitions is only 2.1 eV, which overlaps with the LSPR of 

spherical gold nanoparticles (AuNPs) at ~2.4 eV. 9,27-29 Therefore, interband transitions 

can significantly contribute to the observed reaction rate when LSPR (intra + interband 

transitions) is excited. This essentially suggests that AuNPs may not be the ideal choice 

of catalyst to study the role of light excitations in plasmonic photocatalysis. On the 

contrary, selective excitation of interband and intraband transitions is possible in 

anisotropic gold nanorods (AuNRs) because of the presence of two distinct LSPR bands 

- longitudinal and transverse bands (Figure 3.3b). Excitation at the longitudinal LSPR 

band results in the intraband transitions selectively; whereas excitation at the transverse 

LSPR band results in both interband and intraband transitions.30,31 Further, the excitation 

with higher energy photons (>2.4 eV) will result in selective interband transitions.9,27,28  
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Figure 3.3. a) Representative band diagram of Au showing two different types of transitions that 
can occur upon plasmonic excitation. Intraband transition results in the formation of hot charge 
carriers in the sp band, whereas interband transition results in e––h+ pair formation in the sp band 
and d band, respectively. b) Comparison of absorption profiles of spherical AuNPs and 
anisotropic AuNRs in the vis–NIR region. The presence of two distinct LSPR bands in AuNR allows 
the formation of hot charge carriers, selectively, via intraband or interband transitions. 

As selective excitation pathways can be achieved, AuNRs have been used in recent 

studies as the catalyst for deconvoluting the role of different factors in plasmonic 

photocatalysis.30,31 Somorjai, Alivisatos, and Toste investigated photoinduced etching of 

AuNRs with FeCl3 to elucidate the effect of different excitations and implicated the 

dominating role of interband transitions in plasmonic photocatalysis (Figure 3.4).30 The 

reaction rate under dark and different light excitation was monitored through changes in 

the absorption spectrum of AuNRs as FeCl3 selectively etches the tip of AuNRs (Figures 

3.4a, b). Kinetics studies revealed the highest etching rate with 450 nm light excitation, 

whereas the rate of etching was similar to dark when longitudinal LSPR excitation (650-

850 nm) was used (Figure 3.4b). The rate constant under interband excitation was at 

least 3-4 orders of magnitude higher than selective intraband excitation at the 

longitudinal LSPR (Figure 3.4c). Furthermore, the rate of etching was significantly higher 

even at the transverse LSPR excitation (510 nm) because of the excellent overlap of 

interband and intraband transitions. A detailed reaction mechanism was proposed, 

which involved the reduction of Fe3+ ions by hot electrons and holes accumulated in 

AuNRs to eventually form Au3+, causing the etching of AuNRs (Figure 3.4d). The efficiency 
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of interband charge carriers was found to be better than the charge carriers generated 

upon plasmonic excitation.  

 

Figure 3.4. a) Schematic showing the photoinduced etching of AuNRs with FeCl3. The blue shift 
in the longitudinal LSPR band of AuNRs served as a proxy to determine the reaction rate under 
different excitations. b) Rate of AuNR etching at different excitation wavelengths. c) Etching rate 
normalized with respect to each photon absorbed. d) Proposed reaction mechanism for AuNR 
etching under light illumination. Reproduced with permission from reference 30. Copyright 2017 
American Chemical Society. 

 Along similar lines, Baldi and co-workers developed Au@Ag NR core@shell system to 

distinguish among different underlying plasmon activation mechanisms (Figure 3.5a).31 

The silver shell growth over AuNRs was monitored using TEM and in-situ extinction 

spectroscopy. The evolution of the extinction spectrum under 730 nm was similar to that 

of dark, suggesting the inefficiency of intraband hot charge carriers in enhancing the 

reaction kinetics (Figure 3.5b). In contrast, a similar spectral profile was observed with 

faster kinetics under 532 nm excitation with an initial 10-fold rate enhancement as 

compared to dark (Figure 3.5c). Using a combination of in-situ extinction spectroscopy, 

transmission electron microscopy, thermal characterization, and finite-difference time-

domain simulations, the dominant role of hot charge carriers generated via interband 

charge carriers was established. This was further corroborated by single-particle 

studies, wherein shifts in the LSPR position were measured at polarizations parallel and 

orthogonal to laser polarizations. A clear lack of angular dependency was observed, 



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 70 

suggesting the isotropic distribution of charge carriers, which is characteristic of the 

interband hot charge carriers (Figure 3.5d). Though both studies suggest that interband 

transitions play a major role in carrying out photocatalytic conversions with Au as the 

plasmonic catalyst, the choice of reaction in these studies may not be ideal, as the 

reaction could proceed to some extent without the need for the catalyst and light.  

 
Figure 3.5. a) Schematics of the plasmon-driven Au@Ag core@shell NR synthesis. b) Evolution 
of longitudinal LSPR band of AuNRs under different light excitation conditions. Kinetics of Au@Ag 
core@shell NRs under longitudinal LSPR excitation at 730 nm were similar to the dark conditions, 
whereas a faster rate was observed under 532 nm excitation. c) Rate enhancement of Ag growth 
over AuNRs under 532 nm compared to dark as a function of time. A 10-fold enhancement was 
observed initially, which stabilizes to 3-fold over the course of reaction. d) Shifts in the LSPR 
position measured at single-particle level at polarizations parallel and orthogonal to laser 
polarization. A lack of angular dependency was clearly observed suggesting the isotropic 
distribution of charge carriers, characteristic of interband hot charge carriers. Reproduced with 
permission from reference 31. Copyright 2020 American Chemical Society. 

The present work fills this gap by selecting the photoregeneration of nicotinamide 

cofactor (NADH) as the reaction of choice, which occurs only in the presence of both 

catalyst and light. Artificial regeneration of NADH from NAD+ is a two electron-one proton 

transfer (or hydride ion transfer) process that is being used as a model reaction to test 

several hypotheses in plasmonic photocatalysis.12,32-36 Along with this, NADH is a key 

cofactor required by a majority (~70 %) of oxidoreductase enzymes to carry out various 

biocatalytic reactions, thereby justifying the choice of the reaction from an applied 

perspective as well.37,38 Our selection of AuNRs to photocatalyze the regeneration of 

NADH cofactor satisfies the fundamental requirements that a catalyst-reactant system 
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should possess, to gain conclusive insights into the role of light excitations in plasmonic 

photocatalysis. A widely used electron mediator, [Cp*Rh(bpy)(H2O)]2+,  was incorporated 

to enhance the charge transfer rate for a better comparison of the reaction yields under 

different excitations as well as to regenerate the enzymatically active 1,4-NADH 

(Scheme 3.1).39-41 Moreover, the incorporation of a positively charged electron mediator 

allowed us to use electrostatic forces as a tool to install the concept of ‘catalyst-reactant 

interaction’ in our study.11,12,42 A favorable catalyst-reactant interaction will channelize 

the diffusion and increase the local concentration of the reactants close to the surface 

of the catalyst, thereby enhancing the possibility of the charge transfer process.11,12,42 

Accordingly, the surface of the AuNRs was appropriately functionalized with negatively 

charged ligands to achieve electrostatic attraction with the positively charged electron 

mediator (Scheme 3.1). Detailed wavelength-dependent experiments showed that hot 

charge carriers generated through selective interband transitions (via excitation at ~450 

nm) yielded the best photocatalytic regeneration of NADH cofactor, compared to 

selective intraband (via excitation at ~808 nm) and inter + intraband transitions (via 

excitation at ~532 nm). The light intensity was tuned in such a way that the interference 

from the photothermal effects, if any, was similar under each excitation, thereby ruling 

out the thermal effects in this wavelength-dependent study. An attractive yield of ~40 % 

was obtained upon illumination of AuNRs with ~450 nm excitation for ~12 h, with a 

turnover frequency (TOF) of ~16.8 x 103 AuNR-1 h-1. The incorporation of catalyst-reactant 

interaction, as well as the excitation of AuNR photocatalyst at a suitable wavelength, was 

the key to achieving a good conversion yield. In short, the appropriate selection of 

photocatalyst and reaction was crucial in conclusively proving the dominant role of 

charge carriers generated via interband transitions in photocatalyzing the NADH 

regeneration. Given the diversity of parameters involved in plasmonic photocatalysis, 

our study emphasizes the need for catalyst- and reaction-specific investigations to 

understand the role of each parameter in plasmon-powered processes. Such 

independent studies are essential for realizing the full potential of plasmonic materials 

in photocatalysis and other plasmon-powered processes.   
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Scheme 3.1. Schematics showing the photocatalytic regeneration of the NADH cofactor with [−] 
AuNRs using [Cp*Rh(bpy)(H2O)]2+ as an electron mediator and triethanolamine (TEOA) as a hole 
scavenger. The favorable electrostatic interaction between negatively charged AuNRs and a 
positively charged electron mediator facilitates an efficient electron transfer upon 
photoexcitation. 

3.3. Experimental section 

3.3.1. Synthesis of [Cp*Rh(bpy)(H2O)]2+ 

[Cp*Rh(bpy)(H2O)]2+ was synthesized using the literature procedure 41,43 as follows: In 

a 30 mL glass vial equipped with a stir bar, 0.55 mmol of RhCl3.H2O and 3 mL 

isopropanol (IPA) were added and stirred till the solution became deep red in color. 

Following this, 0.69 mmol of Cp* was added to the solution, and the vial was sealed with 

Teflon. The resulting mixture was heated at 85 oC for 1 h, resulting in the formation of a 

red-colored precipitate. The mixture was cooled down to room temperature and then 

kept at -20 oC for 5-6 h to allow complete precipitate formation. The precipitate was 

filtered and washed with cold IPA several times, followed by washing with n-pentane. The 

precipitate was dissolved in CHCl3, and the solvent was evaporated under vacuum. This 

was followed by washing with diethyl ether, and finally, the solid was dried under vacuum 

to yield [Cp*RhCl2]2 dimer. The dimer was suspended in 5 mL of methanol, and 2.5 

equivalents of 2,2’-bipyridyl (bpy) were added to it. A clear orangish-yellow solution was 

obtained upon bpy addition. Methanol was evaporated under vacuum to concentrate the 

solution to 1 mL, and [Cp*Rh(bpy)Cl]Cl was precipitated by the addition of diethyl ether. 

The final product was dried for 12 h at 40 oC under vacuum. The product was 
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characterized by 1H-NMR spectroscopy (Figure 3.12). Since [Cp*Rh(bpy)Cl]Cl 

immediately hydrolyzes to form [Cp*Rh(bpy)(H2O)]2+, a stock solution of 10 mM was 

prepared in water and stored in the dark at 4 oC for further use.  

3.3.2. Photocatalytic reduction of NAD+ to NADH 

The photocatalytic reduction of NAD+ was carried out in a glass tube under continuous 

irradiation from tunable power CW diode lasers. The light intensity was measured with 

optical power meter from Newport (Model 842 PE) with a beam diameter of 1 cm for all 

different lasers. In a typical experiment, NAD+ (1 mM), TEOA (1 M), and 

[Cp*Rh(bpy)(H2O)]2+ (250 M) were mixed in 50 mM phosphate buffer, and the pH of the 

solution was maintained at 8. AuNRs loaded paper-based catalyst strip was dipped in 

the reaction mixture, and purged with Ar for 30 min. The tube was sealed with Teflon, and 

the reaction mixture was kept under visible light irradiation for 12 h at room temperature. 

After 12 h, AuNRs-loaded paper strip was removed, and the photoregenerated NADH 

was quantified using UV-vis absorption spectroscopy.  

3.3.3. Preparation of paper-based dip catalyst system 

To prepare paper-based dip catalyst system, Whatman filter paper was cut into 2 cm 

x 1.2 cm strips. A mixture of [-] AuNRs (O.D.LSPR ~ 2) was drop-casted in parts onto the 

paper strips, followed by drying with a dryer. The process was repeated thrice and kept 

for drying at 45 oC for at least 6 h before use. AuNRs loaded paper catalyst was 

characterized by UV-vis-NIR diffuse reflectance spectroscopy as well as scanning 

electron microscopy.  

3.3.4. Yield calculation 

Photocatalytic reduction of NAD+ to NADH can be monitored by UV-visible absorption 

spectroscopy, wherein the emergence of peak at 340 nm can be used to quantify the 

yield of NADH.37,40,41 Since [Cp*Rh(bpy)(H2O)]2+ is present in the reaction mixture, the 

total absorbance at 340 nm cannot be taken into consideration for NADH quantification. 

Therefore, for all the experiments, a corrected spectrum was obtained by subtracting the 

absorption spectrum before light irradiation from the final absorption spectrum obtained 
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after 12 h light irradiation. Finally, the concentration of regenerated NADH was 

calculated using Beer-Lambert law: 

𝐶 =
𝐴

𝜀𝑙 
                    (1) 

where C is the concentration of regenerated NADH, 𝐴 is the absorbance at 340 nm in the 

corrected spectrum obtained, ε is the molar extinction coefficient of NADH (6220 M-1 cm-

1)33 and l is the optical path length of 1 cm. The percentage yield was calculated using the 

following equation: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑(%) =  
𝐶𝑁𝐴𝐷𝐻

𝐶𝑁𝐴𝐷+
 × 100                  (2) 

where CNADH is the concentration of regenerated NADH calculated from equation 1, CNAD
+

 

is the initial concentration of NAD+ (1 mM) in the reaction mixture.  

3.3.5. Calculation of turnover number (TON) and turnover frequency (TOF) 

The turnover number (TON) for the photocatalytic reaction was defined as the number 

of molecules of NADH regenerated per AuNR for the given irradiation time. The total 

number of AuNRs was calculated from Beer-Lambert’s law. The absorbance of AuNRs at 

the longitudinal surface plasmon band was set to be ~2, and the extinction coefficient of 

1.02×109 M-1 cm-1 was used for the calculation of the number of AuNRs.44 Since the exact 

volume of AuNRs is drop-casted onto the paper strip, the number of AuNRs on the paper 

substrate can be considered the same as obtained by Beer-Lambert’s law. From the 

above calculation, the total number of AuNRs was calculated to be 3.54×1012. The 

turnover frequency (TOF) was defined as the number of molecules of NADH regenerated 

per AuNR per unit time of irradiation. The TOF was calculated by dividing TON by the total 

time of irradiation in h. 

3.4. Results and discussion 

3.4.1. AuNR photocatalyzed NADH photoregeneration 

Gold nanorods functionalized with cetyltrimethylammonium bromide (CTAB, [+] 

AuNRs), having an aspect ratio of ~4, were prepared using a seed-mediated method.45 
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The CTAB ligands on [+] AuNRs were then place-exchanged with negatively charged MUA 

ligands to install the favorable electrostatic interaction between [-] AuNRs and 

[Cp*Rh(bpy)(H2O)]2+ (Scheme 3.1). The UV-vis-NIR absorption characteristics of AuNRs 

were well-retained after the place-exchange with [-] ligands (Figure 3.6a). A shift in the 

zeta potential value from +40.9 ± 0.3 mV to -45.3 ± 0.2 mV confirms the successful 

functionalization of MUA ligands on the surface of [-] AuNRs (Figure 3.6b). SEM image 

proves the structural uniformity of AuNRs, with an average length of 43.2 ± 6.6 nm and 

width of 10.8 ± 1.8 nm (Figures 3.6c, 3.13). AuNRs with these dimensions were chosen 

in the present study to achieve a selective excitation of interband and intraband 

transitions. Specifically, the selective intraband transition can be achieved at the 

longitudinal LSPR band at ~795 nm by irradiating with an 808 nm laser, whereas the 

selective interband transition can be achieved with a 450 nm laser irradiation. It is to be 

noted that the threshold energy for the interband transitions in Au is ~ 2.1 eV (~590 

nm),10,27,28 which ensures a negligible interference between interband and intraband 

transitions at 808 nm laser irradiation. Further, the light illumination at the transverse 

LSPR band at ~510 nm with a 532 nm laser will result in both interband and intraband 

transitions.  

 

Figure 3.6. a) UV-Vis-NIR absorption, and b) zeta potential measurements of CTAB-stabilized [+] 
AuNRs and MUA functionalized [-] AuNRs. c) Representative SEM image proves the size and 
shape uniformity of [-] AuNRs.  

To begin with, the role of hot charge carriers generated via the interband transition was 

tested in the photocatalytic regeneration of NADH cofactor. [-] AuNRs were used as the 

sole photocatalyst in the presence of [Cp*Rh(bpy)(H2O)]2+ electron mediator, with 

triethanolamine (TEOA) as the hole scavenger, under continuous irradiation with 450 nm 

CW diode laser for 12 h (the total light intensity measured at the test tube wall was ∼700 
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mW cm-2, Scheme 3.1). The photocatalytic conversion of NAD+ to NADH by [-] AuNRs 

was monitored through UV-vis spectroscopy, by following the absorption of NADH at 

~340 nm.12,37,41 A paper-based dip catalyst system was employed in the present study to 

overcome the issue of colloidal stability of [-] AuNRs in a photocatalytic reaction mixture 

(Figure 3.14). Here, [-] AuNRs were dropcast and dried on a Whatman filter paper 

substrate. [-] AuNRs loaded paper substrate was characterized with UV-Vis-NIR diffuse 

reflectance spectroscopy, where the presence of both transverse and longitudinal LSPR 

bands was observed (Figure 3.7a). Also, the optical photograph and SEM images confirm 

the successful adsorption of AuNRs on the paper substrate (Figure 3.7b). The adsorption 

of AuNRs on filter paper takes place through strong van der Waals and hydrophobic 

interactions between the metal nanoparticles and the cellulose fibers.46  

 

Figure 3.7. a) Vis-NIR diffuse reflectance spectrum of [-] AuNRs loaded on the filter paper, clearly 
showing the presence of both transverse and longitudinal LSPR bands. The inset shows the 
optical photograph of the [-] AuNRs loaded paper dip catalyst film. b) Representative SEM image 
of [-] AuNRs loaded on paper film.  

Control experiments prove that both NAD+ (reactant) and [Cp*Rh(bpy)(H2O)]2+ were 

stable under prolonged light irradiation at 700 mW cm-2 (Figure 3.15). No noticeable 

changes were observed in the UV-Vis absorption of the reaction mixture in the presence 

of [-] AuNRs, in the dark (Figure 3.16). Interestingly, a strong absorption at ~340 nm was 

observed upon 12 h irradiation with 450 nm CW laser in the presence of [-] AuNRs, 

confirming the photoregeneration of NADH (Figures 3.8a,b). The yield of the 

photoregenerated NADH was estimated to be ~38 %. It is worth mentioning that a poor 

to low yield is often reported in the literature during the plasmonically driven 
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photoregeneration of NADH cofactors by gold nanomaterials,12,32,34,36 because of the poor 

charge separation and utilization steps. One of the main reasons for the decent yield 

obtained in the present study can be attributed to the favorable electrostatic interaction 

between the [-] AuNRs and [+] [Cp*Rh(bpy)(H2O)]2+, leading to the channeling and 

increase in the local concentration of the electron mediators close to the surface of the 

catalyst. This, in turn, enhances the probability of the charge transfer process from the 

photocatalyst to the electron mediator. The exclusive role of this favorable electrostatic 

interaction was proved by performing the photocatalytic reaction with CTAB [+] AuNRs, 

under the same reaction conditions, wherein the yield of NADH photoregeneration was 

found to be merely ~12 % (Figures 3.8c, 3.17). An additional experiment was performed 

with AuNRs functionalized with N, N, N-trimethyl-(11-mercaptoundecyl)-ammonium 

chloride (TMA) ligand. It is to be noted that both TMA and MUA ligands are similar in length 

with thiol as the binding group, and differ only in the terminal head functional group (-

COO- and -NMe3
+ in MUA and TMA, respectively). The yield of NADH photoregeneration 

was only ~13 % (Figure 3.18) when positively charged TMA-AuNR was used as the 

photocatalyst. This again proves the dominant role of favorable electrostatic interaction 

between [-] AuNRs and [Cp*Rh(bpy)(H2O)]2+. Thus, it can be concluded that ligands on 

AuNR surface mediate charge transfer by precisely regulating electrostatics between the 

catalyst and the reactants. The change in surface ligands predominantly affects the 

kinetics and not the reaction mechanism.  

3.4.2. Confirming the role of hot charge carriers 

A series of control experiments were performed to identify the dominant relaxation 

pathway in the photoregeneration of NADH cofactor by [-] AuNRs (Figures 3.8c, 3.16). 

Separate experiments performed in the absence of light, electron mediator, [-] AuNRs, 

and TEOA (hole scavenger) prove that the reaction follows the light-dependent pathway 

and proceeds via the participation of hot charge carriers. Moreover, the intensity 

dependence of NADH regeneration also validates the dominating role of hot-charge 

carriers under our reaction conditions (Figures 3.8d, 3.19, 3.20). A superlinear increase 

in NADH yield was observed as a function of light intensity, which is a characteristic of a 

multielectron transfer process (Figure 3.8d).10,47 This was explained by constructing 
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RTlnTOF vs light intensity plot in accordance with the heuristic model developed by Jain 

and co-workers (Figure 3. 21).47 According to this model, charge carriers generated upon 

plasmon excitation contribute to the free energy of the overall reaction rate, which in turn 

is dependent on light intensity as in eq. 3.1.  

𝑅𝑇𝑙𝑛
𝑅𝑓
𝑅𝑏

= −∆𝐺𝑑𝑎𝑟𝑘 +
𝑧 𝐸𝑖𝑏 𝜎 𝜂𝑖𝑏 𝐼

ℎ𝜈 𝑘𝑛𝑟
                (𝟑. 𝟏) 

where, ∆𝐺𝑑𝑎𝑟𝑘  is the free energy of the reaction under dark, where the probability of 

electron-hole generation will be negligible due to the high magnitude of interband energy 

gap (Eib) compared to the thermal energy. Rf and Rb are the forward and backward 

reaction rates respectively, z is the no. of e--h+ pairs involved in the reaction, Eib is the 

interband energy gap, σ is the absorption cross-section of NP, ηib is the efficiency of 

conversion of plasmon excitation, I is the intensity of light and knr is the rate of 

recombination. According to eq. 3.1, the rate of a photochemical reaction is 

exponentially dependent on the intensity of light.  The RTlnTOF vs. light intensity plot was 

constructed by calculating the TOF obtained from the intensity-dependent experiments, 

and T was the bulk temperature of the reaction mixture as measured to be 315, 314, 312, 

and 310 K at 700, 600, 500, and 400 mW cm-2 light intensity, respectively. In our study, a 

linear dependence of RTlnTOF on light intensity confirms the active participation of 

photoexcited hot charge carriers in the regeneration of NADH (Figure 3.21).  

As discussed earlier, irradiating the ensemble of plasmonic NPs can result in both 

localized and collective heating effects, which can also contribute to the observed 

reaction rate. Under the laser intensities used in our reaction, the calculated local 

increase in temperature at a single AuNR is negligible with ∆Tlocal of ~0.35 mK (see 

Appendix). Such a small increase in the local temperature of AuNRs is insufficient to 

drive the reduction of NAD+ in a high yield of ~40 %. However, a large number of AuNRs 

under illumination can result in collective photothermal effects, which can increase the 

overall temperature by tens of Kelvin. It is worth mentioning that the temperature of the 

reaction medium rose to ~42 oC after 12 h of irradiation, in the presence of [-] AuNRs. To 

test the role of photothermal effects, a control experiment was performed in the dark at 

an elevated temperature of ~50 oC in the presence of [-] AuNRs. A low yield of ~7 % 
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confirmed that photothermal effects do not dominate the photoregeneration of NADH by 

[-] AuNRs (Figures 3.8c, 3.22). Thus, it can be confirmed that under our reaction 

conditions, the photoregeneration of the NADH cofactor is predominantly carried out by 

photoexcited charge carriers. 

 

Figure 3.8. Photocatalytic regeneration of NADH cofactor with [-] AuNRs. a) A schematic 
representation of the photocatalytic reaction setup. b) UV-Vis absorption changes in the reaction 
mixture before and after 12 h light irradiation (450 nm, 700 mW cm-2). The inset shows the 
corrected spectrum obtained after subtracting the initial absorption spectrum from the 
spectrum obtained after 12 h light irradiation. c) Bar diagram showing the photocatalytic activity 
of AuNRs under different control experiments obtained from the corrected spectrum, and d) 
variation in photoregenerated NADH as a function of light intensity. The dashed lines are in place 
to show the light intensity dependence of NADH regeneration. CNADH increases superlinearly from 
a threshold intensity of 400 mW cm-2.  

3.4.3. Role of light excitation attributes 

The role of light excitation pathways in the photoregeneration of NADH was 

investigated by performing detailed wavelength-dependent studies. As mentioned 

earlier, the plasmon dephasing results in two types of electronic transitions in Au 
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nanomaterials - ‘d-sp’ interband transitions, and ‘sp-sp’ intraband transitions. Since the 

threshold energy for interband transition is ~2.1 eV (~590 nm), 9,27,28 irradiation at the 

longitudinal LSPR band of AuNRs (~795 nm) will selectively result in intraband 

transitions. Likewise, irradiating with higher energy photons of ~2.75 eV (~450 nm) will 

result in selective interband transitions. Therefore, a wavelength-dependent study 

should provide conclusive proof of the contribution of hot charge carriers generated 

under each excitation in the photoregeneration of NADH cofactor by [-] AuNRs. In one set 

of experiments, the power absorbed was normalized under different illumination 

wavelengths (450 nm, 532 nm, and 808 nm) at ~550 mW (Table 3.1). The 

photoregeneration of NADH was strongly dependent on the irradiation wavelength, 

where the absorbance at 340 nm increased with an increase in photon energy (Figures 

3.9a, 3.23). Irradiation with 450 nm resulted in ~38 % regeneration of NADH, followed by 

~15 % with 532 nm, and ~8 % with 808 nm (Figure 3.9b). A similar trend was observed 

when the reaction was carried out by keeping the incident light intensity similar at ~700 

mW cm-2 (Figures 3.9b, 3.24). Here again, the NADH yield was highest at 450 nm 

irradiation (~35 %), followed by 532 nm (~18 %) and 808 nm (~13 %).  

 

Figure 3.9. Wavelength-dependence of photoregenerated NADH with [-] AuNRs. a) Corrected 
absorption spectra of the reaction mixture irradiated for 12 h with different wavelengths, keeping 
the power absorbed by the reaction mixture similar (~550 mW). b) Bar diagram comparing the 
yield of photoregenerated NADH under different wavelengths, keeping the power absorbed 
similar (cyan-colored bars) and incident light intensity similar (grey-colored bars).  

Another condition to perform the wavelength-dependent study involves keeping the 

photon flux (no. of photons falling per unit area per unit time) constant under all 
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irradiation wavelengths. In our study, the photon flux was different under both 

normalization conditions. However, the calculations reveal that the photon flux under 

532 nm and 808 nm light irradiation is higher than at 450 nm under both the normalization 

conditions (Table 3.2); yet, the yield of NADH photoregeneration was highest under 450 

nm excitation (Figure 3.9b). Thus, it can be concluded that the photoregeneration of 

NADH by [-] AuNRs is dominated by the hot charge carriers generated by interband 

transitions. This is further supported by the first-principles calculations performed by 

Atwater and coworkers, which predict that the generation of hot charge carriers via 

interband transitions will dominate over resistive losses in Au nanomaterials whenever 

the excitations above the threshold energy of 2.1 eV are possible.28  

Apart from the involvement of interband charge carriers, the photothermal effects and 

plasmon-enhanced adsorbate excitation pathway can also contribute to the 

photoregeneration of NADH. The contribution from the photothermal effects will be 

predominant at the irradiation wavelengths close to the SPR bands of AuNRs (808 and 

532 nm).17,48 The superior photoregeneration of NADH at 450 nm excitation, along with 

the poor yield obtained in the thermal reaction under dark (Figure 3.22), clearly rules out 

the contribution from the photothermal effects. Plasmon-enhanced adsorbate 

excitation pathway is known to dominate when the plasmon resonance or excitation 

wavelength spectrally overlaps with the electronic transition energy of the molecules 

adsorbed on the NP photocatalyst.18,19 As seen in Figure 3.10, there is a negligible 

spectral overlap between the electronic transition energy of NAD+ and the plasmon 

resonances/ excitation wavelengths used in the study. It is possible that the modified 

energy levels of NAD+, after adsorption, may have overlap with the excitation 

wavelengths used in the study (especially with 450 nm and 532 nm excitations). 

However, the NADH regeneration occurs by the interaction of NAD+ with 

[Cp*Rh(bpy)(H2O)]2+ and not directly with AuNRs (Scheme 3.1). Thus, NAD+ is not directly 

adsorbed on the surface of AuNR photocatalysts, and the change in the electronic levels 

may not be significant. In this regard, the difference in the NADH yields obtained under 

450 nm (~38 %) and 532 nm (~18 %) excitations cannot be attributed solely to the 

plasmon-enhanced adsorbate excitation pathway. Nevertheless, the contribution from 
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the plasmon-enhanced adsorbate electronic excitation pathway cannot be completely 

overruled. A separate study, presumably with adequate theoretical support, will be 

required to deconvolute the contributions of different pathways. Having said that, the 

experiments in the presence and absence of the hole scavenger, intensity-dependent 

studies, and thermal reaction under dark conclusively prove the dominant role of hot 

charge carriers in the photoregeneration of NADH cofactor.  

Table 3.1. Total power absorbed in the reaction mixture at different illumination 
wavelengths. 

Excitation 
wavelength (nm) 

Incident light 
power (mW) 

Transmitted light 
power (mW) 

Total power 
absorbed (mW) 

450 710 162 548 

532 740 188 552 

808 558 5 553 

 

Table 3.2. Calculated photon flux under different irradiation conditions for NADH 
photoregeneration. 

Light excitation attributes 
Photon Flux (no. of photons cm-2 s-1) 

450 nm 532 nm 808 nm 

Constant power absorbed (550 mW) 1.6 x 1018 2.0 x 1018 2.3 x 1018 

Constant light intensity (700 mW cm-2) 1.6 x 1018 1.9 x 1018 2.8 x 1018 
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Figure 3.10. UV-Vis-NIR absorption spectra of AuNRs and NAD+, showing negligible overlap 
between the electronic transition energy of NAD+ and different excitation wavelengths used in 
the study (450 nm, 532 nm, and 808 nm).  

Finally, a probable mechanism for the transfer of hot charge carriers generated via 

interband and intraband transitions is discussed. The photoregeneration of NADH by [-] 

AuNRs involves the oxidation of TEOA (by abstracting the holes from the photocatalyst) 

and reduction of [Cp*Rh(bpy)(H2O)]2+ (by accepting the electrons from the 

photocatalyst). The electron mediator further takes up the H+ ions from the oxidized 

TEOA to reduce NAD+ to NADH. The energy and population of photogenerated charge 

carriers in [-] AuNRs will depend on the type of electronic transitions.27,28,49 The dephasing 

of hot charge carriers in metal nanoparticles is completed within a time frame of ~100 fs 

- 1 ps,2,5,6 resulting in the formation of thermalized charge carriers – referred to as the 

steady state condition. In the case of intraband transitions (at 808 nm excitation), 

photoexcited charge carriers reside close to the Fermi level of Au (EF, Au = -5.10 eV)10 at the 

steady-state condition.50,51 Now, the probability of hot electron transfer to the electron 

mediator will be limited because of the mismatch in the energy levels between the two 

(redox potential of [Cp*Rh(bpy)(H2O)]2+ is -4.34 eV).38 On the other hand, the TEOA has 

high oxidizing power (-3.40 eV)38,52 to scavenge the holes generated in the ‘sp’ band. This 

results in the accumulation of hot electrons above the Fermi energy level 

(photocharging),29,53,54 which could attain sufficient energy to participate in an electron 

transfer process with the electron mediator. The outcome of the above two competing 

steps results in an inefficient transfer of hot electrons to the electron mediator, leading 

to the low yield of NADH regeneration at 808 nm excitation. On the contrary, the fate of 
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the photoexcited charge carriers is different when generated via the interband transitions 

(at 450 nm excitation). Here, the hot electrons and hot holes are formed in the sp and d-

band, respectively, which increases the lifetime of the charge-separated pairs to ~1 

ps.10,29,55 This means that the hot holes have more energy than the hot electrons, as the 

former reside deep in the d-band. The highly energetic holes in the d-band are efficiently 

scavenged by the TEOA. This results in the higher accumulation of hot electrons at a 

steady state condition (photocharging), when compared to 808 nm excitation. 

Consequently, there is a buildup of excess potential that raises the Fermi energy level 

(EF’) and enhances the probability of electron transfer from AuNRs to [Cp*Rh(bpy)(H2O)]2+ 

(Figure 3.11). Thus, it can be concluded that the photoregeneration of NADH by [-] AuNRs 

is limited by the hole scavenging step, which was further evident from the negligible 

progress of the reaction in the absence of a hole scavenger. 

 

Figure 3.11. Energy level diagram and possible mechanism for the observed difference in the 
NADH regenerated under intraband and interband excitations, with AuNRs as the sole 
photocatalyst, TEOA as the hole scavenger, and [Cp*Rh(bpy)(H2O)]2+ as the electron mediator. 
The higher oxidation potential of TEOA aids in faster hole extraction from AuNRs, resulting in the 
accumulation of electrons above the Fermi energy level (photocharging). The extent of electron 
accumulation depends on the energy as well as the lifetime of the photoexcited charge carriers.  

3.5. Conclusions 

The effect of different light excitations on plasmon-catalyzed photoregeneration of 

NADH cofactors was investigated. The choice of anisotropic AuNRs as the plasmonic 

photocatalyst allowed us to achieve the selective excitation of interband and intraband 

transitions in the present study. Detailed photocatalytic studies confirm the active role 

of hot charge carriers in the efficient photoregeneration of NADH by AuNRs. The hot 
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charge carriers generated through selective interband transitions (via excitation at ~450 

nm) gave the maximum photocatalytic regeneration of NADH cofactor, compared to 

selective intraband (via excitation at ~808 nm) and inter + intraband transitions (via 

excitation at ~532 nm). Higher energy and longer lifetime of hot charge carriers generated 

from interband transitions were reasoned to the trend observed in the NADH yield during 

the wavelength-dependent study. Moreover, the hole scavenging process was identified 

as the limiting step in the photoregeneration of NADH by AuNRs. Light excitation is one 

of the main parameters that can influence the product yield, which should always be 

analyzed to get a better insight into the contribution of various relaxation pathways in 

plasmonic photocatalysis. Given the diversity of parameters involved in plasmonic 

photocatalysis, our study emphasizes the need for catalyst- and reactant-specific 

investigations for understanding the roles of each parameter in plasmon-powered 

processes. 

3.6. References 

1) Linic, S.; Christopher, P.; Ingram, D. B. Plasmonic-Metal Nanostructures for Efficient 

Conversion of Solar to Chemical Energy. Nat. Mater. 2011, 10, 911-921. 

2) Brongersma, M. L.; Halas, N. J.; Nordlander, P. Plasmon-Induced Hot Carrier 

Science and Technology. Nat. Nanotechnol. 2015, 10, 25-34.  

3) Jain, V.; Kashyap, R. K.; Pillai, P. P. Plasmonic Photocatalysis: Activating Chemical 

Bonds Through Light and Plasmon. Adv. Opt. Mater. 2022, 10, 2200463. 

4) Hodak, J. H.; Martini, I.; Hartland, G. V. Spectroscopy and Dynamics of Nanometer-

Sized Noble Metal Particles. J. Phys. Chem. B 1998, 102, 6958-6967.  

5) Link, S.; El-Sayed, M. A. Spectral Properties and Relaxation Dynamics of Surface 

Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods. J. Phys. 

Chem. B 1999, 103, 8410-8426.  

6) Plasmonic Catalysis: From Fundamentals to Applications; Camargo, P. H. C., 

Cortés, E., Eds.; Wiley-VCH: Weinheim, Germany, 2021. 



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 86 

7) Christopher, P.; Xin, H.; Linic, S. Visible-Light-Enhanced Catalytic Oxidation 

Reactions on Plasmonic Silver Nanostructures. Nat. Chem. 2011, 3, 462-472.  

8) Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L. V.; Cheng, J.; Lassiter, 

J. B.; Carter, E. A.; Nordlander, P.; Halas, N. J. Hot Electrons Do the Impossible: 

Plasmon-Induced Dissociation of H2 on Au. Nano Lett. 2013, 13, 240-247.  

9) Yu, S.; Wilson, A. J.; Heo, J.; Jain, P. K. Plasmonic Control of Multi-Electron Transfer 

and C-C Coupling in Visible-Light-Driven CO2 Reduction on Au Nanoparticles. Nano 

Lett. 2018, 18, 2189-2194.  

10) Kim, Y.; Smith, J. G.; Jain, P. K. Harvesting Multiple Electron–Hole Pairs Generated 

Through Plasmonic Excitation of Au Nanoparticles. Nat. Chem. 2018, 10, 763-769.  

11) Roy, S.; Roy, S.; Rao, A.; Devatha, G.; Pillai, P. P. Precise Nanoparticle-Reactant 

Interaction Outplays Ligand Poisoning in Visible-Light Photocatalysis. ACS Catal. 

2018, 30, 8415-8419.  

12) Roy, S.; Jain, V.; Kashyap, R. K.; Rao, A.; Pillai, P. P. Electrostatically Driven 

Multielectron Transfer for the Photocatalytic Regeneration of Nicotinamide 

Cofactor. ACS Catal. 2020, 10, 5522-5528.  

13) Seemala, B.; Therrien, A. J.; Lou, M.; Li, K.; Finzel J. P.; Qi, J.; Nordlander, P.; 

Christopher, P. Plasmon-Mediated Catalytic O2 Dissociation on Ag Nanostructures: 

Hot Electrons or Near Fields? ACS Energy Lett. 2019, 4, 1803-1809.  

14) Qiu, J.; Wei, W. D. Surface Plasmon-Mediated Photothermal Chemistry. J. Phys. 

Chem. C 2014, 118, 20735-20749.  

15) Dhiman, M.; Maity, A.; Das, A.; Belgamwar, R.; Chalke, B.; Lee, Y.; Sim, K.; Nam, J. -

M.; Polshettiwar, V. Plasmonic Colloidosomes of Black Gold for Solar Energy 

Harvesting and Hotspots Directed Catalysis for CO2 to Fuel Conversion. Chem. Sci. 

2019, 10, 6594-6603.  

16) Kashyap, R. K.; Dwivedi, I.; Roy, S.; Roy, S.; Rao, A.; Subramaniam, C.; Pillai, P. P. 

Insights into the Utilization and Quantification of Thermoplasmonic Properties in 

Gold Nanorod Arrays. Chem. Mater. 2022, 34, 7369-7378.  



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 87 

17) Kashyap, R. K.; Parammal, M. J.; Pillai, P. P. Effect of Nanoparticle Size on Plasmonic 

Heat-Driven Organic Transformation. ChemNanoMat 2022, 8, e202200252. 

18) Kazuma, E.; Jung, J.; Ueba, H.; Trenary, M.; Kim, Y. Real-Space and Real-Time 

Observation of a Plasmon-Induced Chemical Reaction of a Single Molecule. Science 

2018, 360, 521-526. 

19) Tesema, T. E.; Kafle, B.; Habteyes, T. G. Plasmon-Driven Reaction Mechanisms: Hot 

Electron Transfer versus Plasmon-Pumped Adsorbate Excitation. J. Phys. Chem. C 

2019, 123, 8469-8483. 

20) Mascaretti, L.; Naldoni, A. Hot Electron and Thermal Effects in Plasmonic 

Photocatalysis. J. Appl. Phys. 2020, 128, 041101.  

21) Jain, P. K. Taking the Heat Off of Plasmonic Chemistry. J. Phys. Chem. C. 2019, 123, 

24347-24351.  

22) Cortés, E.; Besteiro, L. V.; Alabastri, A.; Baldi, A.; Tagliabue, G.; Demetriadou, A.; 

Narang, P. Challenges in Plasmonic Catalysis. ACS Nano 2020, 14, 16202-16219.  

23) Cortés, E. Efficiency and Bond Selectivity in Plasmon-Induced Photochemistry. Adv. 

Opt. Mater. 2017, 5, 1700191. 

24) Elias, R. C.; Linic, S. Elucidating the Roles of Local and Nonlocal Rate Enhancement 

Mechanisms in Plasmonic Catalysis. J. Am. Chem. Soc. 2022, 144, 19990-19998. 

25) Kamarudheen, R.; Castellanos, G. W.; Kamp, L. P. J.; Clercx, H. J. H.; Baldi, A. 

Quantifying Photothermal and Hot Charge Carrier Effects in Plasmon-Driven 

Nanoparticle Syntheses. ACS Nano 2018, 12, 8447-8455.  

26) Un, I. -W.; Sivan, Y. The Role of Heat Generation and Fluid Flow in Plasmon-

Enhanced Reduction–Oxidation Reactions. ACS Photonics 2021, 8, 1183-1190.  

27) Bernardi, M.; Mustafa, J.; Neaton, J. B.; Louie, S. G. Theory and Computation of Hot 

Carriers Generated by Surface Plasmon Polaritons in Noble Metals. Nat. Commun. 

2015, 6, 7044.  



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 88 

28) Brown, A. M.; Sundararaman, R.; Narang, P.; Goddard, W. A.; Atwater, H. A. 

Nonradiative Plasmon Decay and Hot Carrier Dynamics: Effects of Phonons, 

Surfaces, and Geometry. ACS Nano 2016, 10, 957-966.  

29) Kim, Y.; Torres, D. D.; Jain, P. K. Activation Energies of Plasmonic Catalysts. Nano 

Lett. 2016, 16, 3399-3407.  

30) Zhao, J.; Nguyen, S. C.; Ye, R.; Ye, B.; Weller, H.; Somorjai, G. A.; Alivisatos, A. P.; 

Toste, F. D.  A Comparison of Photocatalytic Activities of Gold Nanoparticles 

Following Plasmonic and Interband Excitation and a Strategy for Harnessing 

Interband Hot Carriers for Solution Phase Photocatalysis. ACS Cent. Sci. 2017, 3, 

482-488.  

31) Kamarudheen, R.; Aalbers, G. J. W.; Hamans, R. F.; Kamp, L. P. J.; Baldi, A. 

Distinguishing Among All Possible Activation Mechanisms of a Plasmon-Driven 

Chemical Reaction. ACS Energy Lett. 2020, 5, 2605-2613.  

32) Sánchez-Iglesias, A.; Chuvilin, A.; Grzelczak, M. Plasmon-Driven Photoregeneration 

of Cofactor Molecules. Chem. Commun. 2015, 51, 5330-5333.  

33) Saba, T.; Li, J.; Burnett, J. W. H.; Howe, R. F.; Kechagiopoulos, P. N.; Wang, X. NADH 

Regeneration: A Case Study of Pt-Catalyzed NAD+ Reduction with H2. ACS Catal. 

2021, 11, 283-289. 

34) Sánchez-Iglesias, A.; Barroso, J.; Solís, D. M.; Taboada, J. M.; Obelleiro, F.; Pavlov, 

V.; Chuvilin, A.; Grzelczak, M. Plasmonic Substrates Comprising Gold Nanostars 

Efficiently Regenerate Cofactor Molecules. J. Mater. Chem. A 2016, 4, 7045-7052.  

35) Tarnowicz-Staniak, N.; Vázquez-Díaz, S.; Pavlov, V.; Matczyszyn, K.; Grzelczak, M. 

Cellulose as an Inert Scaffold in Plasmon-Assisted Photoregeneration of Cofactor 

Molecules. ACS Appl. Mater. Interfaces 2020, 12, 19377-19383.  

36) Rogolino, A.; Claes, N.; Cizaurre, J.; Marauri, A.; Jumbo-Nogales, A.; Lawera, Z.; 

Kruse, J.; Sanromán-Iglesias, M.; Zarketa, I.; Calvo, U.; et al. Metal-Polymer 

Heterojunction in Colloidal -Phase Plasmonic Catalysis. J. Phys. Chem. Lett. 2022, 

13, 2264-2272.  



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 89 

37) Wang, X.; Saba, T.; Yiu, H. H. P.; Howe, R. F.; Anderson, J. A.; Shi, J. Cofactor NAD(P)H 

Regeneration Inspired by Heterogeneous Pathways. Chem 2017, 2, 621-654.  

38) Lee, S. H.; Choi, D. S.; Kuk, S. K.; Park, C. B. Photobiocatalysis: Activating Redox 

Enzymes by Direct or Indirect Transfer of Photoinduced Electrons. Angew. Chem., 

Int. Ed. 2017, 57, 7958-7985.  

39) Lo, H. C.; Buriez, O.; Kerr, J. B.; Fish, R. H. Regioselective Reduction of NAD+ Models 

with [Cp*Rh(bpy)(H)]+: Structure-Activity Relationships and Mechanistic Aspects in 

the Formation of the 1,4-NADH Derivatives. Angew. Chem., Int. Ed. 1999, 38, 1429-

1432.  

40) Nam, D. H.; Lee, S. H.; Park, C. B. CdTe, CdSe, and CdS Nanocrystals for Highly 

Efficient Regeneration of Nicotinamide Cofactor Under Visible Light. Small 2010, 6, 

922-926.  

41) Liu, J.; Antonietti, M. Bio-Inspired NADH Regeneration by Carbon Nitride 

Photocatalysis Using Diatom Templates. Energy Environ. Sci. 2013, 6, 1486-1493.  

42) Jain, V.; Roy, S.; Roy, P.; Pillai, P. P. When Design Meets Function: The Prodigious 

Role of Surface Ligands in Regulating Nanoparticle Chemistry. Chem. Mater. 2022, 

34, 7579-7597. 

43) Mantell, M. A.; Kampf, J. W.; Sanford, M. Improved Synthesis of [CpRRhCl2]2 

Complexes. Organometallics 2018, 37, 3240-3242. 

44) Jain, P. K.; Lee, K. S.; El-Sayed, I. H.; El-Sayed, M. A. Calculated Absorption and 

Scattering Properties of Gold Nanoparticles of Different Size, Shape, and 

Composition:  Applications in Biological Imaging and Biomedicine. J. Phys. Chem. B. 

2006, 110, 7238-7248.  

45) González-Rubio, G.; Kumar, V.; Llombart, P.; Díaz-Núñez, P.; Bladt, E.; Altantzis, T.; 

Bals, S.; Peña-Rodríguez, O.; Noya, E. G.; MacDowell, L. G.; et al. Disconnecting 

Symmetry Breaking from Seeded Growth for the Reproducible Synthesis of High 

Quality Gold Nanorods. ACS Nano 2019, 13, 4424– 4435. 



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 90 

46) Zheng, G.; Polavarapu, L.; Liz-Marzán, L. M.; Pastoriza-Santos, I.; Pérez-Juste, J. Gold 

Nanoparticle-Loaded Filter Paper: A Recyclable Dip-Catalyst for Real-Time Reaction 

Monitoring by Surface Enhanced Raman Scattering. Chem. Commun. 2015, 51, 

4572-4575.  

47) Yu, S.; Jain, P. K. The Chemical Potential of Plasmonic Excitations. Angew. Chem., 

Int. Ed. 2019, 59, 2085-2088.  

48) Govorov, A. O.; Richardson, H. H. Generating Heat with Metal Nanoparticles. Nano 

Today 2007, 2, 30-38. 

49) Besteiro, L. V.; Kong, X. -T.; Wang, Z.; Hartland, G.; Govorov, A. O. Understanding 

Hot-Electron Generation and Plasmon Relaxation in Metal Nanocrystals: Quantum 

and Classical Mechanisms. ACS Photonics 2017, 4, 2759-2781. 

50) Liu, Z.; Hou, W.; Pavaskar, P.; Aykol, M.; Cronin, S. B. Plasmon Resonant 

Enhancement of Photocatalytic Water Splitting Under Visible Light Illumination. 

Nano Lett. 2011, 11, 1111-1116. 

51) Mubeen, S.; Lee, J.; Singh, N.; Krämer, S.; Stucky, G. D.; Moskovits, M. An 

Autonomous Photosynthetic Device in which All Charge Carriers Derive from Surface 

Plasmons. Nat. Nanotechnol. 2013, 8, 247-251.  

52) Berr, M. J.; Wagner, P.; Fischbach, S.; Vaneski, A.; Schneider, J.; Susha, A. S.; Rogach, 

A. L.; Jäckel, F.; Feldmann, J. Hole Scavenger Redox Potentials Determine Quantum 

Efficiency and Stability of Pt-Decorated CdS Nanorods for Photocatalytic Hydrogen 

Generation. Appl. Phys. Lett. 2012, 100, 223903.  

53) Wu, X.; Thrall, E. S.; Liu, H.; Steigerwald, M.; Brus, L. Plasmon Induced 

Photovoltage and Charge Separation in Citrate-Stabilized Gold Nanoparticles. J. 

Phys. Chem. C 2010, 114, 12896-12899.  

54) Mao, Z.; Espinoza, R.; Garcia, A.; Enwright, A.; Vang, H.; Nguyen, S. C. Tuning Redox 

Potential of Gold Nanoparticle Photocatalysts with Light. ACS Nano 2020, 14, 7038-

7045. 



Chapter 3  Light excitation attributes 
  
 
 

 
Plasmonic photocatalysis 91 

55) Guzelturk, B.; Utterback, J. K.; Coropceanu, I.; Kamysbayev, V.; Janke, E. M.; Zajac, 

M.; Yazdani, N.; Cotts, B. L.; Park, S.; Sood, A.; et al. Nonequilibrium 

Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron 

Diffraction and Optical Scattering Microscopy. ACS Nano 2020, 14, 4792-4808.  

 
 

3.7. Appendix 

 

 

Figure 3.12. 1H-NMR spectrum of [Cp*Rh(bpy)Cl]Cl. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.9 (2H, 
d), 8.85 (2H, d), 8.26 (2H, t), 7.81 (2H,t), 1.75 (15H, s). Solvent peaks are marked with *.  
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Figure 3.13. Size distribution histogram for a) lengths and b) widths of AuNRs calculated from 
scanning electron microscopy (SEM) images. The average length and width of AuNRs were 
calculated to be 43.2 ± 6.6 nm and 10.8 ± 1.8 nm, respectively, from ~200 NRs.  

 

Stability of colloidal [-] AuNRs in the photocatalytic reaction mixture 

 

 

Figure 3.14. UV-Vis-NIR absorption of the reaction mixture consisting of [-] AuNRs in solution 
system before and after 450 nm light irradiation (laser power ~ 700 mW cm-2) for 12 h. [-] AuNRs 
aggregated in the reaction mixture and a complete loss in colloidal stability was observed after 
prolonged light irradiation. 
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Control experiments 

 

 

Figure 3.15. Photostability of a) NAD+ and b) [Cp*Rh(bpy)(H2O)]2+ under 450 nm light irradiation 
(laser power ~ 700 mW cm-2) for 12 h.  

 

 

Figure 3.16. Photocatalytic reduction of NAD+ under different control reaction conditions. UV-vis 
absorption of the reaction mixture in the absence of a) M = [Cp*Rh(bpy)(H2O)]2+, b) [-] AuNRs, c) 
TEOA (hole scavenger), d) [Cp*Rh(bpy)(H2O)]2+ and [-] AuNRs, and e) light for 12 h reaction time. 
All the light reactions were carried out with 450 nm CW laser diode at 700 mW cm-2 intensity. 
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Role of electrostatic interactions emanating from surface ligands on AuNRs 

 

 

Figure 3.17. Effect of AuNR surface charge on photocatalytic NADH regeneration. UV-visible 
absorption of reaction mixture after 450 nm light irradiation (laser power ~ 700 mW cm-2) for 12 h 
in presence of [+] CTAB-AuNRs (unfavorable interactions). 

 

 

 

Figure 3.18. Effect of AuNR surface charge on photocatalytic NADH regeneration. UV-visible 
absorption of reaction mixture after 450 nm light irradiation (laser power ~ 700 mW cm-2) for 12 h 
in presence of [+] TMA-AuNRs (unfavorable interactions).  
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Intensity-dependent study 

 

 

Figure 3.19. Intensity-dependent catalytic reduction of NAD+ with [-] AuNRs. Progress of 
photocatalytic reduction of NAD+ under 450 nm CW laser irradiation for 12 h, with [-] AuNRs at 
seven different illumination intensities. 

 

 

Figure 3.20. Corrected spectra of the reaction mixture after 12 h light irradiation with 450 nm CW 
laser at a) 100 mW cm-2, b) 200 mW cm-2, c) 300 mW cm-2, d) 400 mW cm-2, e) 500 mW cm-2, f) 
600 mW cm-2, and g) 700 mW cm-2.  
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Figure 3.21. The linearized first-order fit for the variation in RT ln TOF, as a function of light 
intensity. 

 

 

Photocatalytic reaction at elevated temperature in dark 

 

 

Figure 3.22. Photocatalytic reduction of NAD+ under external heating condition at 50 oC. a) UV-
visible absorption of reaction mixture heated at 50 oC in absence of light after 12 h, and b) the 
corresponding corrected absorption spectrum.  
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Wavelength-dependent study 

 

 

Figure 3.23. Photocatalytic reduction of NAD+ under different excitation wavelengths with similar 
power absorbed (~ 550 mW) in the reaction mixture.  Progress of the photocatalytic reduction of 
NAD+ with [-] AuNRs under a) 450 nm, b) 532 nm, and c) 808 nm CW laser irradiation for 12 h.  
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Figure 3.24. Photocatalytic reduction of NAD+ under different excitation wavelengths with similar 
incident light intensity (~ 700 mW cm-2).  Progress of the photocatalytic reduction of NAD+ with [-
] AuNRs under a) 450 nm, b) 532 nm, and c) 808 nm CW laser irradiation for 12 h. d) The 
corresponding corrected spectra. 
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4a.1. Abstract 

Ammonia serves as a carbon-free energy source and a key ingredient of synthetic 

nitrogenous fertilizers, with a major proportion of it being produced via the industrial 

Haber-Bosch process. The large carbon footprint associated with the energy-intensive 

Haber-Bosch process calls for developing greener and sustainable alternatives for 

ammonia synthesis. Light-assisted synthesis of ammonia from nitrate and nitrite 

sources is a potential avenue for a sustainable ammonia economy. However, poor 

selectivity and the need for UV-active photocatalysts are the current bottlenecks in 

ammonia synthesis from nitrate and nitrite sources. Herein, we introduce a selective 

visible-light-driven ammonia production from nitrate and nitrite ions with indium 

phosphide quantum dots (InP QDs) as the photocatalyst. The presence of catalytic 

indium sites and microenvironment modulation through an interplay of catalyst-reactant 

interactions resulted in an efficient and selective ammonia formation under visible light. 

Ammonia was produced in an attractive yield of ~94 % in both aqueous and gaseous 

phases within 2 h of visible-light irradiation at room temperature. A decent formation of 

ammonia was observed under sunlight as well, strengthening the translational prospects 

of InP QD photocatalysts. Our study shows the impact of the rationally designed core 

and surface of InP QD-based photocatalysts in developing sustainable routes to produce 

ammonia beyond the Haber-Bosch process.  
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4a.2. Introduction 

Ammonia (NH3) is vital to life.1-5 For the past century, NH3 has been the major fertilizer 

feedstock and sustained life on this planet.2,6 In the past decade, there has been a shift 

in the role of NH3 from fertilizer feedstock to the liquid carrier of carbon-free energy.4,5,7-9 
 

A majority of current demands of NH3 are met by a century-old industrial process known 

as the Haber-Bosch process.10 While Fritz Haber created the breakthrough of NH3 

synthesis from its elements deploying high-pressure reactors, Carl Bosch developed the 

high-pressure chemistry on an industrial scale at BASF.10-13 This translation to industrially 

relevant scale made NH3 a top high-volume commodity chemical and facilitated the 

production of several chemical products, including hydrazine, nitric acid, urea, 

acrylonitrile, and phenol.14,15 In a typical Haber-Bosch process, N2 and H2 react in the 

presence of Fe catalyst at an elevated temperature of 400-500 oC and pressures in the 

range of 100-200 bar to produce NH3 with decent efficiency (energy efficiency ranges 

from 35-60 %).10 However, the Haber-Bosch process comes with unintended 

environmental consequences because of energy-intensive H2 production via methane 

reforming and extreme reaction conditions.14-18 It is reported that this industrial NH3 

production consumes 1-2 % of the world’s annual energy and is responsible for ~1 % of 

global greenhouse gas emissions.14,15,18  The large carbon footprint associated with the 

energy-intensive Haber-Bosch process calls for developing greener and sustainable 

alternatives for NH3 synthesis.16-20 In this regard, utilizing the surplus energy dissipated 

from the Sun offers a promising approach for sustainable NH3 synthesis.16, 21-25 

Now, the main question is, what will the N-source be for green ammonia synthesis? 

Though N2 present in the atmosphere is unequivocally the desired and abundant N-

source, a careful look into the nitrogen cycle (N-cycle) reveals that all the forms of 

nitrogen are interconvertible, providing us the flexibility to choose any N-source to 

produce NH3 ions (Figure 4a.1a).26 According to the N-cycle, once NH3 is oxidized back 

to nitrate/nitrite ions (NO3
-/NO2

-), some microorganisms can drive 

assimilatory/dissimilatory nitrate reduction to ammonium, resulting in N-recycling 

without any waste.26-28 Inspired by this biological cycle, NO3
- and NO2

-
 ions have emerged 
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as alternate N-sources in artificial NH3 synthesis.29-34 Accordingly, nitrogen oxidation 

reactions (NOR) have been developed to increase the availability of NO3
- and NO2

-
 ions as 

a viable source for NH3 synthesis.35 Currently, the prospect of energy demands and 

efficiencies is being investigated for NOR. It has been theoretically predicted that the 

energy consumption for NOR via the non-thermal plasma process is comparable to or 

lower than the existing Haber-Bosch process,35 with the added advantage of reduced 

greenhouse gas emission from the NOR process.  Further, with the advent of industrial 

NH3 production, there has been a disruption in the nitrogen cycle, resulting in excessive 

accumulation of NO3
-/NO2

- in water bodies from industrial wastewater discharge and 

agricultural run-offs.36-38 Motivated by assimilatory/dissimilatory ammonification in N-

cycle, and the necessity to reduce the detrimental environmental effects of N-

contamination in water bodies, the conversion of NO3
- and NO2

-
 ions to NH3 offers a way 

for wastewater treatment while simultaneously generating a value-added commodity.29-

34, 37,38 Furthermore, NO3
- to NH3 conversion from wastewater is attractive for niche 

applications such as delocalized production of fertilizers at agricultural locations with 

high levels of NO3
- pollution and on-site NH3 demands.39,40 Thus, the conversion of NO3

- 

and NO2
-
 ions to NH3 has gained significant attention in recent years and emerged as a 

viable strategy for ammonia synthesis (Figure 4a.1b).29-34   

 

Figure 4a.1. a) The Nitrogen cycle shows major species and their interconversions. b) Bar 
diagram representing the number of annual publications related to ammonia synthesis from 
nitrate as the N-source in the past 10 years till August 2024. The statistics are based on Web of 
Science TM database with screening terms: ‘Nitrate reduction to ammonia’. The results presented 
here depict publications only from 4 publishers (ACS, Wiley, RSC, and Springer Nature). 
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One of the earliest examples of photocatalytic NH3 synthesis from NO3
-/NO2

- as N-

source dates to 1984 when Halmann and Zuckerman observed NH3 synthesis in the 

presence of semiconductor powders suspended in aqueous alkaline sulfide solution 

under light illumination.41 Various semiconductors such as TiO2, SrTiO3, CdS, and CdS-

ZnS powders as the photocatalysts in the KOH-Na2S solution resulted in continuous 

ammonia production in the presence of KNO2. Around a similar time, Onishi and 

coworkers explored TiO2 supported metals (Pt, Rh, and Pd) as the photocatalyst for NH3 

synthesis from nitric acid and sodium nitrate solutions.42 This was followed by a series of 

reports by Viswanathan and coworkers exploring various metals (Ru, Pd, Ir, Pt, Rh. etc.) 

and metal ions (Fe3+, Cr3+, Co2+, Mg2+, etc.)-loaded semiconductors such as CdS and TiO2 

for NO3
- and NO2

- reduction to NH3.43-46 While the focus shifted to N2 as the N-source for 

green NH3 production, there has been a huge surge again in the past 5 years for 

photocatalytic NH3 generation from NO3
- and NO2

- ions (Figure 4a.1b). With the ever-

expanding library of the designer photocatalysts, numerous reports on reduction of NO3
-

/NO2
- ions have emerged.30-33, 47-50  

Photocatalytic reduction of NO3
- to NH3 is a proton-coupled multielectron process (8e-

/9H+), which has often been achieved with UV-active photocatalysts.22,31-33,41-47,50  

Additionally, the differences in kinetics and thermodynamics of multistep reaction 

pathways involved result in the accumulation of undesired by-products (majorly N2 and 

NOx as the end-product).32,33,51-54 For instance, Shiraishi and coworkers reported design 

principles to achieve selective reduction of NO3
- to NH3 with TiO2-based photocatalysts.33 

A series of commercially available TiO2 particles such as JRC-TIO-1, ST-01, Aldrich 

anatase, P25, Wako rutile, JRC-TIO-6, Aldrich rutile, etc. were tested for photocatalytic 

NO3
- reduction. It was observed that most of the anatase and rutile TiO2 (JRC-TIO-1, ST-

01, Aldrich anatase, P25, Wako rutile, Aldrich rutile) exhibited low selectivity for NH3 

formation, except for the JRC-TIO-6 photocatalyst. For a better comparison, Japanese 

reference catalysts supplied from the Catalyst Society of Japan, JRC-TIO-1 and JRC-TIO-

6, were investigated in detail. With an increase in the reaction time, JRC-TIO-1 produced 

both N2 as well as NH3 (31 % NH3 selectivity) (Figure 4a.2a), whereas sole production of 

NH3 was observed in the case of JRC-TIO-6 (97 % NH3 selectivity) under similar reaction 

conditions (Figure 4a.2b). The difference in the behavior of TiO2 based photocatalyst was 
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attributed to the presence of different reduction sites, surface defects or Lewis acid sites. 

Detailed studies revealed that the surface defects act as sites for selective NO3
- 

reduction to NH3 while Lewis acid sites are non-selective (Figures 4a.2c, 4a.2d). The 

selectivity was altered because of the strong adsorption affinity of NO3
- ions on surface 

defects as compared to Lewis acid sites, which do not allow for liberation of NO2
- 

intermediates.  

In another report by Han and coworkers, Ag2O/P25 and Ag/P25 photocatalysts were 

used for NO3
- reduction using formic acid as the hole scavenger under UV irradiation 

(Figures 4a.2e, 4a.2f).54 Even though a high NO3
- conversion of ~97 % was achieved, the 

major product was N2 with ~83 % selectivity. It was reported that photoexcited electrons 

have weak NO3
-/NO2

- reducing ability. Interestingly, in the presence of formic acid as hole 

scavenger, CO2
·- species is generated after extraction of photogenerated holes. A strong 

reducing ability (Eo (CO2/CO2
·-) = -1.8 V) enables reduction of NO3

- to NO2
-, N2 or NH3. 

Because of the involvement of CO2
·-, the most thermodynamically favourable product 

i.e., N2 (Eo (NO3
-/N2) = 1.25 V vs Eo (NO3

-/NH3) = 1.20 V), was obtained under higher yields. 

In fact, the presence of ammonium ions inhibited NO3
- reduction. However, when NO3

- 

reduction was performed under visible light illumination instead of UV, negligible 

conversion was observed. Thus, a thorough literature search reveals only a few 

photocatalysts exhibiting selective NH3 formation from NO3
-/NO2

- ions under visible light 

irradiation. Hence, these limitations of existing approaches call for rationally designed 

visible-light photocatalysts for the efficient and selective NH3 formation from NO3
- and 

NO2
- ions.   
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Figure 4a.2. Photocatalytic NH3 formation from NO3
- as the N-source. Progress of photocatalytic 

NO3
- reduction under UV irradiation using commercially available TiO2 photocatalysts, a) JRC-

TIO-1 and b) JRC-TIO-6. Along with NH3, N2 was also produced in the presence of JRC-TIO-1 
photocatalyst, whereas selective formation of NH3 was observed with JRC-TIO-6. The difference 
in selectivity arises because of the presence of c) Lewis acid sites and d) surface defects 
mediated NO3

- reduction. TiO2 with a greater proportion of surface defects results in better NH3 
selectivity by strongly adsorbing NO3

- ions. Reproduced with permission from reference 33. 
Copyright 2017 American Chemical Society. Photocatalytic NO3

- reduction in the presence of e) 
Ag2O/TiO2 and f) Ag/TiO2 hybrid photocatalysts under UV light irradiation using HCOOH as the 
hole scavenger. With both photocatalysts, multiple NO3

- reduction products were obtained. The 
poor selectivity for NH3 formation can be attributed to the presence of HCOOH as a hole 
scavenger, which results in CO2·- radical formation. CO2

·- radical is highly reducing and leads to 
non-selective NO3

- reduction to NO2
-, N2, and NH3. Reproduced with permission from reference 

54. Copyright 2015 Elsevier.  

Converging NO3
- and NO2

- reduction to yield NH3 demands photocatalysts that 

generate surplus charge carriers and allow optimum surface interaction with the N-

sources. It was reported very recently by Wu and coworkers that II-VI cadmium selenide 

QDs and I-III-VI copper indium sulfide QDs are promising visible-light photocatalysts to 

reduce NO3
- and NO2

- to NH4
+ ions.30 This study calls for exploring the enormous potential 

hidden in QD-based photocatalysts for producing NH3 beyond the Haber-Bosch process. 

In this Chapter, we introduce III-V indium phosphide (InP) QDs as the photocatalyst to 

drive the selective reduction of NO3
- and NO2

- to NH4
+ under visible-light irradiation, at 

room temperature. Our choice of InP QD as the photocatalyst was based on its high 

molar extinction coefficient, tunable absorption profiles, high carrier mobility, long-lived 
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charge separation, and flexibility in tunability of the surface chemistry.55-58 More 

importantly, III-V InP QDs exhibit distinct charge carrier dynamics from II-VI QDs because 

of the different nature of bonding.59,60 While II-VI QDs are ionic in nature (Philips ionicity, f 

= 0.685) because of the large electronegativity difference between the constituent 

elements, III-V InP QDs exhibit a more covalent nature (Philips ionicity, f = 0.421) (Figure 

4a.3a).61 As a consequence of the covalent bonding nature, the effective mass of charge 

carriers becomes smaller for InP (m*/me = 0.13 for InP vs 0.20 for CdS) and the 

wavefunctions are more delocalized in III-V InP QDs (Figure 4a.3b) compared to II-VI QDs 

(Figure 4a.3c).62 This implies a weaker coulombic interaction between electrons and 

holes in InP QDs compared to II-VI and I-III-VI QDs.59-63 Along with a more delocalized 

wavefunction, a higher covalent bonding nature (Figure 4a.3c) results in the formation of 

deep trap states.59-61 Heath and coworkers estimated that for similarly sized (~3.2 nm) InP 

and CdSe QDs, the depth of trap states below the conduction band is 25 times higher for 

InP QDs (6.3 kJ mol-1) than CdSe QDs (0.25 kJ mol-1).59 In principle, the deep trap states 

can retard the charge recombination and enhance the carrier lifetime, which may turn 

beneficial for photocatalytic transformation. Moreover, in an interesting study by Cossairt 

and coworkers, InP QDs were reported to exhibit longest-lived charges (t = 25.5±0.4 min) 

after light illumination compared to CdSe (t = 11.1±0.5 min) and CdS (t = 7.2±0.4 min) 

QDs (Figure 4a.3d).64 This was again attributed to the high covalency of the InP lattice, 

leading to less reversible redox changes on the QD surface and storing the charges for a 

longer time. Such prolonged charge storage is commensurate with the timescale at 

which photocatalytic reactions take place. Thus, the robust covalent framework of InP 

QDs enables the efficient charge separation, as well as the appropriate surface 

modification to enhance the charge extraction process.59-63,65,66 As a result, InP QDs 

exhibit excellent visible-light harvesting properties,66,67 which can find applications in 

photocatalysis as well.63, 68-70 Furthermore, recent computational studies have proposed 

a promotional effect of In atoms in binding NO3
- via 2 oxygen atoms to form In-O bond, 

followed by the deoxygenation of NO3
- (Figure 4a.3e).71 Additionally, the environmentally 

benign attributes, such as low intrinsic toxicity and biocompatibility, strengthen the 

translational prospects of InP QDs as an ideal visible-light photocatalyst for producing 

NH3.72-74 
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Figure 4a.3. Choice of InP QDs as the photocatalyst for NO3

- to NH3 conversion. a) Schematics 
showing the diatomic molecular orbitals formed from atomic |R⟩ and |X⟩ of different 
electronegativities. In the case of III-V QDs, e- and h+ trap states are formed in the middle of 
valence band and conduction band, while shallow trap states are formed close to valence and 
conduction band in case of II-VI QDs. Reproduced with permission from reference 61. Copyright 
2021 American Chemical Society. Calculated radial probability of e- (blue) and h+ (red) 
wavefunctions in the ground state of b) InP/ZnSe/ZnS and c) CdSe/ZnSe/ZnS. The wavefunctions 
are confined to the core with a large degree of overlap in CdSe as compared to InP QDs, where 
more delocalization is observed. Such a higher overlap between e- and h+ wavefunctions results 
in higher confinement. Reproduced with permission from reference 62. Copyright 2019 Optica 
Publishing Group. d) Decay of electron transfer from QD to ferrocenium ion (Fc+) extracted from 
cyclic voltammetry studies after QD illumination ends. All QDs (CdS, CdSe, and InP) were found 
to store charges after light irradiation, with InP having the longest-lived charges. Reproduced with 
permission from reference 64. Copyright 2024 American Chemical Society. e) Charge density 
difference plot showing the charge accumulation (yellow) on NO3

- adsorbed on In (110) surface. 
NO3

- binds to In atoms via two oxygen atoms. The free energy diagram shows the 
thermodynamically favorable reaction pathway of NO3

- reduction over In (110) surface. 
Reproduced with permission from reference 71. Copyright 2023 American Chemical Society. 

In a step towards green NH3 synthesis, the present work highlights a simple, yet 

efficient photocatalytic system based on InP QDs for the selective reduction NO3
-
 and 

NO2
- to NH4

+ under visible-light irradiation at room temperature. A rational design of the 

core and appropriate surface chemistry of InP QDs were the key for the efficient NH3 

synthesis. The favorable catalyst-reactant interactions emanating from InP QD surface 

ligands accelerated the charge transfer and extraction steps, resulting in the efficient and 

selective formation of NH4
+ in the aqueous phase within 2 h of visible-light irradiation 

(57.5±9.3% NO3
- to NH4

+ and 42.9±8.9% NO2
- to NH4

+ in aqueous phase). The sole 
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presence of NH3 was detected in the gaseous phase as well, further adding to the total 

NH3 yield of the photocatalytic reaction (430 mol g-1 and 6.8 ppm, accounting for ~94 % 

of the total NO3
- converted). The apparent quantum efficiency reached as high as 1.45 % 

and 3.7 % @450 nm for the photocatalytic ammonia synthesis using NO3
- and NO2

- ions 

as N-sources, respectively. In short, a preferential affinity of N-sources towards surface 

In atoms and ligands on InP QD photocatalysts led to the selective and efficient 

production of NH3 under visible-light irradiation at room temperature. We anticipate that 

the excellent photocatalytic ability and environmentally benign attributes of InP QDs can 

complement existing methods of green NH3 synthesis.  

4a.3. Experimental section 

4a.3.1. General procedure for the photocatalytic NO3
- to NH4

+ conversion 

All the photocatalytic experiments were performed in a 4 mL long-neck quartz cuvette. 

In a typical procedure, [+] InP QDs (2.5 M, 0.5 mol %) and KNO3 (0.5 mM) in water were 

mixed, purged with Ar, and irradiated with 2 x 10 W 450 nm LEDs for 2 h (total light 

intensity falling on wall of the cuvette was ~200 mW cm-2). The total volume of the 

reaction mixture was maintained at 3 mL throughout the studies, and the pH was 5. 

Subsequently, the reaction mixture was analyzed for NH4
+ formation using ion 

chromatography by injecting 500 L of the reaction mixture. The area under the peak at 

retention time ~8.5 min was used to calculate the concentration of NH4
+ formed from the 

calibration curve. A similar analysis was carried out for NO3
- and NO2

-
 conversion as well 

to calculate the total conversion yields. 

4a.3.2. Photocatalytic experiments with isotope labelled 15NO3
- 

The proof for NO3
- as the sole N-source in the NH4

+ formed was obtained from 

photocatalytic experiments performed with isotope labelled 15NO3
-. After the 

photocatalytic experiment, the reaction mixture was acidified to a pH 1-2 with HCl. The 

reaction mixture was concentrated to half, from which 600 L was mixed with 100 L 

DMSO-d6 and subjected to 1H-NMR spectroscopy. For comparison, the 1H-NMR 
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spectrum of 14NO3
- containing reaction mixture was also recorded. NMR signals between 

6.5-7.5 ppm region were analyzed. 

4a.3.3. Quantification of NH3 in gas phase 

The quantification of NH3 in headspace was carried out using a BELMASS II 

quadrupole mass spectrometer from Microtrac. Firstly, a known amount of NH3 gas (0.4 

mL of 101141 ppm) was injected using a gas-tight syringe, and the area under the peak 

for m/z = 15 corresponding to the NH fragment, was analyzed. We chose m/z =15 of the 

NH fragment to avoid interference from H2O and its fragments (m/z = 18, 17, and 16). The 

standard NH3 gas was injected thrice at different points in time, and the average area 

under the peak was calculated. The areas under the curves for m/z=15 were compared 

for standard and photocatalytic reactions to quantify the NH3 amount in the gas phase.  

Average area under the peak for m/z = 15 in standard NH3 = 2.035x10-9 ± 6.3x10-10 

Average area under the peak for m/z = 15 after the photocatalytic reaction = 2.86 x 10-11 

± 3.7x10-10 

Moles of NH3 in headspace = 0.37±0.11 mmol 

Total moles of NH3 formed in photocatalytic reaction = 0.37±0.11 mmol (in gas phase) + 

0.43±0.08 mmol (in aqueous phase) = 0.80±0.19 mmol 

Similarly, the amount of NH3 present in the headspace was analyzed and calculated with 

NO2
- as the N-source. 

4a.3.4. Apparent quantum yield calculations 

The apparent quantum yield (𝐴𝑄𝑌) of a photochemical process is calculated by 

dividing the number of photons utilized for NH4
+ formation by the total number of incident 

photons. AQY was calculated using the following equation: 

𝐴𝑄𝑌 (%) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐻4

+ 𝑓𝑜𝑟𝑚𝑒𝑑 × 8

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
 × 100                         (𝟒𝐚. 𝟏) 
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Multiplication by 8 is to account for the total number of electrons required to form 1 

molecule of NH4
+ from NO3

- (photocatalytic reduction of NO3
- to NH4

+ is an 8-electron 

process). 

The total number of incident photons (nphoton) can be calculated as follows 

𝑛𝑝ℎ𝑜𝑡𝑜𝑛  =
𝑃0 × 𝜆 (𝑚) × 𝑡 (𝑠)

ℎ𝑐 
                 (𝟒𝐚. 𝟐) 

𝑛𝑝ℎ𝑜𝑡𝑜𝑛 =
(0.2 𝐽/𝑠) × (450 × 10−9 𝑚) ×  7200 𝑠

(3 × 108 𝑚/𝑠) × (6.626 × 10−34 𝐽. 𝑠)
= 3.26 × 1021 

The number of product molecules formed was calculated to be 5.90 × 1018. 

𝐴𝑄𝑌450(%) =
5.90 × 1018  × 8

3.26 × 1021
 × 100 = 1.45 % 

The AQY for NO3
- to NH4

+ conversion with [+] InP QDs under 450 nm illumination was 

estimated to be 1.45%.  

Likewise, the AQY for NO2
- to NH4

+ conversion was calculated as follows: 

𝑛𝑝ℎ𝑜𝑡𝑜𝑛 =
(0.2 𝐽/𝑠) × (450 × 10−9 𝑚) ×  3600 𝑠

(3 × 108 𝑚/𝑠) × (6.626 × 10−34 𝐽. 𝑠)
= 1.62 × 1021 

The number of product molecules formed was calculated to be 9.99 × 1018. 

𝐴𝑄𝑌 450(%) =
 9.99 × 1018  × 6

1.62 × 1021
 × 100 = 3.7 % 

Similarly, AQY for NO3
- to NH4

+ conversion performed under different irradiation 

wavelengths were estimated to be 0.146 % (@450 nm), 0.105 % (@532 nm), and 0.0335 

% (@580 nm). It is to be noted that the wavelength-dependent experiments were 

performed at a lower scale (3 mL) while keeping the incident light intensity similar.   

4a.3.5. Photocatalytic experiments in sunlight 

Photocatalytic reactions in sunlight were performed by exposing the reaction mixture 

to direct sunlight. [+] InP QDs and KNO3 were mixed in a long-neck quartz cuvette, and 

the reaction mixture was purged with Ar. The cuvette was exposed to natural sunlight for 
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2 h (light intensity was measured to be ~95 mW cm-2). The reaction mixture was analyzed 

with IC to calculate the conversion yields.  

4a.4. Results and discussion 

4a.4.1. Preparation of InP QD-based visible-light photocatalysts 

Red-emitting core-only InP QDs were prepared using modified literature protocols, 

involving the high-temperature organometallic reaction between indium(III) chloride and 

tris-(dimethylamino)phosphine in oleylamine (OAm).75 Core-only InP QDs, without any 

shell, were our choice of photocatalyst to enhance the charge separation and extraction 

processes under light irradiation. Moreover, a recent theoretical study has predicted a 

favorable adsorption of NO3
-
 ions over In atoms via two oxygen atoms.71 Appropriate 

choice and amounts of indium halide and phosphorus precursors were crucial for 

regulating nucleation and growth kinetics, and achieving high-quality core-only InP 

QDs.75,76 The as-synthesized shows excellent light absorption in the visible region with a 

band gap of 2.02 eV as estimated from the Tauc plot (Figure 4a.4a). The core-only InP 

QDs possess appropriate band positions to facilitate photocatalytic reduction of NO3
-

/NO2
- to NH4

+ with visible-light irradiation. For as-synthesized OAm-InP QDs, only the 

peak corresponding to oxidation was observed in CV (black voltammogram) (Figure 

4a.4c). This peak at 0.94 V vs. Ag/AgNO3 corresponds to the valence band of OAm-InP 

QDs. Accordingly, the valence band position was estimated to be -5.59 eV with respect 

to vacuum. From the band gap value and the valence band position, the conduction band 

position was estimated to be -3.57 eV with respect to vacuum for OAm-InP QD. The 

native OAm ligands on InP QDs were place-exchanged with cationic N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride (TMA, [+]) ligand to achieve colloidal stability in 

aqueous medium as well as to install favourable catalyst-reactant interactions (Figure 

4a.5a).77,78 Negligible change in the band gap was observed after ligand exchange (Figure 

4a.4b). However, it has been reported that ligands can significantly affect the QD band 

positions even up to 0.9 eV.79 Therefore, we estimated the band positions for TMA-

functionalized [+] InP QDs. For [+] InP QD, the peak corresponding to oxidation was 

observed at 0.92 V vs. Ag/AgNO3 (blue voltammogram) (Figure 4a.4c). Accordingly, the 
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valence band position was estimated to be -5.57 eV with respect to vacuum. The valence 

and conduction bands of [+] InP QDs were positioned at -5.57 eV and -3.54 eV, 

respectively (Figure 4a.4d). The ligand exchange resulted in a negligible change on band 

edge positions for InP QDs, as confirmed by cyclic voltammetry and absorption studies. 

  

Figure 4a.4. Estimation of band positions for OAm-InP and [+] TMA-InP core-only QDs. Tauc plots 
of a) OAm-InP QDs and b) [+] InP QDs. c) Cyclic voltammograms (CV) of OAm-InP (black 
voltammogram) and [+] TMA-InP (blue voltammogram) core-only QDs. As the [+] InP QD film was 
made from an aqueous suspension, a water oxidation peak was also observed at 0.65 V in 
addition to the peak corresponding to the valence band of [+] InP. The water oxidation peak was 
validated by recording the CV of the electrolyte in the water-acetonitrile mixture (green 
voltammogram). d) Plot showing the band positions of OAm-InP and [+] TMA-InP QDs calculated 
from Tauc and CV plots.  

The absence of S-H stretching frequency peak in Fourier transform infrared 

spectroscopy (FTIR) analysis revealed that TMA ligands bind to core-only InP QDs 

predominantly as X-type thiolates (Figure 4a.5b). To prove the role of electrostatic 

interactions emanating from the surface ligands of InP QDs, negatively charged ([-]) InP 

QDs were prepared by ligand place exchanging the native OAm ligands with 11-

mercaptoundecanoic acid (MUA) ligands (Figure 4a.5a). The complete transfer of InP 

QDs from toluene to the aqueous phase indicates the successful ligand exchange with 

TMA and MUA ligands, respectively. The thiol groups of TMA and MUA bind to the QD 
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surface, while the terminal positively charged quaternary ammonium group in TMA and 

negatively charged carboxylic acid group in MUA provide dispersion in the aqueous 

medium. The zeta potential values of +24.0±8.5 mV and -37.0±6.9 mV confirm the 

successful functionalization of TMA and MUA ligands on the surface of InP QDs, 

respectively (Figure 4a.5c). There was a negligible change in the zeta potential of [+] InP 

QDs across a wide pH range (3-10) (Figure 4a.10). Transmission electron microscopy 

(TEM) studies confirm the formation of uniform-sized [+] InP QDs having an average 

diameter of 3.5 ± 0.4 nm (Figures 4a.5d, 4a.11). After the successful synthesis, 

characterization, and ligand exchange, the core-only InP QDs were employed for 

photocatalytic ammonia synthesis with visible light. 

 

Figure 4a.5. Characterization of core-only InP QDs. a) Schematics showing the ligand exchange 
of oleylamine-capped InP QDs with positively charged N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride (TMA) and negatively charged 11-mercaptoundecanoic 
acid (MUA) thiolated ligands. b)FTIR spectra of [+] TMA ligand (black) and [+] TMA capped [+] InP 
QDs (green). c) Zeta potential plot confirming the successful functionalization of InP QDs with [+] 
and [-] thiolated ligands. Zeta potential was measured at the pH of the reaction mixture (pH ~5 
and ~10 for [+] and [-] InP QDs, respectively). d) A representative TEM image of core-only [+] InP 
QDs. Inset shows the corresponding size distribution histogram (collected from ~ 300 QDs). 
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4a.4.2. Photocatalytic reduction of nitrate and nitrite ions to ammonia  

The permanent positive charge of the quaternary ammonium group modifies the local 

environment of [+] InP QD by electrostatically channeling NO3
- and NO2

- reactants 

towards the QD photocatalysts (Figure 4a.6a).77,78 The concentration profiles as a 

function of distance were computed which clearly show the channeling effect in [+] InP 

QDs due to favourable electrostatic interaction between [+] InP QD and [-] NO3
- ions 

(Figure 4a.6b; See Appendix for details, Figure 4a.12). The enhanced local concentration 

of [-] NO3
- ions enhances the probability of charge transfer step from photoexcited [+] InP 

QDs. The electron transfer can happen from photoexcited [+] InP QDs directly to the 

adsorbed NO3
- ions, as well as through the TMA ligands.80,81 A typical photocatalytic 

reaction consists of an Ar-purged [+] InP QDs (2.5 M, 0.5 mol %) and KNO3/KNO2 (0.5 

mM) reaction mixture in water, (the total volume of the reaction mixture was 3 mL and pH 

was maintained at 5), which was irradiated for 2 h with visible light (2 x 10 W 450 nm LEDs. 

The total light intensity falling on cuvette walls was ~200 mW cm-2). Subsequently, the 

amounts of NO3
-
 converted and NH4

+
 formed were analyzed with ion chromatography (IC) 

and 1H-NMR techniques (Figures 4a.13, 4a.14). It must be noted that IC and 1H-NMR 

have been proposed to be the most reliable methods to quantify NH4
+ with negligible 

interference from the reaction mixture constituents.82,83  

 

Figure 4a.6. a) Schematics showing the regulation of catalyst (InP QD)-reactant (NO3
-) 

interactions through electrostatic forces emanating from QD surface ligands. A favorable 
catalyst-reactant interaction between [+] InP and [-] NO3

- ions enables efficient and selective 
NH4

+ formation. b) Variation in concentration of NO3
- calculated as a function of distance from 

the surface of [+] InP QD and [-] InP QD. The local concentration of NO3
- was ~2.5 times higher for 

[+] InP compared to [-] InP QDs.  
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A series of experiments were performed to optimize the reaction conditions with 

respect to [+] InP QD photocatalyst, reactant, and time of irradiation. With the increase 

in the concentration of [+] InP QDs, there was a gradual increase in the NO3
- conversion 

as well as NH4
+ formation within 2 h of visible-light irradiation (Figures 4a.7a, 4a.15). 

Even though the maximum NH4
+ formation was obtained with 5.0 M (1.0 mol %) [+] InP 

QDs, 2.5 M (0.5 mol %) of photocatalyst was used in further studies to avoid the 

excessive use of QDs. The NH4
+ production increased by ~48 %, with an increase in KNO3 

from 0.25 mM to 0.5 mM (Figures 4a.7b, 4a.16, 4a.17). A further increase in KNO3 

concentration did not increase NH4
+ production, which may be due to the saturation of 

all active sites on [+] InP QD photocatalyst. Likewise, the NH4
+ production saturated after 

2 h of visible-light irradiation of the reaction mixture containing of 2.5 M [+] InP QDs and 

0.5 mM KNO3 (Figures 4a.7c, 4a.18). 

 
Figure 4a.7. Optimization of reaction parameters for photocatalytic reduction of NO3

- to NH4
+ 

with visible light. a) Variation in NH4
+ concentration and total NO3

- conversion as a function of [+] 
InP amount. [KNO3] = 0.5 mM, t = 2 h. b) Bar diagram summarizing the effect of KNO3 (reactant) 
concentration on NH4

+ with 0.5 mol % [+] InP QDs under 2 h visible-light irradiation. c) Progress 
of [+] InP QD photocatalysed reduction of NO3

- to NH4
+

 monitored through IC. NH4
+ concentration 

increases gradually and attains saturation after 2 h of visible-light irradiation with 0.5 mol % [+] 
InP QDs and 0.5 mM KNO3. The dotted lines are only to guide the eyes. 

Under the optimized condition (2.5 M, 0.5 mol % [+] InP QDs, 0.5 mM KNO3, and 2 h 

visible light irradiation), the formation of NH4
+ reached 143±25 M (~2.5 ppm, ~160 mol 

g-1) in the aqueous phase (Figure 4a.8a). It was observed that only 52.2±7.4 % 

(261.2±3.7 M) of NO3
- has reacted, which could be attributed to the incomplete 

extraction of photoexcited charge carriers from [+] InP QD photocatalyst, as well as the 

involvement of other competing reactions, such as hydrogen evolution, as reported in 

the literature 22,29,30 (Figure 4a.7c). The yield of NH4
+ was estimated to be 57.5±9.3 % in 
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aqueous phase with respect to NO3
- conversion. A series of control experiments revealed 

that a negligible amount of NH4
+ was formed in the absence of either light or [+] InP QDs, 

confirming their necessity for the photocatalytic reduction of NO3
- to NH4

+ (Figure 4a.8a, 

4a.19). Further, a characteristic triplet (J = 52 Hz) corresponding to NH4
+ was observed in 

the 1H-NMR study (Figure 4a.8b). More importantly, the isotope studies with 15NO3
- 

provided the ultimate proof for NO3
- as the sole N-source in the [+] InP QD 

photocatalysed synthesis of NH4
+ (a characteristic doublet, J = 73 Hz, corresponding to 

15NH4
+ was observed in the 1H-NMR spectrum. Figure 4a.8b). Quantitatively similar 

amounts of 14NH4
+ and 15NH4

+ were formed from 14NO3
- and 15NO3

- reactants, respectively, 

which further validates the claim of NO3 
– as the sole N-source for NH4

+ synthesis (Figures 

4a.8c, 4a.20). Interestingly, the gas phase mass analysis revealed the sole presence of 

NH3 in the headspace as well (Figure 4a.8d). The amount of NH3 in the gas phase was 

estimated to be 0.37±0.11 moles, resulting in a total 0.80±0.19 mol (~6.8 ppm, ~430 

mol g-1) of NH3 in aqueous and gas phases (Figure 4a.21). This accounts for ~94 % of 

the total NO3
- converted, proving the excellent selectivity of [+] InP QD towards NH3 

production. The presence of NH3 in the headspace was further validated by performing 

isotope studies with labeled 15NO3
-, where mass signals corresponding to 15NH3 were 

observed (Figure 4a.8e).  

Interestingly, a mere change of the surface ligands from positively charged [+] TMA to 

negatively charged [-] 11-mercaptoundecanoic acid ([-] MUA) completely switched off 

the photocatalytic conversion (Figures 4a.8f, 4a.22). This is attributed to the strong 

electrostatic repulsion between similarly charged NO3
- ions and [-] MUA ligands, which 

restricts the substrate access to the [-] InP QD photocatalyst surface. As a result, the 

local concentration of NO3
-
 ions will be less near the [-] InP QD surface (Figure 4a.12), 

eventually lowering the probability of the photoexcited electron transfer process. Thus, 

ligands play a crucial role as gatekeepers in regulating the photocatalytic property of InP 

QDs towards the reduction of NO3
-/NO2

-
 to NH3.  
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Figure 4a.8. InP QDs photocatalysed synthesis of NH4
+ under visible-light irradiation. a) 

Comparison of NH4
+ formed under different control experiments, clearly confirming the need for 

both light and [+] InP QDs for the ammonia synthesis. b) 1H-NMR spectra of 14NH4
+ and 15NH4

+ 
formed after the photocatalytic reduction of 14NO3

- and 15NO3
- by [+] InP QDs, respectively. c) Bar 

diagram comparing 14NH4
+ and 15NH4

+ formed from 14NO3
- and 15NO3

-, respectively, confirming 
NO3

- to be the sole N-source. Mass analysis of the gases in the headspace after photocatalytic 
reaction performed with d) 14NO3

- and e) 15NO3
- as the N-source, respectively. m/z =17 and m/z 

=18 indicate the presence of 14NH3 and 15NH3 in the gaseous phase from 14NO3
- and 15NO3

-, 
respectively. Inset of d) and e) shows characteristic 14NH and 15N fragments of 14NH3 and 15NH3, 
respectively, with no interference from H2O, confirming the presence of gaseous NH3 in reactor’s 
headspace. f) Proof of favorable catalyst-reactant interactions through a change of QD surface 
ligands. Bar diagram showing the % NO3

- conversion with [+] and [-] InP QDs (0.5 mol %) under 
visible-light illumination (450 nm) for 2 h.  

As InP QDs exhibited a broad absorption in the visible region with significant overlap 

with the solar spectrum (Figure 4a.9a), we first tested the photocatalytic activity under 

different excitation wavelengths. The action spectrum constructed using the apparent 

quantum yield (AQY) at different excitation wavelengths (580 nm, 532 nm, and 450 nm) 

followed the ground state absorption profile of [+] InP QDs (Figures 4a.9b, 4a.23), which 

again confirmed the active participation of InP QDs in the photocatalytic NH4
+ 

synthesis.84,85 A decent NH4
+ production across broad visible-light spectrum motivated 

us to perform the photocatalytic reaction under direct sunlight (Figure 4a.24). Notably, 

we observed 91±30 M of NH4
+ (NO3

- conversion = 26.5±7.7 %) within 2 h of exposure of 

reaction mixture to natural sunlight (Inset to Figure 4a.9b). It must be noted that the 
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photocatalytic performance under sunlight and LED irradiations cannot be compared, 

because of the variations associated with the flux, power, chromaticity, and coherence 

of the two light excitation sources. The sole purpose of performing the photocatalytic 

reduction under sunlight was to showcase the feasibility in real-world conditions and 

strengthen the translational aspect of [+] InP QD-based NH3 synthesis. All these 

experiments conclusively prove the excellent potential of [+] InP QDs for efficient and 

sustainable NH3 synthesis with visible light. Based on the photocatalysis parameters 

such as light excitation, reaction time, selectivity, AQY, etc., our photocatalytic system 

comprising simple [+] InP QDs stands out when compared with the limited literature 

reports available for the photocatalytic reduction of NO3
- to NH4

+ (Table 4a.1).  

 

Figure 4a.9. a) Spectral overlap between the absorption of [+] InP QDs and the solar spectrum. 
The reference solar spectrum was adapted from SMARTS v. 2.9.2 (AM 1.5) for the comparison. b) 
Action spectra showing the variation in the NH4

+ formation with [+] InP QDs as a function of 
different wavelengths. Inset shows the feasibility of ammonia production with [+] InP QDs in 
sunlight. 
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Comparison with state-of-the-art photocatalyst for NO3
- to NH4

+ conversion 

Table 4a.1: Summary of state-of-the-art photocatalysts available for NO3
- to NH4

+. 

Photocatalyst NH4
+ conc. 

Catalyst 

amount 
Time 

Light 

source 

Hole 

scavenger 
AQY 

[+] InP QD 
(this work) 

490 mol g-1 

(NO3
- to NH3) 

19.6 mg 2 h 
Visible 

light 
450 nm 

No hole 
scavengers 

added 

1.45 % 
@450 nm 

830 mol g-1 
(NO2

- to NH3) 
19.6 mg 1 h 3.7 % 

@450 nm 

CuPd/TiO2 22 893 mol g-1 100 mg 5 h UV MeOH 
0.22 % 

@365nm 

JRC-TiO-6 33 384 mol g-1 100 mg 24 h UV HCOOH - 

BaO-TNS 31 
89.8 mmol g-1 

1 mg 1 h 

UV 
Ethylene 

glycol 
0.53 % 

@524.5 nm 
3.1 mmol g-1 Simulated 

solar light 

Cu2O sub-
nanoclusters 
47 

73.8 mol h-1 20 mg 2 h Full 
spectrum HCHO - 

CdSe QD 30 47 mmol g-1 2.35 mg 2 h 
Visible 

light 
440 nm 

Ascorbic 
acid 

+ 
sodium 

ascorbate 

5.45 % 
@440 nm 

CuInS2 QD 30 40 mmol g-1 34 mg 60 h Simulated 
solar light - 

4a.5. Conclusions 

In a step towards green NH3 synthesis, the present work highlights a simple yet 

efficient photocatalytic system based on InP QDs for the selective reduction of NO3
-
 and 

NO2
- to NH4

+ under visible-light irradiation at room temperature. A rational design of the 

core and appropriate surface chemistry of InP QDs was the key to efficient NH3 synthesis. 

A preferential affinity of N-sources towards surface In atoms and ligands on InP QD 
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photocatalysts led to the selective and efficient ammonia production under visible-light 

irradiation at room temperature. We anticipate that the excellent photocatalytic ability 

and environmentally benign attributes of InP QDs can complement existing methods of 

green NH3 synthesis. Because there is always a room for improvement, consistent efforts 

are needed to outcompete the efficiency of the conventional Haber-Bosch process for 

NH3 synthesis through better design of the photocatalyst as well as in-depth 

understanding of the parameters dominating the reaction coordinate for the scalable 

green NH3 production. 
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4a.7. Appendix 

 

 

Figure 4a.10. Zeta potential of [+] InP QDs as a function of pH. A negligible change in zeta 
potential was observed for a wide pH range (3-10). 

 

 

 

 

Figure 4a.11. a) Representative TEM image used for EDAX analysis. The area enclosed in blue 
box was analyzed to record EDAX spectrum. b) Corresponding EDAX spectrum of [+] InP QD. Inset 
shows the atomic percentages for In and P.  
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Microenvironment modulation through surface ligands of InP QD 

Concentration profiles of K+ and NO3
- ions 

The concentrations of K+ and NO3
- in the diffused layer of [+] InP and [-] InP QDs will 

follow the Boltzmann distribution, and is given by the following equation:86,87 

𝑐± =  𝑐0 exp (∓
𝑧𝑒𝜑

𝑘𝐵𝑇
)          (𝟒𝒂. 𝟑) 

where,  

𝑐+ and 𝑐− are the concentrations of K+ and NO3
- respectively,  

𝑐0 is the concentration of KNO3 in the bulk, 0.5 mM,  

z is the valency of the ions,  

φ is the surface potential at a given point, and 

kBT is the thermal energy 

To find out the concentration profile as a function of distance from charged InP QD 

surface, we need the variation in φ as a function of distance. The variation in φ as a 

function of distance (x) in the diffused layer is given by the Poisson Boltzmann equation 

as follows: 86,87 

∇2𝜑 =  −
𝜌

𝜖
                             (𝟒𝐚. 𝟒) 

Here, ρ is the charge density, and ε is the dielectric constant of the medium. 

To compute variation of φ in x-direction, the above equation transforms into: 

𝑑2𝜑

𝑑𝑥2
=  −

𝜌

𝜖
=  −

𝑧𝐹(𝑐+ −  𝑐−)

𝜖
                    (𝟒𝐚. 𝟓) 

Upon substituting the value of 𝑐+ and 𝑐− from (4a.1) into (4a.3), we get 

𝑑2𝜑

𝑑𝑥2
= 𝑐0𝑧𝐹𝜖 [exp (

𝑧𝑒𝜑

𝑘𝐵𝑇
) −  𝑒𝑥𝑝 (−

𝑧𝑒𝜑

𝑘𝐵𝑇
)] =  

2𝑐0𝑧𝐹

𝜖
 𝑠𝑖𝑛ℎ (

𝑧𝑒𝜑

𝑘𝐵𝑇
)             (𝟒𝐚. 𝟔) 

Applying the boundary conditions, we get 
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𝜑 (𝑥 = 0) = 𝜁 and 𝜑 (𝑥 = ∞) = 0 

Here, 𝜁 is the zeta potential which is equal to + 25 mV and -37 mV for [+] InP and [-] InP 

QDs, respectively. 

Applying Debye-Huckel approximation for dilute solution, (
𝑧𝑒𝜑

𝑘𝐵𝑇
) ≪ 1, eq. 4a.6 can be 

rewritten as: 

𝑑2𝜑

𝑑𝑥2
=

𝑐0𝑧𝐹

𝜖
[(1 +

𝑧𝑒𝜑

𝑘𝐵𝑇
) − (1 −

𝑧𝑒𝜑

𝑘𝐵𝑇
)] 

=  
𝑐0𝑧𝐹

𝜖
[
2𝑧𝑒𝜑

𝑘𝐵𝑇
] 

=  
2(𝑧𝑒)2𝑁𝑎𝑐0𝜑

𝜖𝑘𝐵𝑇
 

=  
𝜑

𝜅2
                          (𝟒𝐚. 𝟕) 

where, κ is the Debye length. 

Solving (4a.5) yields the final eq. 4a.8, 

𝜑 = 𝜁 𝑒𝑥𝑝 (−
𝑥

𝜅
)                      (𝟒𝐚. 𝟖) 

The concentration profiles as a function of distance were computed using eq. 4a.3 and 

eq. 4a.8. The computed graphs are shown in Figure 4a.12. The concentration profiles 

clearly show the channeling effect in [+] InP QDs due to favourable electrostatic 

interaction between [+] InP QD and [-] NO3
- ions. The enhanced local concentration of [-

] NO3
- ions enhances the probability of the charge transfer step from photoexcited [+] InP 

QDs. 
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Figure 4a.12. Variation in the surface potential as a function of distance from the surface of a) [+] 
InP QD and b) [-] InP QD. Variation in concentration of NO3

- and K+ as a function of distance from 
the surface of c) [+] InP QD and d) [-] InP QD. 
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Calibration curves for estimation of reaction yield 

 

Figure 4a.13. Representative chromatograms of a) Dionex six cation standard and b) Dionex 
seven anion standard solution. Signals at ~8.5 min in the cation chromatogram and at ~9.5 min 
and ~14.5 min in the anion chromatogram correspond to NH4

+, NO2
-, and NO3

-, respectively.  

 

 

Figure 4a.14. Standard curves for a) NH4
+, b) NO3

-, and c) NO2
- detection with ion 

chromatography, prepared with different concentrations of NH4Cl (0-250 M), KNO3 (0-1000 M), 
and KNO2 (0-1000 M), respectively. 
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Optimization of reaction parameters 

Concentration of [+] InP 

 

Figure 4a.15. Cation (a,c,e,g) and anion (b,d,f,h) chromatograms for photocatalytic reactions 
performed with different concentrations of [+] InP QDs. a,b) 0.1 mol %, c,d) 0.3 mol %, e,f) 0.5 
mol %, and g,h) 1 mol % of [+] InP QDs. 
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KNO3 concentration 

 

Figure 4a.16. Cation (a,c,e,g) and anion (b,d,f,h) chromatograms for photocatalytic reactions 
performed with different substrate concentrations. a,b) 0.25 mM, c,d) 0.50 mM, e,f) 0.75 mM, 
and g,h) 1.00 mM KNO3. 
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Figure 4a.17. Bar diagrams summarizing total NO3
−

 conversion as a function of KNO3 
concentration with 0.5 mol % [+] InP QDs. With the increase in substrate concentration, there 
was an increase in NH4

+ concentration and eventually attains saturation. Consequently, we 
chose 0.5 mM KNO3 and 0.5 mol % [+] InP QDs for further studies. 

 

Time-dependent studies through ion chromatography  

 

Figure 4a.18. Progress of the reaction monitored through ion chromatography. With increasing 
reaction time, a) the amount of NH4

+ increases with b) a gradual decrease in NO3
- concentration, 

as can be seen from variation in peak intensities. No traces of NO2
- were observed during the 

photocatalytic reaction. 
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Control experiments 

 

Figure 4a.19. Cation chromatograms for the quantification of NH3 in aqueous phase for different 
control experiments. The appearance of signal at ~8.5 min in a) optimized reaction conditions 
corresponds to the formation of NH4

+, whereas negligible amounts of NH4
+ were formed in the 

absence of b) [+] InP QDs and c) light. Control experiments clearly confirm the necessity of both 
the photocatalyst and light for the conversion of NO3

-
 to NH4

+.  

 

Photocatalytic experiments with isotope labelled 15NO3
- 

 

Figure 4a.20. Ion chromatogram showing the formation of 15NH4
+ obtained from isotope-labelled 

15NO3
-. 

 

Quantification of NH3 in the gas phase 

Figure 4a.21. Gas-phase mass analysis of a) standard NH3 gas (conc.= 101141 ppm) and 
photocatalytic reaction performed with [+] InP QDs with b) NO3

- and c) NO2
- as N-source.  
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Proof of electrostatics 

 

 

Figure 4a.22. Proof of favourable catalyst-reactant interactions through change of QD surface 
ligands. Anion chromatograms for the quantification of NO3

- conversion with a) [+] InP and b) [-] 
InP. The area under signal ~14.5 min was lower for photocatalytic reaction performed with TMA-
capped [+] InP QDs, compared to MUA-capped [-] InP QDs.  

 

Constitution of action spectra 

 

Figure 4a.23. Wavelength-dependent photocatalytic NH4
+ synthesis with [+] InP QDs. Cation 

(a,c) and anion (b,d) chromatograms for photocatalytic experiment performed under a, b) 532 
nm and c, d) 580 nm irradiation using 2 x 10 W LEDs (incident light intensity was kept similar ~200 
mW cm-2).  
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Photocatalytic experiments in sunlight 

 

Figure 4a.24. Representative chromatograms for a) NH4
+ and b) NO3

-
 quantification after the 

photocatalytic reaction performed with [+] InP QDs under natural sunlight for 2 h.  
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4b.1. Abstract 

Light-driven ammonia synthesis from nitrate/nitrite ions has emerged as a viable 

strategy to complement the existing methods of green ammonia synthesis. In this 

direction, we designed a simple yet efficient, III-V indium phosphide (InP) quantum dots 

(QDs) based photocatalytic system to produce ammonia under visible light irradiation at 

room temperature. The presence of catalytic indium sites and microenvironment 

modulation through precise regulation of catalyst-reactant interactions in InP QDs were 

the keys to achieving excellent photocatalytic activity. As nitrate-to-ammonia conversion 

is a multielectron and multiproton coupled process, we attempt to gain an in-depth 

understanding of important pathways involved in the InP QDs photocatalysed synthesis 

of ammonia. Kinetic studies revealed the energetically challenging nitrate-to-nitrite 

conversion as the rate-determining step, with subsequent reactions proceeding with 

~100 % conversion to yield ammonia. The sole presence of ammonia in both the aqueous 

and gaseous phases, along with negligible accumulation of any byproducts, confirms the 

excellent selectivity of InP QDs. Further mechanistic investigations ascertained a 

negligible role of competing hydrogen evolution in the direct nitrate reduction, confirming 

the active participation of photoexcited charge carriers from InP QDs in the ammonia 

synthesis. A series of experiments concluded that water is the proton source in InP QD 

photocatalysed ammonia synthesis. Finally, optimizing the photocatalytic reaction 

system by using core/shell InP/ZnS QDs and an additional hole scavenger enabled long-

term photocatalytic experiments, with complete retention of the photocatalytic activity 

up to 4 cycles and 75 % retention in the subsequent cycles. In short, the present study 

provides important mechanistic insights into establishing InP QD as a potential visible-

light photocatalyst for ammonia synthesis.  
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4b.2. Introduction 

Ammonia (NH3) synthesis from nitrate (NO3
-) and nitrite (NO2

-) ions as the N-source 

emerges as a viable route to reduce the burden on the existing Haber-Bosch process 

while simultaneously offering water remediation opportunities.1-5 The reduction of NO3
- 

to NH3 is a multiproton (9H+) coupled multielectron (8e-) transfer transformation, which 

proceeds via multiple deoxygenation and protonation steps.4,5 For the deep reduction of 

NO3
- (oxidation state = +5) to form NH3 (oxidation state = -3), multiple electrons (8e-) must 

be transferred, which necessitates the stabilization of 1e- intermediates long enough till 

the successive electron transfer process can take place.6 Further, the transformation is 

accompanied by elementary multiple proton transfer steps. Since there exists a mass 

difference between electrons and protons, the latter being heavier, the coordination 

between electron and proton delivery is inherently challenging.6 Because of the 

difference in thermodynamics, kinetics, and reactivities of the electron and protons, 

photocatalytic NO3
- to NH3 conversion suffers from low quantum efficiencies, 

accumulation of side reactions, and coexistence of competing 2e–/2H+ proton reduction 

to H2.1-5,7-9 The standard reduction potential of different steps involved in NO3
- reduction, 

as shown in Table 4b.1., clearly shows that N2 and NH3 are the most thermodynamically 

stable products.4,10 As multiple steps are involved in NO3
- reduction, several reaction 

paths exist that branch out to yield N2, N2H4, or NH3, which makes the elucidation of the 

exact reduction pathway challenging (Figure 4b.1).4,10  

Table 4b.1. Standard redox potentials for different NO3
- reduction products  

Reduction reaction Standard redox potential 

NO3
- + 2H+ + 2e- ⇌ NO2

- + H2O Eo = 0.49 V 

NO3
- + 4H+ + 3e- ⇌ NO + 2H2O Eo = 0.96 V 

NO3
- + 7H+ + 6e- ⇌ NH2OH + 2H2O Eo = 0.67 V 

NO3
- + 10H+ + 8e- ⇌ NH4

+ + 3H2O Eo = 1.20 V 

2NO3
- + 10H+ + 8e- ⇌ N2O + 5H2O Eo = 1.12 V 

2NO3
- + 12H+ + 10e- ⇌ N2 + 6H2O Eo = 1.25 V 

2NO2
- + 8H+ + 6e- ⇌ NH4

+ + 2H2O Eo = 0.90 V 
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Figure 4b.1. Schematics showing the proposed reaction mechanism for NO3
- reduction. 

Redrawn with permission from references 4 and 10. Copyright 2022 The Royal Society of 
Chemistry and Copyright 2020 American Chemical Society.  * refers to adsorbed molecule.  

Given the limited literature reports on photocatalytic NO3
- reduction to NH3, there is 

only a limited understanding of the exact mechanistic pathways. In most cases, there is 

a heavy reliance on theoretical support to gain an in-depth understanding of the pathway 

involved.2,11-14 However, attempts have been made recently to elucidate the reaction 

mechanisms using in-situ techniques.15,16 For instance, in an interesting work by 

Shiraishi and coworkers, Cu2+ doped TiO2 was explored for NO3
- reduction to ammonia 

using water as an electron donor.16 Here, Cu2+ doping eliminates lattice O from TiO2 and 

produces vacancies, which play a crucial role in NO3
- adsorption and subsequent 

reduction. The photocatalytic NO3
- reduction yielded NH4

+ and NO2
- as the major 

products along with H2 (Figure 4b.2a). While the rate of NO2
- generation decreases with 

time, a gradual increase in NH3 formation indicated simultaneous 8e- and 2e- reduction 

of NO3
- to NH3 and NO2

-, respectively. In-situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) was employed to study the role of O-vacancies in NO3
- 

reduction. In-situ DRIFTS spectrum revealed the emergence of negative peaks in the 

3100-3600 cm-1 and ~1620 cm-1 region, corresponding to stretching band of adsorbed 

water molecules ((O-H)) and NO3
- ions ((NO3

-)), respectively (Figure 4b.2b). Upon light 
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irradiation, a broad band appeared at ~2080 cm-1 which was attributed to the stretching 

band of nitrosyl intermediates ((N=O)) (Figure 4b.2b). As the reaction progressed, 

stretching and bending bands at 2970 cm-1 and 1690 cm-1 intensified, suggesting the 

formation of N-H bonds (Figure 4b.2b). No such bands appeared when Cu(0) was doped 

into TiO2, indicating the active participation of O-vacancies created by Cu2+ in NO3
- 

reduction (Figure 4b.2b). The overall reaction was proposed by combining in-situ DRIFTS 

data with DFT calculations. The Lewis-base NO3
- adsorbs onto Ti3+ and Cu2+ sites of O-

vacant Cu2+-doped TiO2, and undergoes N-O cleavage by photoexcited electrons 

localized on Ti3+ sites. This results in NO2
- intermediate adsorbed and Cu2+ sites via N-Cu 

bond and removal of one water molecule. Further N-O bond cleavage results in a bridging 

NO intermediate, which further undergoes a deoxygenation step to form a secondary 

amine intermediate, ultimately forming NH3. Finally, adsorbed NH3 is desorbed from the 

surface (Figure 4b.c). DFT calculations also revealed that the N-O cleavage of NO3
- is the 

rate-determining step, whereas the other three steps proceed with negligible activation 

energies. Moreover, it was proposed that the accumulation of NO2
- occurs due to the 

involvement of indirect NO3
- reduction pathways where weakly absorbed NO2

- 

intermediate desorbs from O-vacancies. The promotion of a direct pathway instead of 

this indirect pathway was found to be dependent on photon flux, with higher NH3 

formation with higher light intensities.  
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Figure 4b.2. Photocatalytic NO3

- reduction with Cu2+-doped TiO2. a) Schematics of the Cu2+ 
doping into TiO2 and its effect on the electronic structure. b) In-situ DRIFTS spectra of NO3

- 
reduction over Cu2+-TiO2 and Cu(0)-TiO2 under continuous light irradiation at -173 oC in vacuum. 
c) Proposed reaction mechanism for NO3

- reduction to NH3 based on in-situ DRFITS and DFT 
calculations. Reproduced with permission from reference 16. Copyright 2025 American 
Chemical Society.  

It is widely known that the majority of proton-coupled multielectron reactions are 

accompanied by kinetically facile 2H+/2e- reduction reactions, evolving H2.6 In the case 

of NO3
- reduction, H2 evolution is not just a competing reaction but is proven to be non-

innocent in some cases.8,9,17-19 In an early example, Yamauchi and coworkers observed 

that selective NH3 was produced from NO3
- ions with photocatalytically generated H2 

over CuPd/TiO2.8 The excellent hydrogenation over CuPd nanoalloys to form NH3 was 

attributed to the high ratio of reductant H species to the surface coverage of N species, 

H/N (Figure 4b.3a). As H2 evolution was higher in the case of CuPd/TiO2 than Pd/TiO2, the 

adsorbed N species are continuously in proximity with nascent H atoms, resulting in 

complete hydrogenation of NO3
- to form NH3. In another instance, Kamiya and coworkers 

coupled Pt/TiO2 photocatalysts and SnPd/Al2O3 non-photocatalyst for photocatalytic 

NO3
- reduction to N2 in water.18 Here, H2 was photocatalytically generated by Pt/TiO2, 

which was then utilized as a reductant by SnPd/Al2O3 to convert NO3
- to N2. Negligible 
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NO3
- conversion occurred in the presence of only Pt/TiO2 or SnPd/Al2O3, suggesting the 

need for a coupled system. Control experiments revealed that the amount of N2 formed 

corroborates well with the amount of H2 generated in the absence of NO3
- under similar 

reaction conditions. An excellent catalytic hydrogenation of NO3
- over SnPd/Al2O3 with H2 

gas under dark conditions confirmed the active participation of photocatalytically 

generated H2 evolution from Pt/TiO2 in reducing NO3
- over SnPd/Al2O3. Recently, some 

transition metal phosphides have also showcased hydrogenation ability for nitrate 

reduction.19,20 The rationale behind the participation of H-atoms in direct hydrogenation 

of NO3
- usually stems from the H-adsorption capability and the proximal presence of 

diverse surface sites for the adsorption of different intermediates on transition metal 

phosphides (Figure 4b.3b).19 Such proximity between H-adsorption sites and local active 

sites allows ready reaction between the two, resulting in a dominant role of the 

hydrogenation pathway rather than the charge transfer one.  

 

Figure 4b.3. Role of competing H2 evolution in nitrate reduction. a) Schematics of nitrate 
reduction with photocatalytically generated hydrogen over PdCu-TiO2 under UV excitation. 
Reproduced with permission from reference 8. Copyright 2011 American Chemical Society. b) 
Schematics showing the role of adsorbed H atoms in facilitating hydrogenation of A- over 
transition metal phosphides. Here, white, grey, and purple spheres represent H, Ni, and P atoms. 
Reproduced with permission from reference 19. Copyright 2023 American Chemical Society.   

Herein, we attempt to gain an in-depth understanding of the important pathways 

involved in the InP QDs photocatalysed NH3 synthesis from NO3
-/NO2

- ions.  The sole 

formation of NH3 in the aqueous and gaseous phases, without accumulation of any of 

the side products, confirmed the selective NH3 synthesis with InP QDs. Detailed kinetics 
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and isotope-labeled studies suggested the first 2e- transfer step involving NO3
- to NO2

- 

conversion as the rate-determining step. The absence of any side product except NH3 

clearly rules out several pathways for NO3
- reduction, yielding N2 as the final product. 

However, the fast kinetics associated with NO2
- to NH3 conversion make it challenging to 

decipher the exact reaction pathway for NH3 synthesis, as shown in Figure 4b.1. Along 

with NO3
- reduction, InP QDs also photocatalyzed H2 evolution. The interference from the 

competing H2 evolution reaction was overruled in the direct photoreduction of NO3
–, 

proving that the photoexcited charge carriers formed in InP QDs mediate photocatalytic 

NH3 synthesis. Finally, water was identified as the proton source in the photocatalytic 

NH3 synthesis with [+] InP QDs. Further, optimizing the photocatalytic reaction system 

by using core/shell InP/ZnS QDs and an additional hole scavenger enabled long-term 

photocatalytic experiments, with complete retention of the photocatalytic activity up to 

4 cycles and 75 % retention in the subsequent cycles. Given the limited literature 

available on photocatalytic NO3
- to NH3 conversion, we provide key mechanistic details 

related to the kinetics, competing reactions, proton source, and the fate of photoexcited 

holes in the multielectron transformation of NO3
- to NH3.  

4b.3. Experimental section 

4b.3.1. Identification of side products 

As NO3
- reduction to NH4

+ involves multiple electrons and protons, various side 

products tend to accumulate during the reaction. Most commonly observed products 

include NO2
-, NH2OH, N2H4, N2, and NOx (g).4,5 We analyzed the formation of these 

products in our photocatalytic reduction reaction through chromatographic and 

spectroscopic techniques. In our study, NO2
- ions were analyzed using ion 

chromatography, NH2OH and N2H4 were analyzed with colorimetry assays, and N2 and 

NOx in the headspace were analyzed with mass spectrometry.  

4b.3.1a. Identification of hydroxylamine (NH2OH) 

The presence of NH2OH was determined from 8-hydroxyquinoline-based colorimetric 

method.21 A typical analysis consists of mixing 1 mL of analyte solution, 1 mL of PBS, and 
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1 mL of 1 % 8-hydroxyquinoline. To this mixture, 1 mL of 0.1 M Na2CO3 was added under 

vigorous shaking, followed by heating at 100 oC. The development of bright bluish green 

color with absorption peak at ~706 nm confirms the presence of NH2OH. A calibration 

curve was plotted with 0-250 M NH2OH solutions from the absorption spectra.  

4b.3.1b. Identification of hydrazine (N2H4) 

The amount of N2H4 was determined by standard Watt-Chrisp method.22 In a typical 

procedure, the coloring agent was prepared by dissolving 4-

(dimethylamino)benzaldehyde in conc. H2SO4 and ethanol. Equal volumes of N2H4 

containing solution and coloring agent were mixed and left for 20 min for the color to 

develop. In the presence of hydrazine, the solution turns yellow with a characteristic 

absorption peak at 458 nm. A calibration curve was plotted from standard N2H4 solutions 

(0-3 ppm), and the amount of N2H4 formed during the photocatalytic reduction of NO3
- 

was obtained from this.  

4b.3.2. Glutamate dehydrogenase (GLDH) assay 

GLDH assay23 was used to derivatize 15ND4
+ formed after the photocatalytic reaction 

performed in D2O with [+] InP QDs to prove the role of water as the proton source. In a 

typical procedure, [+] InP QDs were removed after the photocatalytic reaction, and to 

this reaction mixture, NADH (6 M), -ketoglutarate (20 M), and GLDH enzyme (1.2 

units) were added. The reaction mixture was incubated at 25 oC for 6 h for the formation 

of glutamate. The progress of glutamate formation was monitored using UV-vis 

absorption, where the peak at 340 nm corresponding to NADH was monitored. After the 

enzyme assay, the reaction mixture was analyzed using high-resolution mass 

spectrometry (HRMS). A similar procedure was adopted for the analysis of isotope-

labelled glutamate formed via reaction between 15ND4
+ (formed in the photocatalytic 

reaction carried out in D2O with 15NO3
- as N-source) and -ketoglutarate in the presence 

of NADH and GLDH.  
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4b.3.3. Recyclability study and long-term experiments 

4b.3.3a. With core-only InP QDs 

The recyclability experiments were performed using a dip-catalyst system, which was 

prepared by the drop-cast of oleylamine (OAm)-capped InP QDs on Whatman filter paper 

film (2 cm x 1 cm), followed by drying. This paper film was dipped in the aqueous reaction 

mixture containing KNO2 (0.5 mM) and irradiated for 6 h. After each photocatalytic cycle, 

the film was removed, washed, and dried for the next cycle, and the reaction mixture was 

analyzed using IC.  

4b.3.3b. With core-shell InP/ZnS QDs 

The challenge associated with the etching of core-only QDs was overcome by 

performing recyclability studies with InP/ZnS core/shell QDs, which is a well-known type-

I core/shell material.24 A paper-based dip catalyst system was prepared by drop-casting 

OAm-capped InP/ZnS QDs on Whatman filter paper film (2 cm x 1 cm), followed by 

drying. This paper film was dipped in the aqueous reaction mixture containing KNO2 (0.5 

mM) and 10 % ethanol and irradiated for 6 h. Because type I core/shell QDs have a higher 

degree of confinement of the excitons within the core material, which reduces the charge 

transfer efficiency, ethanol was introduced as the hole scavenger to enhance the 

conversion yield. After each photocatalytic cycle, the film was removed, washed, and 

dried for the next cycle, and the reaction mixture was analyzed using IC.  

4b.4. Results and discussion 

4b.4.1. Identification of side products 

As NO3
-
 reduction to NH4

+ involves multiple electrons (8e-) and protons (10H+), various 

side products tend to accumulate during the reaction, which can impact the product 

selectivity.4,5 As time progressed, a gradual decrease in NO3
- concentration from 500 M 

to 260±36 M was observed with a concomitant increase in NH4
+ in the aqueous phase 

(Figure 4b.4a). However, the NH4
+ concentration in the aqueous phase did not 

corroborate well with the total NO3
- conversion, suggesting the formation of other 
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reduction products. Thus, detailed studies were performed to detect the presence of 

side-products formed during the [+] InP QD photocatalyzed synthesis of NH4
+. Most 

commonly observed NO3
- reduction products include NO2

- (aq.), NH2OH (aq.), N2H4 (aq.), 

N2 (g), and NO (g).4,5,10 Ion-chromatography studies revealed a negligible accumulation of 

NO2
- ions during the course of the photocatalytic reaction (Figure 4b.4b). Furthermore, 

gas-phase mass analysis and spectroscopic studies show a negligible formation of 

gaseous (N2 and NO) and aqueous phase products (NH2OH and N2H4), respectively 

(Figures 4b.4c-f, 4b.12, 4b.13). As gas phase analysis revealed the presence of NH3 in 

the reactor’s headspace, we calculated the amount of NH3 present in the gaseous 

phase. The cumulative NH3 production in both aqueous and gaseous phases reached 

0.80±0.19 moles (~6.8 ppm, ~430 mol g-1), which accounts for ~94 % of the total NO3
- 

converted. In essence, it can be concluded that [+] InP QDs selectively reduce NO3
- to 

NH3 under visible-light illumination.  

 

Figure 4b.4. Identification of side products in InP QDs photocatalyzed ammonia synthesis. a) 
Progress of [+] InP QD photocatalysed reduction of NO3

- to NH4
+

 monitored through IC. The dotted 
lines are only to guide the eyes. b) Progress of the reaction monitored through ion 
chromatography. With increasing reaction time, a gradual decrease in NO3

- concentration can be 
seen from variation in peak intensities. No traces of NO2

- were observed during the photocatalytic 
reaction. Analysis of common gaseous side products c) N2 and d) NO through mass 
spectrometry. Negligible traces of N2 and NO were observed in the reactor’s headspace. 
Absorption spectrum of the reaction mixture after photocatalytic reduction of NO3

- to NH4
+ with 

[+] InP QDs for identification of e) hydroxylamine (NH2OH) and f) hydrazine (N2H4). Absence of 
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absorption peak @706 nm and @458 nm confirm negligible formation of NH2OH and N2H4, 
respectively, in our study. 

4b.4.2. Elucidation of rate-determining step  

As per the electrochemical potentials, the initial two-electron reduction of NO3
-
 to 

NO2
- is the most energetically challenging step (Eo = 0.49 V vs SHE) in the NH4

+ synthesis 

from NO3
-(Figure 4b.5a).25,26 Accordingly, NO2

- was chosen as the N-source to evaluate 

the impact of reactant on [+] InP QD photocatalysed synthesis of NH4
+. Strikingly, a 

complete conversion of NO2
- was observed within 1 h of visible-light illumination, along 

with an increase in NH4
+ concentration in the aqueous phase to 280±25 M (~5.5 ppm, 

~320 mol g-1) (Figures 4b.5b, 4b.14). The total NH3 formed in the aqueous and gas 

phases was found to be 1.36 moles, which amounts to ~91 % of the total NO2
- 

converted. The faster kinetics associated with NO2
- to NH4

+ conversion, corroborates well 

with the negligible accumulation of NO2
- during the [+] InP QD photocatalysed reduction 

of NO3
- (Figure 4b.4b). Further insights were obtained from competitive photocatalytic 

experiment performed with an equimolar mixture of 14NO3
- + 14NO2

-, as the N-source. IC 

analysis reveals ~100 % conversion for NO2
-, while ~50 % NO3

- remained unreacted after 

2 h of photocatalysis (Figure 4b.5c, 4b.15). This confirms a greater preference of [+] InP 

QDs towards NO2
- reduction over NO3

- reduction. An isotopic competition experiment 

between 14NO2
- and 15NO3

- further validated the greater affinity of nitrite reduction with [+] 

InP QD photocatalyst. 1H-NMR studies explicitly show that the formation of 14NH4
+ from 

14NO2
- source was remarkably higher than the formation of 15NH4

+ from 15NO3
- source 

(Figure 4b.5d). All these experiments suggest that NO3
- to NO2

-
 conversion is the 

probable rate-limiting step controlling the overall NH3 synthesis when NO3
- is used as the 

N-source.  
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Figure 4b.5. a) A reaction scheme suggesting NO3

-
 to NO2

- conversion to be the probable rate-
limiting step controlling the overall NH3 synthesis, when NO3

- is used as the N-source. b) Ion 
chromatograph for the photocatalytic experiment performed with NO2

- as the N-source. c) Ion 
chromatograms and d) 1H-NMR spectra for competitive photocatalytic experiments performed 
with equimolar mixture of 14NO2

- + 14NO3
- and 14NO2

- + 15NO3
- as the N-source, respectively. 

*represents Cl- ion present in the reaction mixture. A clear preference for nitrite reduction over 
nitrate reduction was observed with [+] InP QDs.  

4b.4.3. Effect of competing hydrogen evolution reaction 

Proton-coupled multielectron reactions are often challenged by the kinetically facile 

H2 evolution reaction.6 From the band positions of InP QD, it is clear that both H2 

evolution as well NO3
-/NO2

- reduction reactions are thermodynamically feasible (Figure 

4b.6). Indeed, we observed H2 evolution along with NH4
+ production from NO3

-
 as well as 

NO2
- under our reaction conditions (Table 4b.2). Previous literature reports suggest that 

photocatalytic H2 evolution is not only a competing reaction but is a potent reductant for 

NO3
- ions as well.8,16-19 This motivated us to delve into the role of H2 in NO3

- reduction in 

our system. The active role of photocatalytically generated H2 in the direct reduction of 

NO3
-/NO2

- was evaluated through a series of control experiments (Table 4b.2). Firstly, the 

reaction mixture containing only [+] InP QDs was irradiated to produce H2. To this 
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preirradiated reaction mixture, KNO3/KNO2 was added under inert conditions and left for 

incubation for 2 h in the dark. IC analysis revealed negligible production of NH4
+ for 

samples incubated in dark, whereas a strong signal corresponding to NH4
+ appeared only 

after the light illumination of the above incubated sample (Table 4b.2, Figures 4b.16, 

4b.17). Likewise, no noticeable NH4
+ was formed by directly purging H2 gas into the 

reaction mixture containing [+] InP QDs and KNO3 in dark (Table 4b.2, Figure 4b.18), 

confirming the negligible interference of H2 in the present study. Thus, all the control 

experiments confirm the active role of photoexcited charge carriers from [+] InP QDs for 

NO3
-/NO2

- reduction to NH4
+ under visible-light illumination. Here, H2 evolution is an 

inherent side reaction and does not affect the kinetics of NH4
+ formation from NO3

- as 

well as NO2
-. However, it does influence the percentage conversion of NO3

-, as a portion 

of the photoexcited charge carries generated in [+] InP QDs are used for the H2 evolution 

reaction as well (17.5 % of photoexcited charge carries is used for H2 vs 82.5 % for NO3
- 

reduction to NH4
+, details are provided in the Appendix). In the future, it would be 

interesting to adapt existing strategies from electrocatalysis to suppress the H2 evolution 

reaction and improve the absolute amount of NH4
+ formation. One such strategy could 

be to use ligand head groups with higher pKa values, so as to break the H-bonding that is 

a crucial aspect for H2 evolution.27 Another approach would be to add surface modifier 

ions such as Sr2+, Mg2+ or Al3+, which are non-catalytic for proton reduction and possess 

high negative reduction potentials.28  

 

Figure 4b.6. Schematics of energy level diagram representing the thermodynamic feasibility of 
possible reduction reactions with [+] InP QDs. Under our reaction condition, photocatalytic NO3

- 
to NH3 transformation was accompanied by H2 evolution reaction. 
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Table 4b.2. Table summarizing the effect of photocatalytically generated H2 in the direct 
reduction of NO3

- to NH4
+.  

Reaction Condition NO
3

-

 
conversion (%) NH

3 (aq.) 
(%) H

2
 evolved (nmol) 

Pre-irradiated [+] InP + 
KNO

3 
(incubated in dark) Negligible Not formed 742 ± 52 

Pre-irradiated [+] InP + 
KNO

3  
+ hn  52.2 ± 7.4 28.6 ± 5.0 678 ± 101 

Pre-irradiated [+] InP + 

NO
2

-
 (incubated in dark)  

Negligible Not formed 632 ± 168 

[+] InP + H
2
 + NO

3

-
(dark) Negligible Not formed - 

[+] InP + H
2
 + NO

3

-
 (hn)  48.5 ± 4.6 25.7 ± 2.3 - 

 

 4b.4.4. Proton source and hole scavenger 

Since photocatalytic NO3
- reduction to NH4

+ requires 10H+, we probed into the 

possible sources of protons in our reaction conditions. There are two possible proton 

sources in our system: (i) water and (ii) thiol group on TMA ligands present on the surface 

of [+] InP QDs. A series of experiments were performed to confirm the identity of the 

proton source. First, FTIR studies confirmed that TMA ligands bind as X-type ligands in 

the form of thiolates and, therefore, are devoid of any ionizable protons (Figure 4a.5b). 

This was further validated in a recent study by Hens and co-workers, where the native 

oleylamine ligands participated in acid-base reaction to form oleylammonium chloride 

leaving thiolates to bind on InP QDs.29 Next, appreciable NH3 formation was observed 

when InP QDs functionalized with non-thiolate quaternary ammonium ligands (-OOC-

CH2-NMe3
+, Betaine-InP QDs) were used as the photocatalyst (~45 % NO3

- conversion, 

2.16 ppm of NH4
+ formed in the aqueous phase. Figure 4b.7a, Scheme 4b.1). This was 

further confirmed by performing photocatalytic experiments with the isotope-labeled 
15NO3

-. A clear emergence of characteristic doublet in 1H-NMR (J= 72 Hz) corresponding 

to isotope labelled 15NH4
+, confirming NO3

- to be the N-source (Figure 4b.7b). It is to be 
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noted that betaine, again, is devoid of any ionizable protons and cannot act as a proton 

source. All these experiments rule out the possibility of TMA ligands as a proton source.  

 

Figure 4b.7. Identification of proton source in photocatalytic NH3 synthesis with [+] InP QDs. a) 
Cation chromatograms of photocatalytic reactions performed in [+]-InP QDs in D2O and non-
thiolated betaine ligand capped InP QDs, in comparison with [+]-InP QDs in H2O (the optimized 
condition). A clear formation of ammonium ion shows a prominent role of water as the proton 
source. b) Comparison of 1H-NMR under different reaction conditions performed with 15NO3

- as 
the N-source.  

Further, the photocatalytic reduction of NO3
- by [+] InP QD was performed in a polar 

aprotic medium. Some of the most used polar aprotic solvents are acetone, acetonitrile, 

DMF and DMSO.30 Here, we chose acetone as the polar aprotic solvent based on a prior 

literature report in QD photocatalysis by Wu and coworkers,31 where water was 

discovered as the sole proton source for H2 evolution. In our study, no signs of NH3 

formation were observed when the reaction was performed in acetone (Figure 4b.7b, 

Table 4b.3). This indicates that water could probably be the proton source. An additional 

experiment performed in the presence of excess TMA-thiol ligands in acetone also 

resulted in negligible formation of NH3 (Figure 4b.7b, Table 4b.3). In another control 

experiment, the photocatalytic reduction was performed in deuterated water (D2O), 

which yielded a similar amount of ammonium ions as in the case of H2O (125.5±2 M 

and 143±25 M of ammonium ions in D2O and H2O, respectively in the aqueous phase. 

Figure 4b.7a).  
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The proof for water as the proton source came from glutamate dehydrogenase (GLDH) 

assay-based ammonia derivatization study, wherein 15ND4
+ produced during the 

photocatalytic reaction forms isotope-labeled glutamate (Figures 4b.8a, 4b.19-4b.21, 

Scheme 4b.2). Further, the ultimate validation comes from the gas phase mass signals 

for m/z=21 and m/z=19 corresponding to 15ND3 and 15ND2 fragments, respectively 

(Figures 4b.8b, 4b.22). The evolution of H2 in addition to NH4
+ synthesis under 

photocatalytic conditions, also supports our claim of water as the proton source. From 

all the possible experiments performed, it can be concluded that water is surely acting 

as the sole proton source in the photocatalytic NH3 synthesis with [+] InP QDs (Table 

4b.3).  

 

Figure 4b.8. Proof of water as the proton source in InP photocatalyzed ammonia synthesis from 
NO3

-. a) Schematics showing the photocatalytic reduction of 15NO3
- to 15ND4

+ with [+] InP QDs in 
D2O. The bottom panel shows the glutamate dehydrogenase assay which converts a-
ketoglutarate to isotope labelled-glutamate in presence of NADH, GLDH enzyme, and 15ND4

+ 
(formed during photocatalysis). The identification of isotope-labelled glutamate using HRMS 
unambiguously confirmed that water is the sole proton source in the present study (Figure 
4b.21). b) Gas phase mass analysis of the photocatalytic reaction performed with 15NO3

- in D2O. 
Signals for m/z =19, corresponding to 15ND2 fragment confirm water as the proton source. 

Next, probable processes dictating the fate of photoexcited holes are discussed. 

Intuitively, TMA-thiolate ligand and water could be the probable species that can act as 

hole scavengers. However, we failed to observe any oxidized products of TMA-thiolate as 

well as water, overruling their participation as the hole scavenger in our system. 

Literature reports reveal the presence of deep hole trap states in InP QDs, which in 

principle, can trap photoexcited holes from the valence band.29,32,33 Another possibility is 

the hole transfer-mediated dissociation of ligands from the QD surface, which was 



Chapter 4b  Insights into NH3 synthesis with InP QD 
  
 
 

 
Quantum dot photocatalysis 157 

reported in the case of CdS QDs.34  All these possibilities can affect the photostability as 

well as the recyclability of the photocatalyst. In our study, a visual color change was 

observed for [+] InP QDs during the photocatalytic reaction (the deep orange color of [+] 

InP QDs faded with time). A time-dependent absorption study revealed a gradual blue 

shift of the first excitonic peak along with a decrease in the absorbance under light 

irradiation, confirming the etching of QDs during the photocatalytic process (Figure 

4b.9a). The etching of InP was accompanied with surface oxidation of QD as evident from 

XPS studies (Figures 4b.9b, 4b.23). After the photocatalytic reaction, oxidation features 

were prominent for both In 3d and P 2p peaks (Figure 4b.23). In particular, the In 3d peak 

broadened, and a significant enhancement in P 2p peaks corresponding to InPOx was 

observed, which confirms the oxidation process of core-only [+] InP QDs after the 

photocatalytic reaction (Figures 4b.9b, 4b.23). Consequently, the photocatalytic 

activity of InP QDs gradually decreased in each cycle, thereby impeding the recyclability 

beyond three cycles (Figure 4b.24). It is well known that InP QDs are prone to oxidation 

as oxygen and water can dissociatively adsorb on the InP surface.35-37 In a recent report 

by Jeong and coworkers, photoassisted surface oxidation of InP tetrahedrons was 

observed, which led to the blue shift in the absorption spectrum.38 This was explained as 

follows:38 

InP + h   e- + h+ 

InP + e-/h+ + O2  (InP + h+) + O2
·- 

(InP + 2h+) + 2O2
·-  InP + InPO4 
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Figure 4b.9. Stability of InP QDs during the photocatalytic ammonia synthesis. a) Time-
dependent absorption profile of [+] InP QDs in the photocatalytic reaction mixture. Inset shows 
the optical photograph of the reaction mixture before and after the photocatalytic reaction. A 
visual color change was observed for [+] InP QDs during the photocatalytic reaction (the deep 
orange color of [+] InP QDs faded with time), indicating the etching of QDs. b) Analysis of XPS 
spectra for [+] InP QDs after the photocatalytic reaction.   

To gain better insight into the hole-scavenging step and improve the recyclability, we 

introduced InP/ZnS core/shell QDs and ethanol (EtOH) as the photocatalyst and external 

hole scavenger, respectively. EtOH provides a better driving force (Eo = −4.66 eV) than 

water (Eo = −5.67 eV) for the extraction of holes from the valence band of QDs. Moreover, 

employing EtOH as an additional hole scavenger aligns well with the current focus of 

producing more useful products in the oxidation half-cycle in photocatalysis.39,40 

Interestingly, the use of EtOH allowed us to retain excellent photocatalytic efficiency 

with InP/ZnS core/shell QDs which was comparable to core-only InP QDs for ammonia 

synthesis (Figures 4b.10a, 4b.10b). The presence of acetaldehyde, an oxidized product 

of EtOH, was also observed during the gas-phase mass analysis (Figure 4b.10c). Along 

with the complete retention of their photocatalytic activity, InP/ZnS QDs exhibited 

excellent stability under prolonged irradiation for 36 h without any visual color change or 

etching (Figures 4b.10d, 4b.25). This enabled long-term photocatalytic experiments with 

complete retention of the photocatalytic activity up to 4 cycles, followed by 75 % 

retention in the subsequent cycles (Figure 4b.10e). It is to be noted that recyclability is 

an untouched aspect of QD photocatalysis, and we achieved this feat through the 

rational design of our photocatalytic system.  
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Figure 4b.10. a) Effect of ethanol (additional hole scavenger) on the photocatalytic activity. Bar 
diagram showing the efficiency of core-only InP vs core/shell InP/ZnS QDs in the presence and 
absence of ethanol as a hole scavenger. b) Schematics showing the photocatalytic processes in 
reduction and oxidation half-cycles with InP/ZnS QDs in presence of external hole scavenger 
(ethanol). c) Gas phase mass analysis of the photocatalytic reaction performed in the presence 
of ethanol (CH3CH2OH). The mass signal at m/z=44, corresponding to acetaldehyde (CH3CHO), 
which is the oxidized product of ethanol, was observed. d) Time-dependent absorption spectra 
of the reaction mixture consisting of [+] InP/ZnS, KNO2, and ethanol (EtOH) show negligible 
change in the optical properties upon continuous light irradiation for 36 h with 2 X 10W 450 nm 
LEDs. e) Recyclability studies performed with a paper-based dip-catalyst system show excellent 
retention of photocatalytic activity with InP/ZnS core/shell QDs in the presence of ethanol as an 
additional hole scavenger. Optical photographs of paper-based dip catalyst film show excellent 
stability of InP/ZnS QDs even after ~36 h of continuous irradiation.  

4b.4.5. Probable mechanism 

Based on the accumulated experimental evidence and prior literature, we propose an 

overall mechanism for NO3
- reduction to NH3 with [+] InP QDs (Figure 4b.11a). 

Favourable electrostatic attraction between [+] InP QD and [-] NO3
- modifies the 

microenvironment of QD photocatalyst by increasing the local concentration of NO3
-, 

which enhances the probability of the charge transfer process. The photoexcited 

electrons are utilized for NO3
- reduction, where NO3

- to NO2
- reduction step is slow and 

determines the overall rate of the reaction (Figure 4b.11a). The subsequent reduction of 

NO2
- to NH3 takes place rapidly with ~100 % conversion. A series of control experiments 
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with deuterated water (D2O), non-thiolated ligands, and in polar aprotic medium, with 

additional support from FTIR studies, confirm that water is the proton source in our 

study. A part of photoexcited electrons drive the competing H2 evolution reaction, which 

does not interfere with the reduction of NO3
- as well as NO2

- to NH3 by [+] InP QDs (Figure 

4b.11a). Now, the reduction of NO3
- is reported to follow three main pathways: one 

resulting in N2 as the end-product, whereas NH3 is the end-product in remaining two 

pathways (Figure 4b.11b).4,5,41,42 Absence of N2 formation, along with the selective 

formation of NH3 with [+] InP QDs rules out one of the three major pathways (Figure 

4b.11b). Separate experiments were performed to identify the exact pathway involved in 

the present study (Figure 4b.26). However, the fast kinetics of NO2
- to NH4

+ formation 

inhibits the accumulation of any intermediates to be detected, which made the 

elucidation of the exact reaction pathway challenging. Appropriate in-situ experiments 

must be designed to detect the crucial short-lived intermediates and elucidate the exact 

pathway involved, which demands for a separate study.43 Despite this, the present study 

provides important mechanistic insights in establishing InP QD as a potential visible-light 

photocatalyst for the synthesis of ammonia.  

 

Figure 4b.11. a) Schematics of the proposed reaction mechanism for the visible-light 
photocatalysed reduction of NO3

-
 to NH4

+ by [+] InP QDs. b) Schematic representation of the three 
major pathways involved in photocatalytic reduction of NO3

-. Appropriate experiments were 
performed to identify different intermediates formed during the ammonia synthesis with [+] InP 
QDs. However, the fast kinetics of NO2

- to NH4
+ formation inhibits the accumulation of any 

intermediates to be detected. A selective formation of NH3 in aqueous and gaseous phases was 
achieved with [+] InP QD as the photocatalyst. 
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4b.5. Conclusions 

In light of establishing III-V InP QDs as visible-light photocatalysts for nitrate-to-

ammonia conversion, a detailed mechanistic investigation was carried out in the present 

study. Kinetic analysis, in combination with isotope-labeled studies, revealed that the 

first two electron transfer steps for conversion of NO3
- to NO2

- determine the overall 

efficiency of ammonia synthesis with InP QDs. Negligible accumulation of any of the 

nitrate reduction products in the aqueous as well as the gas phase confirmed excellent 

selectivity of InP QDs for ammonia production under visible light irradiation. Along with 

ammonia formation, a part of the photoexcited charge carriers was involved in a 

kinetically facile H2 evolution reaction, which proved innocent in the direct nitrate 

reduction. A series of control experiments ascertained water as the sole proton source 

in ammonia formation. We also gained insights into the hole scavenging step, which 

turned out to be crucial in achieving enhanced recyclability and enabled long-term 

photocatalytic experiments. In short, we listed key findings associated with reaction 

rate, competing reactions, proton source, and the fate of photoexcited holes in the 

multielectron transformation of nitrate to ammonia. With the insufficient research on 

reaction pathways for nitrate reduction, we strongly believe that our findings would serve 

as the blueprint for understanding a broad landscape of photocatalytic elements 

involved across different classes of materials. As visible-light photocatalytic reduction 

of nitrate to ammonia is still in the nascent stage, we envision that experimental data, in 

combination with appropriate in-situ studies and theoretical simulations, will build a 

strong foundation for scalable and sustainable NH3 formation. 
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4b.7. Appendix 

Identification of side products 

 

Figure 4b.12. Headspace analysis of the photocatalytic reaction performed with isotope labelled 
15NO3

-. Signals for a) m/z =31 and b) m/z = 30 corresponds to 15NO and 15N2, respectively. A 
negligible amount of these gaseous products was observed in the headspace, confirming the 
selective formation of NH3.  
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Figure 4b.13. a) Identification of NH2OH in photocatalytic NO3
-
 reduction to NH4

+
 using 8-

hydroxyquinoline based colorimetry assay. Absorption spectra of the reaction mixture with a 
known concentration (0-250 M) of NH2OH. b) Identification of N2H4 in photocatalytic NO3

-
 

reduction to NH4
+ using spectrophotometric Watt-Chrisp method. Absorption spectra of the 

reaction mixture with a known concentration (0-3 ppm) of N2H4.  

 

Elucidation of rate-determining step 

 
Figure 4b.14. Photocatalytic reaction with NO2

-
 as the substrate. a) Cation and b) anion ion 

chromatograms for the reaction mixture, clearly showing the formation of NH4
+ along with 

complete reduction of NO2
- (retention time ~ 9.5 min).  
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Figure 4b.15. Competing photocatalytic experiment performed with a mixture of NO3
- and NO2

-. 
a) Cation and b) anion ion chromatograms depicting the formation of NH4

+ and conversion of NO3
- 

and NO2
-. Anion chromatograms show complete conversion of NO2

-, whereas NO3
- still remained 

unreacted, suggesting NO3
- to NO2

-
 a probable rate determining step. 

 

 

Role of H2 in reduction of NO3
-/NO2

- ions 

H2 evolution is a commonly observed competing reaction in photocatalytic reactions 

involving multiple electrons and protons. To evaluate its impact on photocatalytic nitrate 

reduction with InP QDs, we performed a series of control experiments. In one set of 

experiments, we irradiated [+] InP QDs in water for 2 h with 2 x 10 W 450 nm LEDs. This 

resulted in generation of H2 which was analyzed using Agilent 7890 GC. To this pre-

irradiated reaction mixture, we added 0.5 mM KNO3 to evaluate whether H2 can reduce 

NO3
-
 or not. The reaction mixture was incubated in dark as well as light for next 2 h and 

analyzed using ion chromatography (Figure 4b.16). NH3 formation was observed only 

under light illumination with little-to-no impact on reaction efficiency. Similarly, H2 

evolution did not impact NH3 formation with NO2
-
 as the substrate as well (Figure 4b.17). 

We further validated the negligible role of H2 by directly purging H2 gas in the reaction 

mixture and incubated for 2 h in light as well as dark conditions. Again, reaction was 

found to proceed only in the presence of light with no activity at all in the dark conditions 

(Figure 4b.18). All these experiments confirm that H2 evolution is merely a competing 

reaction and does not participate in reduction of NO3
- and NO2

- to form NH3. 



Chapter 4b  Insights into NH3 synthesis with InP QD 
  
 
 

 
Quantum dot photocatalysis 170 

 

Figure 4b.16. Role of photocatalytic H2 evolution in nitrate reduction. Cation ion chromatograms 
a) in absence of light and b) in presence of light after addition of KNO3 in the preirradiated reaction 
mixture containing [+] InP QDs. Irradiation of [+] InP QDs in water results in H2 evolution. 
However, no NH4

+ formation took place after addition of NO3
-
 to this irradiated reaction mixture 

when incubated in dark upto 2 h. NH4
+ forms only in the presence of light, confirming the 

photocatalytic pathway for NO3
- to NH3 production. 

 

 

 

Figure 4b.17. Effect of photocatalytic H2 evolution on KNO2 reduction with [+] InP QDs. Cation 
ion chromatograms a) in absence of light and b) in presence of light after addition of KNO2 in the 
preirradiated reaction mixture containing [+] InP QDs. Photocatalytic hydrogen evolution does 
not inhibit photocatalytic NH4

+ formation. 

 



Chapter 4b  Insights into NH3 synthesis with InP QD 
  
 
 

 
Quantum dot photocatalysis 171 

 

Figure 4b.18. Proof for active participation of photoexcited charge carriers in nitrate reduction. 
Ion chromatograms of reaction mixture purged with H2 gas a) in absence of light, and b) in 
presence of light. A negligible formation of NH4

+ was observed in presence of H2 without light 
illumination, confirming negligible role of H2 in direct reduction of NO3

-
 to NH3.  

 

Utilization of photoexcited charge electrons 

Assuming that each absorbed photon generates one e--h+ pair, the total number of 

photoexcited electrons will be 3.13 x 1021 at 450 nm excitation, as per the following 

equation: 

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝑒− − ℎ+ 𝑝𝑎𝑖𝑟𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 =
𝑃0×𝜆 (𝑚)×𝑡 (𝑠)

ℎ𝑐 
× % 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑒d 

where, 𝑃0(J s-1) is the power of incident light, 𝜆 (𝑚) is the wavelength (in meters) of LED 

light source, 𝑡 (𝑠) is the total irradiation time (in seconds), h is the Plank’s constant (J.s), 

and c is the speed of light (m s-1). 

The number of electrons extracted to form NH4
+ and H2 was calculated to be 4.82 x 1018 

using the following equation: 

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝑒−𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑

= (8 × 𝑛𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁𝐻4
+ × 𝑁𝐴) + (2 × 𝑛𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 × 𝑁𝐴) 

Here, 8 and 2 correspond to the number of electrons required for the reduction of nitrate 

to ammonium ions and proton to hydrogen, respectively. Moles of 𝑁𝐻4
+ and 𝐻2 formed 

were estimated from ion chromatography and gas chromatography experiments, 

respectively. NA is the Avogadro number.  
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As can be seen, ~103 electrons are lost without participating in the desired reaction. This 

inefficiency in extracting all the photoexcited charge carriers is well reflected in the low 

internal quantum yield (IQY), as reported in our study.  

The complex interplay of exciton dynamics and interfacial catalytic events across 

different scales accounts for these losses. Upon light irradiation, excitons are generated 

in QDs within fs timescale. These photogenerated excitons in QDs can undergo band-

edge recombination in the ns timescale, be trapped at the defect sites in QD crystal, or 

undergo interfacial charge transfer to the reactant molecules. The trapped charge 

carriers can also undergo recombination from respective sites or transfer to reactant 

molecules. In short, the transfer of charge carriers always competes with various 

radiative or non-radiative processes. For chemical transformations involving 

multielectron reactions such as NO3
- reduction to NH4

+, multiple electrons (8 e-) must be 

transferred, which necessitates the stabilization of 1e- intermediates long enough till the 

next electron transfer process can take place. Additionally, most of the multielectron 

reactions (in our case, NO3
- reduction to NH4

+) are accompanied by the proton transfer 

as well, which makes each proton-coupled electron transfer step challenging, impacting 

the overall efficiency of photocatalytic reactions.  

As H2 evolution reaction was observed alongside photocatalytic reduction of NO3
− to 

NH4
+, we calculated the effective photoexcited electron utilization for the competing 

reactions. As H2 evolution involves 2 electrons and NO3
− to NH4

+ conversion requires 8 

electrons, the fraction of electrons utilized for these two reactions was calculated as 

follows: 

For H2 evolution reaction: 

Moles of H2 generated = 678±101 nmol 

Moles of electrons = 2 (moles of H2) = ~1400 nmol 

For NO3
− to NH4

+ conversion: 

Moles of NH4
+ generated = 783±111 nmol 

Moles of electrons = 8 (moles of NH4
+) = ~6600 nmol 
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Therefore, total electrons involved in photocatalytic reactions = ~8000 nmoles 

Thus, 

The fraction of electrons used for H2 evolution = 1400/8000 = ~0.175 = ~17.5 % 

The fraction of electrons used for H2 evolution = 6600/8000 = ~0.825 = ~82.5 % 

 

Identification of proton source and hole scavenger 

 

Scheme 4b.1. Schematics showing the ligand exchange of InP QDs with non-thiolated betaine 
ligand. 

 

Glutamate dehydrogenase (GLDH) assay  

 

 

Scheme 4b.2. Schematics of glutamate dehydrogenase assay to form glutamate from a-
ketoglutarate in the presence of NADH and NH4

+. 
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Figure 4b.19. UV-vis absorption spectra of GLDH assay proving the formation of glutamate in the 
presence of a) NH4

+ (in H2O) and b) isotope-labelled 15ND4
+ (in D2O) produced during the 

photocatalytic reaction.  

 

 

Figure 4b.20. High-resolution mass spectrum (HRMS) of glutamate formed from 
photocatalytically generated NH4

+ with [+] InP QDs as photocatalyst and NO3
- as N-source, in 

water. 
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Figure 4b.21. High-resolution mass spectrum (HRMS) of isotope-labelled glutamate formed 
from photocatalytically generated 15ND4

+ by performing reaction in D2O with 15NO3
- as N-source, 

confirming water as the proton source. 

 

 

 

Figure 4b.22. Gas phase mass analysis of the photocatalytic reaction performed with 15NO3
- in 

D2O. Signals for m/z =21, corresponding to 15ND3, confirm water as the proton source. 
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Table 4b.3. Table summarizing the reactions performed to identify the probable proton 
source and hole scavenger in the photocatalytic NO3

- reduction to NH3 by [+] InP QDs. 

Reactions NH3 
formation 

Remarks 

[+] InP QD + 15NO3
- in water  ✓ [+] InP QD is photocatalysing 

the reduction of nitrate to 
ammonia. 

[+] InP QD + 15NO3
- in acetone*  Water surely plays an active 

role. May act as a proton 
source.  

[+] InP QD + 14NO3
- + excess [+] TMA in water ✓ Enhanced stability of InP QD 

photocatalysts in the 
presence of excess TMA 
ligands. 

[+] InP QD+ 15NO3
- + excess [+] TMA in acetone*  

Overrules the possibility of [+] 
TMA ligand acting as a proton 
source. 

Betaine-InP QD + 14NO3
- in water ✓ 

Betaine-InP QD + 15NO3
- in water ✓ 

Betaine-InP QD + 15NO3
- in acetone*  Water surely plays an active 

role.  

Overrules the possibility of [+] 
TMA ligand acting as a proton 
source.  

[+] InP QD + 15NO3
- in D2O ✓ Water is surely the proton 

source. 

*All the reactions in acetone (polar aprotic solvent) were performed using the Whatman filter 
paper based-dip-catalyst system. Concentrations of [+] InP and NO3

- were maintained at 0.5 mol 
% and 0.5 mM, respectively. It is to be noted that the paper substrate does not affect the 
photocatalytic activity of [+] InP QDs when the reaction was performed in water under similar 
conditions (as seen in the recyclability studies). 
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Stability of [+] InP QDs in photocatalytic conditions 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) studies were carried out before and after the 

photocatalytic reaction to verify the change in the chemical composition of [+] InP QDs. 

Pristine [+] InP QDs (before irradiation) showed doublet for In 3d and P 2p spectra, which 

are characteristic of the In-P bond (Figure 4b.23). The In 3d doublet was located at 

443.62 eV and 451.22 eV, corresponding to 3d5/2 and 3d3/2, respectively (spin-orbit 

splitting energy = 7.6 eV). The doublet for P 2p appears at 127.54 eV and 128.44 eV, 

corresponding to 2p3/2 and 2p1/2, respectively (spin-orbit splitting energy = 0.9 eV).44-46 In 

addition to the P 2p doublet, we also observed a new P 2p peak in the range of 131.94-

132.84 eV, which corroborates with the formation of InPOx. The formation of InPOx stems 

from the presence of oxidative environments such as water and oxygen (the XPS sample 

was prepared from an aqueous solution of [+] InP), and is commonly observed by other 

groups as well.44,45 It must be noted that as-synthesized oleylamine-capped InP QDs 

(OAm-InP) displayed no such oxidation features (Figures 4b.23a, 4b.23b). After the 

photocatalytic reaction, oxidation features were prominent for both In 3d and P 2p peaks 

(Figure 4b.23d). In particular, the In 3d peak broadened, and a significant enhancement 

in P 2p peaks corresponding to InPOx was observed, which confirms the oxidation 

process of core-only [+] InP QDs after the photocatalytic reaction. We believe that the 

oxidation of [+] InP QDs could be the probable reason for the etching of QDs during the 

photocatalytic process. It is well-known in the literature that core-only QDs can undergo 

chemical changes under photocatalytic conditions because of the presence of chemical 

reactants, reagents, and the charge transfer process.47,48 Even though core-only [+] InP 

QDs undergo oxidation during the photocatalytic process, the colloidal stability was 

maintained throughout the reaction timescale, as can be seen from the optical 

photographs (4b.9a). 
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Figure 4b.23: Analysis of XPS spectra for a,b) as-synthesized OAm-InP QDs before, c,d) [+] InP 
QDs before the reaction and e,f) [+] InP QDs after the photocatalytic reaction. For the analysis, 
the charge correction for all the spectral peaks was performed according to the carbon-1s 
standard peak (284.6 eV). 
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Recyclability study and long-term stability experiments 

With core-only InP QDs 

 

Figure 4b.24. Recyclability studies performed with paper-based dip-catalyst system show 
decent retention of photocatalytic activity a) for NO2

- conversion and b) NH4
+ production up to 

three cycles. c) Optical photographs of the InP QD loaded paper-film after each cycle. A 
significant etching of QDs was observed after 3 cycles. d) Anion and e) cation chromatograms of 
the reaction mixture after each cycle. 

With core/shell InP/ZnS QDs 

 

Figure 4b.25. Time-dependent optical photographs of the reaction mixture consisting of [+] 
InP/ZnS, KNO2, and ethanol (EtOH), captured at different times, clearly show negligible color 
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change upon continuous light irradiation for 36 h with 2 X 10W 450 nm LEDs. This clearly confirms 
the excellent colloidal and photostability of [+] InP/ZnS QD photocatalyst. 

 

Identification of reaction pathway 

From the literature reports, reduction of NO3
-
 is found to proceed through three main 

pathways (Figure 4b.1).4,5 In our study, the absence of N2 formation with [+] InP QDs rules 

out one of the three major pathways. The other two pathways result in NH4
+ as the end-

product and proceeds through N2H4 or NH2OH as intermediates. As a selective NH4
+ 

formation was achieved with [+] InP as the photocatalyst, we checked the feasibility of 

[+] InP QDs to produce NH4
+ from N2H4 and NH2OH as the starting reactants, respectively. 

However, both N2H4 and NH2OH were photocatalytically reduced to NH4
+ under similar 

reaction conditions (Figure 4b.26). This made the elucidation of the exact reaction 

pathway challenging. 

 

Figure 4b.26. Cation chromatograms showing the [+] InP QD photocatalysed formation of NH4
+ 

from a) N2H4 and b) NH2OH as the starting reactants. 
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5.1. Abstract 

Achieving high photocatalytic efficiency in multielectron and multiproton chemical 

transformations is a fundamental challenge in the development of photocatalytic 

platforms. While traditional approaches rely on developing novel photocatalysts, fine-

tuning the catalyst-reactant interactions via ligand chemistry is an emerging route. In this 

work, we opted for a less-explored route of attaching the “ligand of choice” to the indium 

phosphide quantum dot (InP QD) photocatalyst for enhanced ammonia production 

under visible light. Herein, instead of conventional long-chain alkyl ligands, a positively 

charged Lewis acid metal-solvent complex was employed as the surface ligand on InP 

QD to improve the charge extraction process. The facile charge transport with inorganic 

surface ligands leads to ~16-fold and 8-fold enhancement in the reaction rate and 

apparent quantum efficiency, respectively, compared to organic alkyl ligands. Nitrate 

conversion to ammonia reached ~100 % within 30 min of visible light illumination, with 

the sole formation of ammonia in the aqueous as well as gaseous phases. Further, we 

tested the applicability of other Lewis acid metal halide complexes as surface ligands on 

InP QDs for photocatalytic ammonia synthesis. Overall, our study shows the significance 

of the appropriate choice of surface ligands and the need for establishing new surface 

chemistries in regulating the photocatalytic activity of QDs in multielectron/multiproton 

reactions.  
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5.2. Introduction 

Ligands are ubiquitous in colloidal nanocrystals (NCs), often acting as stabilizing 

agents to provide stable dispersions in different media.1-3 However, the surface ligands 

on NCs play a far more significant role in dictating the outcome of the photophysical 

event under study.3-9 As seen from the basic NC anatomy, surface ligands have three sub-

parts: binding group, spacer, and terminal/headgroup. In principle, all the sub-parts of 

surface ligands can influence the photophysical properties of NCs.1,9 From the lens of 

photocatalysis, electron transfer is one of the major fundamental processes, and 

manipulating surface ligands strongly influences its efficiency by changing the chemical 

and electronic environment around the NC.3-5, 9-15  

For instance, Kamat and coworkers reported the effects of surface chemistry on 

electron transfer from CdSe QDs to TiO2.10 The native trioctylphosphine oxide (TOPO) 

capped CdSe QDs were functionalized with 3-mercaptopropionic acid (3-MPA) and -

alanine (-Ala). Compared to TOPO-CdSe QDs, 3-MPA-CdSe results in the formation of 

Se vacancies (electron traps), which results in the delocalization of the electron 

wavefunction (Figure 5.1a). On the other hand, binding of -Ala on CdSe QD via -NH2 

group confines the electron wavefunction to the core of QD by remediation of electron 

trap states (Figure 5.1a). The presence of the -COOH group in both 3-MPA and -Ala 

ligands helps in the binding of CdSe QDs to TiO2. While the presence of ligands results in 

higher CdSe loading, the electron transfer rates become extremely slow compared to the 

direct deposition of CdSe onto TiO2 (Figure 5.1b). Between the two ligands, the electron 

transfer rate was ~ 3 times higher for -Ala CdSe than 3-MPA CdSe QD (Figure 5.1b). This 

was attributed to the ability of the -NH2 group to fill surface trap states, which then 

facilitates the charge transfer. In another elegant study by Thomas and coworkers, the 

role of binding groups was explored for regulating energy level equilibration in CdSe-Au 

hetero-nanostructures.11 Herein, commonly used capping ligands, dodecylthiol (DDT) 

and dodecylamine (DDA), were chosen to study their impact on charge transfer 

properties of the CdSe-Au hetero-nanostructures (Figure 5.1c). Transient absorption 

studies revealed a slower bleach recovery for CdSe-Au@DDT and a faster one for CdSe-
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Au@DDA heterostructure. This suggests a long-lived excited state for CdSe–Au@DDT, 

which can be attributed to the energetically facile hole transfer from CdSe to DDT (Figure 

5.1d). Such a hole transfer event results in electron transfer to AuNP, leading to a rise in 

the Fermi level and achieving better Fermi level equilibration (Figure 5.1d). On the 

contrary, the relative energy level of DDT lies below the valence band of CdSe QD and 

hence cannot abstract photoexcited holes (Figure 5.1d). As a result, Au-mediated 

charge recombination becomes prominent and restricts the charge transport to the 

electron acceptor (Figure 5.1d).  

 

Figure 5.1. Effect of ligand anchoring group on charge transfer dynamics. a) Scheme showing the 
effect of different ligands on the electron wavefunctions of CdSe QD. 3-MPA ligands result in the 
delocalization of the electron wavefunction due to the creation of electron traps, whereas -Ala 
confines the electron wavefunction to the CdSe core by removing the surface trap states. b) Rate 
of electron transfer from CdSe QD to TiO2. Reproduced with permission from reference 10. 
Copyright 2013 American Chemical Society. c) Schematics showing the energy levels of CdSe 
QD, Au, DDT, and DDA. d) Scheme showing the various charge transfer processes in ligand-
modified CdSe-Au hetero-nanostructures. The hole-accepting DDT ligand results in Fermi-level 
equilibration, whereas the non-hole-accepting DDA ligand promotes exciton recombination. 
Reproduced with permission from reference 11. Copyright 2020 AIP Publishing.  

While the anchoring group of ligands significantly affects the electronic structure of 

NC, the nature and length of the spacer are also known to impact the charge transfer 

dynamics.16-19 Generally, the Marcus equation for non-adiabatic charge transfer (eq. 5.1) 
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is employed to analyze the charge transfer from NC to acceptors.20 In this equation, 

|𝑉𝑎,𝑏|
2

 is the electronic coupling between the donor and acceptor, which varies with the 

distance between the two and results in a distance-dependent charge transfer rate. Such 

variation can be observed by changing the spacer length of the ligand.21  

𝑘𝐶𝑇 =  
2𝜋

ℏ
|𝑉𝑎,𝑏|

2 1

√4𝜋𝜆𝑘𝐵𝑇
exp (

(−𝜆 +  𝛥𝐺𝑜)2

4𝜆𝑘𝐵𝑇
)              (𝟓. 𝟏) 

In an interesting study by Kinge, Cánovas, and coworkers, electron transfer rates were 

controlled by tuning the coupling between CdSe QDs and mesoporous SnO2 through n-

methylene (SH–[CH2]n–COOH) and n-phenylene (SH–[C6H4]n–COOH) molecular 

bridges.17 These molecular bridges impose a barrier potential to electron transfer, and 

the electron transfer rate decreases exponentially with barrier height and barrier length 

(Figure 5.2a). Figure 5.2b clearly shows the change in electron transfer rate as a function 

of molecule length. In the case of alkyl n-methylene molecular bridges, an exponential 

decrease in electron transfer rate was observed with an increase in bridge length. 

Moreover, for a given molecular bridge distance, it was observed that aromatic n-

phenylene bridges allow faster electron transfer than their alkyl counterparts because of 

higher delocalized molecular orbitals (Figure 5.2b). This clearly suggests that, along with 

the length, the nature of the spacer on NC also has a strong influence on charge transfer 

properties.   

 

Figure 5.2. Influence of spacer on charge transfer. a) Schematics showing photoinduced 
electron transfer from CdSe QD to mesoporous SnO2 through molecular bridges. The molecular 
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bridges impose a barrier of height φ and width d for electron transfer, which in turn depends on 
the length and nature of molecules. b) Plot showing the variation in electron transfer rate as a 
function of spacer length for n-methylene-based alkyl (HS–[CH2]n–COOH, black) and n-
phenylene-based aromatic bridges (HS–[C6H4]n–COOH, red). Reproduced with permission from 
reference 17. Copyright 2013 American Chemical Society. 

It is clear from the above discussion that ligands are not merely stabilizing agents, but 

all the parts of ligands significantly impact the charge transfer dynamics and, in principle, 

can significantly affect the photocatalytic activity of NCs. However, the ligand shell on 

the NC surface acts as a physical barrier primarily because of the use of alkyl ligands, 

which restricts the movement of photoexcited charge carriers.21,22 As a result, the 

photocatalytic reaction parameters such as reaction yield, rate, and quantum 

efficiencies are significantly compromised.3-5,22 A way out is to adopt the ‘ligand of 

choice’ approach to overcome existing challenges of ligand poisoning in photocatalysis. 

Herein, an ideal ligand of choice must allow for enhanced charge extraction and install 

favourable catalyst-reactant interactions while retaining the colloidal stability of the 

QDs.  

In light of enhancing the charge transport, Talapin and coworkers explored new 

surface chemistries and introduced inorganic molecular metal chalcogenides and 

metal-free inorganic ligands (Figure 5.3).23,24 In the first report by Talapin and coworkers, 

molecular metal chalcogenide complexes (MCCs) were used for surface 

functionalization for various colloidal nanostructures, including CdSe NCs, CdTe NCs, 

CdS NRs, Bi2S3 NRs, Au NCs, and Pd NCs (Figure 5.3a).23 A diverse range of MCCs, such 

as Sn2Se6
4-, In2Se4

2-, In2Te3, Ga2Se3, ZnTe, HgSe2
2-, etc., were tested for stabilizing NCs in 

polar solvents (Figure 5.3b). MCC-capped NCs displayed strong electron delocalization 

when assembled in thin films. The charge transport properties of MCC-stabilized NCs 

were studied through conductivity and field-effect transistor (FET) measurements. While 

the organic ligands were highly insulating, MCC-capped NCs showed ~11 orders higher 

conductivity. In another report, Talapin and coworkers replaced organic capping ligands 

with metal-free inorganic ions such as S2-, HS-, Se2-, OH-, NH2
-, etc. (Figure 5.3c).24 The 

characteristic photophysical properties of NCs were well retained even after the ligand 

exchange process (Figure 5.3c), clearly suggesting negligible change in size, shape, and 
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ensemble distribution. Furthermore, the stabilization was not just restricted to CdSe 

NCs but could easily be extended to other NC cores such as InP, Au, ZnSe NCs, etc. The 

electron mobility in inorganic ligands stabilized NC arrays was measured from field-

effect transistor studies (Figure 5.3d). The drain current (ID) increased with increasing 

drain-source voltage (VDS), which is characteristic of n-type transport and suggests 

excellent electron mobility in the array of inorganic ligands functionalized NCs.  

 
Figure 5.3. Use of inorganic ligands to modulate charge transport properties of NCs. a) 
Schematics showing NC capped with metal molecular chalcogenide (MCC), Sn2S6

4-. b) 
Photographs clearly showing colloidal stability of CdSe QDs functionalized with various MCCs. 
Reproduced with permission from reference 23. Copyright 2009 American Association for the 
Advancement of Science. c) Schematics of NC functionalized with metal-free inorganic S2

- ion. 
S2- ligand functionalized CdSe QDs retained the key photophysical features. d) Plot of drain 
current as a function of drain-source voltage at different potentials, revealing the excellent 
electron mobility. Reproduced with permission from reference 24. Copyright 2011 American 
Chemical Society. e) Photovoltage of InP QDs functionalized with various ligands. The highest 
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photovoltage was observed for InP QD functionalized with inorganic S2- ions. f) Comparison of 
the photocatalytic H2 evolution activity of InP QDs with varied surface chemistry, clearly showing 
that inorganic surface ligands outperform alkyl ligands. Reproduced with permission from 
reference 25. Copyright 2018 Springer Nature.  

Even though such MCC and metal-free inorganic ligands capped NCs exhibit excellent 

charge transport behavior, their utility in photocatalysis is scarce. In an interesting study 

by Wu, Zhou, Patzke, and coworkers, all-inorganic S2--capped InP QDs photocatalyzed 

H2 evolution reaction.25 The use of small S2- ions as ligands exhibited a dual role: 1) 

decrease the photoexcited charge transfer barrier between the QD and acceptors, and 

2) facilitate extraction of photoexcited holes from the valence band. The surface 

photovoltage spectra were obtained for InP QD functionalized with different ligands to 

gain information about charge separation and extraction process. A large photovoltage 

was recorded for S2--InP QDs compared to oleylamine (OAm), Cl-, and 3-MPA 

functionalized InP QDs (Figure 5.3e). The large photovoltage indicates the accumulation 

of positive charge at the QDs surface, which was attributed to the hole transfer to S2- 

ligands. This was further verified by transient absorption and EPR studies. The effect of 

inorganic S2- ligands was clearly visible in excellent H2 evolution activity compared to 

alkyl ligand capped-InP QDs (Figure 5.3f).  

With this motivation, we studied the effect of unconventional inorganic ligands in 

enhancing the efficiency of multielectron/multiproton (8e-/9H+) photocatalytic nitrate 

(NO3
-) conversion to ammonia (NH3) with QDs. In the previous Chapter, we established 

III-V indium phosphide (InP) QDs to synthesize NH3 with visible light, wherein the 

favorable electrostatic interaction emanating from the positively charged surface ligands 

on InP QDs and negatively charged NO3
- ions was found to be the key driving force 

(Scheme 5.1).26 This necessitates the presence of positively charged inorganic ligands, 

which are rarely reported in the literature.24,27 This is because NCs typically have 

electrophilic metal-rich surfaces with preferential affinity toward nucleophilic ligands.24 

A recent report emerged wherein Protesescu and coworkers explored group 3 Lewis acid 

metal salts as surface ligands for InP QDs in polar solvents (Figure 5.4a).28 The Lewis acid 

metal salts were found to form cationic coordination complexes in polar solvents like N-

dimethylformamide (NMF), N,N-dimethylformamide (DMF), dimethylsulphoxide 
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(DMSO), etc., and passivate QD surface to provide colloidally stable dispersions (Figure 

5.4 b).  

 

Figure 5.4. Metal-solvent complex as surface ligands for InP QDs. a) Schematics showing the 
ligand place exchange of oleylamine-capped InP with Lewis acid metal salts in N-
methylformamide. b) Photographs of metal-solvent complex functionalized InP QDs in different 
polar solvents show excellent colloidal stability. Reproduced with permission from reference 28. 
Copyright 2024 American Chemical Society.  

We took this opportunity to employ metal-solvent complex (MSC) stabilized InP QDs 

for photocatalytic NO3
- to NH3 production under visible-light irradiation (Scheme 5.1). 

We chose InCl3 as a Lewis acid metal halide, forming a hexacoordinated complex in DMF, 

[In(DMF)6]3+ ([+] MSC). An appropriate place exchange protocol was developed to 

disperse MSC-capped InP QDs ([+] MSC-InP QD) in the aqueous medium. A ~3.75-fold 

enhancement in photocurrent was observed for inorganic [+] MSC-InP QDs compared to 

long-chain alkyl [+] TMA-InP QDs, clearly suggesting enhanced photoexcited charge 

separation and transfer. Consequently, a complete conversion of NO3
- was achieved 

within 30 min of visible light illumination, along with complete retention of selectivity for 

NH3 formation. Interestingly, [+] MSC-InP QDs exhibited ~16 times enhancement in the 

reaction rate (~45 M min-1) compared to [+] TMA-InP QDs (~3 M min-1). Consequently, 

the apparent quantum yield (AQY) reached 1.17 % @450 nm, which is ~8 times higher 

than [+] TMA-InP QDs (0.146 % @450 nm). Photocatalytic experiments performed with 

isotope-labeled 15NO3
- confirmed that NO3

- ion is the sole N-source for NH3 formation. 
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The enhanced charge transfer with metal-solvent complex ligand also accelerated the 

competing proton reduction reaction to produce H2. Finally, we showcase the use of 

other Lewis acid metal halides capped InP QDs for photocatalytic NH3 synthesis. In 

short, our work highlights the impact of rationally chosen surface ligands and their nature 

in regulating the efficiencies of InP QD photocatalysts in challenging 

multielectron/multiproton reactions. 

 

Scheme 5.1. Maximizing charge extraction in QD photocatalysis by appropriate use of inorganic 
surface ligands. Replacing long-chain alkyl ligands with inorganic ligands improves charge 
transfer in photocatalysis, leading to high reaction rates and quantum efficiencies.  

5.3. Experimental section 

5.3.1. General procedure for the photocatalytic NO3
- to NH4

+ conversion 

All the reaction conditions were kept similar to that of [+] TMA-InP QDs for a fair 

comparison. In a typical procedure, [+] MSC-InP QDs (2.5 M, 0.5 mol %) and KNO3 (0.5 

mM) in water were mixed, purged with Ar, and irradiated with 2 x 10 W 450 nm LEDs for 2 

h. The total volume of the reaction mixture was maintained at 3 mL throughout the 

studies, and the pH was 5. The light intensity falling on the reaction cuvette was 

measured to be ~200 mW cm-2. Subsequently, the reaction mixture was analyzed for 

NH4
+ formation using ion chromatography by injecting 500 L of the reaction mixture. The 

area under the peak at retention time ~9 min was used to calculate the concentration of 
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NH4
+ formed from the calibration curve. A similar analysis was carried out for NO3

- 

conversion as well to calculate the total conversion yields. 

5.3.2. Preparation of S2- functionalized InP QDs 

A reported protocol was adopted to prepare negatively charged S2--functionalized InP 

QDs.25 Firstly, 0.05 M of Na2S solution was prepared in NMF, and 1.5 mL of this solution 

was mixed with 800 L of as-synthesized OAm-InP QDs in hexane. The biphasic mixture 

was stirred for 30 min, and the success of the place exchange could be observed by the 

complete transfer of InP QDs from hexane to NMF. The place exchanged QDs were 

purified twice with hexane to remove free OAm ligands, followed by purification with 

acetone. Finally, the precipitated S2--InP QDs were dispersed in water by ultrasonication 

and stored in the dark for further use.  

5.4. Results and discussion 

5.4.1. Preparation and characterization of [+] MSC-InP QDs  

A modified literature procedure involving a high-temperature organometallic reaction 

was used to prepare oleylamine (OAm) stabilized InP QDs.29,30 In a typical reaction, 

indium (III) chloride (InCl3) reacts with tris(dimethylamino)phosphine (P(DMA)3) in the 

presence of OAm at 200 oC for 25 min to form core-only InP QDs. As-prepared OAm-InP 

QDs were ligand exchanged with metal-solvent complex formed upon mixing InCl3 in 

DMF (Scheme 5.2).  It has been reported that Lewis acid group III metal halides (MX3, M= 

Al, Ga, In; X = Cl, Br, I) tend to form hexacoordinated complexes in polar solvents such 

as NMF, DMF, DMSO, etc.28 We chose InCl3 as the Lewis acid salt as minimal etching of 

core-only InP QDs was observed compared to Al and Ga halides. Moreover, DMF was 

chosen as the polar solvent to form a coordination complex, as there was negligible 

interference in the quantification of NH3. The success of ligand exchange was confirmed 

by the complete transfer of InP QDs from hexane to the DMF phase, as can be seen in the 

photographs (Scheme 5.2). To perform photocatalytic ammonia synthesis, InP QDs 

must be stable in aqueous medium. Consequently, place-exchanged InP QDs were 

transferred from DMF to the aqueous phase by precipitating with toluene, followed by 
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redispersion in water. Thus, colloidally stable dispersion of [In(DMF)6]3+-InP QDs (HDMFI-

InP) were obtained for photocatalytic studies (Scheme 5.2).  

 
Scheme 5.2. Schematics showing the ligand exchange with positively charged [In(DMF)6]3+ 
complex on core-only InP QDs.  

Absorption studies revealed changes in the position and nature of the first excitonic 

peak of [+] MSC-InP QDs compared to OAm-InP. Specifically, a blueshift of 15 nm was 

observed for [+] MSC-InP QDs, which can be attributed to surface etching because of the 

acidic nature of InCl3. Moreover, the peak became broader, suggesting enhanced 

electron delocalization in [+] MSC-InP QDs compared to OAm-InP QDs (Figure 5.5a).31 A 

higher delocalization of the electron wavefunction leads to a weaker coulombic 

attraction between the photoexcited electrons and holes, thereby enhancing the charge 

separation and extraction process.32-34 The band gap of [+] MSC-InP QDs was estimated 

to be 2.07 eV from the Tauc plot (Figure 5.6). Detailed Fourier transform infrared 

spectroscopy (FTIR) studies revealed that characteristic stretching frequency bands for 

OAm-InP at 2921 and 2852 cm-1 were absent from [+] MSC-InP QDs, suggesting negligible 

presence of OAm ligands on QD surface. The retention of characteristic carbonyl 

stretching frequency of [In(DMF)6]3+ on the InP QD surface indicates the successful 

functionalization of the metal-solvent complex. In comparison with pure DMF, carbonyl 

stretching frequency (CO) lowered to 1646 from 1654 cm-1, which indicates that DMF 

coordinates to the central In3+ ion through the carbonyl oxygen atom. Moreover, a lower 

frequency of N-CH3 bending mode ((N-(CH3)) at 1370 cm-1 for MSC-InP QDs compared 

to 1385 cm-1 for pure DMF suggests the interaction between the amine group and InP 

surface (Figure 5.5b). A positive zeta potential value of +34.0±6.1 mV confirms the 
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presence of cationic In-DMF complex on InP QD surface (Figure 5.5c). High resolution 

transmission electron microscopy (HRTEM) studies confirm the formation of uniform-

sized [+] MSC-InP QDs having an average diameter of 3.5 ± 0.5 nm (Figures 5.5d, 5.11). 

The elemental analysis (EDAX) from TEM revealed an increase in relative % of In to ~77 % 

for [+] MSC-InP QDs compared to ~60 % for OAm InP QD, suggesting the presence of 

cationic In complex on QD surface in [+] MSC-InP QDs (Figure 5.12).  

 

Figure 5.5. a) Absorption spectra of OAm-InP and [+] MSC-InP QDs. A slight change in the nature 
of first excitonic peak is observed after the ligand exchange. b) FTIR spectra of [+] MSC-InP QDs 
compared with OAm-InP QD and DMF. Absence of (C-H) vibrational feature, characteristic of 
OAm, and retention of (C=O), characteristic of DMF, confirms the successful ligand exchange 
with [+] MSC on InP QD surface. c) Zeta potential plot validating the presence of [+] MSC complex 
on the surface of InP QD. d) Representative HRTEM image of [+] MSC-InP QDs.  

To evaluate the thermodynamic feasibility of photocatalytic NO3
- reduction to NH3 

with [+] MSC-InP QDs, we measured the band positions using cyclic voltammetry (CV) 

using ferrocene as the internal standard (Figure 5.6a). The oxidation features were 

observed for both OAm and [+] MSC InP QDs at 0.54 V and 1.20 V vs Ag/AgNO3, 

respectively (Figure 5.6b), and were utilized to calculate the valence band positions. The 
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valence band positions were calculated to be -5.19 eV and -5.85 eV vs. vacuum for OAm 

InP QDs and [+] MSC InP QDs, respectively. In combination with Tauc plot (Figure 5.6c), 

the conduction band positions were estimated to be -3.16 eV and -3.78 eV vs vacuum for 

OAm InP QDs and [+] MSC InP QDs, respectively. As can been seen from Figure 5.6d, the 

band-edge energies were shifted to lower energy when the pristine OAm surface ligand 

was exchanged with [In(DMF)6]3+ complex. The shift in band positions due to changes in 

capping ligands and NC environment has been reported by other groups as well.35-37 It 

must be noted that thermodynamic feasibility to perform NO3
- reduction (-5.69 eV vs 

vacuum) is retained despite the shifts in energy levels. After the successful synthesis, 

ligand exchange, and characterization of [+] MSC-InP QDs, we began the evaluation of 

photocatalytic NH3 synthesis under visible light irradiation.   

 

Figure 5.6. Estimation of the band-edge positions for InP QDs. Cyclic voltammograms of a) 
ferrocene (internal standard) and b) InP QDs functionalized with native oleylamine ligand and 
inorganic [+] MSC ligand. c) Tauc plot of OAm-InP and [+] MSC-InP QDs, showing a slight increase 
in band gap after ligand exchange with [+] MSC ligand. d) Energy level diagram comparing the 
band edge positions of OAm and [+] MSC InP QDs. A shift in band positions to lower energy was 
observed for [+] MSC-InP QDs. 
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5.4.2. Photocatalytic reduction of NO3
- to NH3 with [+] MSC-InP QDs  

A typical reaction mixture comprises 2.5 M [+] MSC-InP QDs and 0.5 mM KNO3 in 

water, which was illuminated with 2 x 10 W 450 nm LEDs (the total volume of the reaction 

mixture was 3 mL, pH was maintained ~5, and the total light intensity falling on the 

cuvette was ~200 mW cm-2). Total NO3
- conversion and amount of NH4

+ formed were 

analysed using ion chromatography (IC) using suitable cation and anion columns, 

respectively (Figure 5.13). The presence of a cationic complex on the InP QD surface is 

expected to install favorable catalyst-reactant interactions between the positively 

charged inorganic complex and negatively charged NO3
- ions (Figure 5.7a). Such 

favorable interactions will allow enhanced substrate channeling,3-5,26 leading to higher 

local concentration of NO3
- near InP QDs, which in turn increases the probability of 

charge transfer from QD to NO3
- ions. With positively charged inorganic ligand on InP QD 

surface, NO3
- conversion reached 88.4±12 % with accumulation of 242±28 M NH4

+ in 

the aqueous phase within 2 h of visible light irradiation (Figure 5.7b, 5.14). Negligible 

NO3
- conversion in the absence of either light or InP QDs confirms the photocatalytic 

pathway for NO3
- to NH4

+ conversion with [+] MSC-InP QDs (Figure 5.7b, 5.15). Isotope-

labeled studies with 15NO3
- were performed to confirm the N-source for the observed 

NH4
+ formation. 1H-NMR spectrum clearly revealed the presence of a doublet between 

6.8-7.1 ppm with J = 73.2 Hz, which is characteristic of 15NH4
+ (Figure 5.7c). On the other 

hand, 14NH4
+ shows a characteristic triplet with J = 52.4 Hz. Thus, isotope-labeling 

experiments confirm NO3
- to be the sole proton source for NH3 synthesis. Interestingly, 

we observed the sole presence of NH3 in the gaseous phase as well, suggesting excellent 

selectivity of [+] MSC-InP QDs for NO3
- reduction to NH3 (Figure 5.7d). The total amount 

of NH3 formed in both aqueous (0.72±0.08 mol) and gaseous phase (0.85±0.12 mol) 

corroborates well with the total NO3
- converted and validates the claim of selective NH3 

formation from NO3
- ions. All these experiments clearly show excellent photocatalytic 

activity of inorganic ligand-capped InP QDs to drive multielectron reactions.  

One of the most employed inorganic ligands is sulfide ions (S2-), which are known to 

impart excellent charge mobility in NC assemblies.24,38,39 However, the presence of 

negatively charged S2- on InP QD surface is expected to install electrostatic repulsions 
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between the QD and negatively charged NO3
- ions (Figure 5.7a). To verify the active role 

of ligands as gatekeepers in InP QD photocatalyzed NH3 synthesis, we functionalized InP 

QDs with negatively charged inorganic ligand S2-. Interestingly, the photocatalytic activity 

was completely switched OFF (Figure 5.7b. 5.16), even though S2- is not insulating in 

nature. This is due to the restricted access to the QD surface arising from strong 

electrostatic repulsions, which lead to a decrease in the local concentration of NO3
- ions. 

Consequently, the probability of charge transfer from S2--InP QD to NO3
- is reduced. This 

experiment clearly shows the power of favorable interactions emanating from surface 

ligands for challenging multielectron chemical transformations.  

 
Figure 5.7. a) Schematics showing the modulation of photocatalytic activity by regulating the 
electrostatic forces emanating from surface ligands. The favorable catalyst-reactant interaction 
between InP QD and negatively charged NO3

- ions is the key to NH4
+ synthesis. b) Bar diagram 

showing photocatalytic NO3
- conversion under different reaction conditions. A negligible 

conversion of NO3
- in the absence of either light or InP QDs confirms that the reaction indeed 

follows a photocatalytic pathway. Comparison of the photocatalytic NO3
- reduction activity with 

positively charged [+] MSC-InP QDs and negatively charged S2--InP QDs confirms the prodigious 
role of ligands as gatekeepers in NH3 synthesis.  c) 1H-NMR spectra of the photocatalytic reaction 
mixture performed with 14NO3

- and 15NO3
- as the N-source. The appearance of characteristic 
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triplet (J=52.4 Hz) and doublet (J=73.2 Hz) signals, corresponding to 14NH4
+ and 15NH4

+ formed 
from 14NO3

- and 15NO3
-, respectively, confirms NO3

- to be the sole N-source. d) Gas phase mass 
analysis of the photocatalytic reaction mixture reveals the presence of m/z= 17 corresponding to 
NH3.  

5.4.3. Effect of inorganic ligands on NH3 synthesis  

It was seen in the previous Chapter that positively charged N,N,N-trimethyl(11-

mercaptoundecyl) ammonium chloride ([+] TMA) ligands on InP QDs installs favorable 

electrostatic interactions between NO3
- ions and QD for photocatalytic NH3 synthesis.26 

Even though a decent photocatalytic activity was observed under visible light irradiation 

with [+] TMA-InP QDs, [+] TMA is a long alkyl chain ligand comprising 11 carbons. Such 

long alkyl chains are often insulating in nature and pose steric hindrance for the 

substrates to access the catalyst surface.21,22 As a result, we were interested in 

investigating the effect of inorganic ligands in photocatalytic applications. For this, we 

compared the photocatalytic activities of [+] MSC-InP QDs with [+] TMA-InP QDs (Figure 

5.8a). Firstly, preliminary photocurrent experiments were performed to compare the 

charge separation and extraction process between [+] MSC-InP and [+] TMA-InP QDs. 

Interestingly, ~3.75-fold enhancement in the current density was observed for [+] MSC-

InP QDs under 450 nm light illumination compared to [+] TMA-InP QDs (Figure 5.8b). This 

suggests enhanced charge separation and extraction in [+] MSC-InP QDs compared to 

InP QDs and indicates that a similar effect might appear in photocatalytic 

transformations. Such an enhancement in photocurrent for [+] MSC-InP QDs motivated 

us to compare the photocatalytic NO3
- reduction activity of these two positively charged 

InP QDs. With [+] MSC-InP QDs, we observed >90 % conversion within 30 min of visible 

light irradiation, whereas only ~15 % NO3
- conversion was observed with [+] TMA-InP QDs 

under similar reaction conditions (Figure 5.8c). This clearly suggests that the appropriate 

choice of surface ligands is crucial in achieving high photocatalytic efficiencies. 

Moreover, this comparison reveals the poisoning effect of long-chain alkyl ligands in 

photocatalysis. A detailed kinetic study was performed to evaluate various 

photocatalytic parameters such as reaction rate and apparent quantum yield (AQY). In 

the presence of inorganic [+] MSC ligand, the rate of NO3
- conversion to NH4

+ reached 

45±5 M min-1, which was ~16-fold higher than [+] TMA-InP QDs (2.8±0.4 M min-1) 



Chapter 5  Coordination complex as surface ligand 
  
 
 

 
Quantum dot photocatalysis 198 

(Figures 5.8d, 5.17-5.20). Similarly, significant rate enhancement was observed even for 

core/shell InP/ZnS QDs when the [+] MSC ligand was used compared to the [+] TMA 

ligand (Figure 5.8e). As InP/ZnS QDs exhibit a type-I band structure,40 the overall reaction 

rate is reduced for both cases (Figure 5.8e). Nevertheless, [+] MSC-InP/ZnS still 

outperformed [+] TMA-InP QDs to yield NH4
+ under visible-light illumination (Figures 

5.8e, 5.21, and 5.22), clearly suggesting the superior impact of appropriately chosen 

inorganic ligands in QD photocatalysis. The direct impact of such enhanced reaction 

rates was well-reflected in ~8-fold enhancement in AQY for [+] MSC-InP QDs (1.17 % @ 

450 nm) compared with [+] TMA-InP QDs (0.15 % @450 nm). We anticipate that the 

enhanced electron delocalization leading to increased charge separation and extraction, 

along with the lower ligand density of [+] MSC on the InP QD surface results in excellent 

photocatalytic activity to drive challenging multielectron reactions.  

 
Figure 5.8. Comparison of the photocatalytic activity of [+] MSC-InP QDs with [+] TMA-InP QDs 
for NO3

- reduction to NH3. a) Schematics of positively charged MSC and TMA ligands on the 
surface of InP QDs for photocatalytic NH3 synthesis. b) Comparison of the photocurrent density 
of [+] MSC-InP QDs and [+] TMA-InP QDs under 450 nm light irradiation. A significant 
enhancement in the photocurrent density for inorganic [+] MSC-InP QDs was observed 
compared to long alkyl chain [+] TMA-InP QDs. For a fair comparison, the concentration of InP 
QDs was kept similar, and the light intensity was ~ 100 mW cm-2. c) Bar diagram showing the 
photocatalytic NO3

- conversion activity with [+] MSC-InP QD and [+] TMA-InP QDs after 30 min of 
450 nm light irradiation. A higher NO3

- conversion (>90 %) for [+] MSC-InP QDs than [+] TMA-InP 
QDs (~15 %) clearly suggests the enhanced charge separation and extraction process when 
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inorganic ligands are used. Photocatalytic NO3
- conversion to NH3 as a function of time 

performed with d) core-only InP QDs and e) core/shell InP/ZnS QDs functionalized with [+] MSC 
and [+] TMA ligands. A higher reaction rate was observed for [+] MSC functionalized core/shell 
QDs as well compared to [+] TMA ligands, showcasing the impact of inorganic ligands in dictating 
the photoactivity activity.   

Most of the multielectron reactions, including NO3
- reduction, proceed with a 

kinetically facile proton (H+) reduction reaction to evolve hydrogen (H2).41 The 

simultaneous occurrence of H2 evolution reaction with the desired product (here, NH3) 

often leads to poor selectivity.41 Consequently, we were interested in evaluating the 

effect of inorganic ligands on QD photocatalyzed reactions. From the energy level 

diagram, it is clear that both [+] MSC-InP QDs and [+] TMA-InP QDs satisfy the 

thermodynamics for H2 evolution as well (Figure 5.9a). Interestingly, with an increase in 

NO3
- conversion to NH3 with [+] MSC-InP QDs, we observed a significant enhancement in 

H2 evolution as well compared to [+] TMA-InP QDs (Figure 5.9b), even though the 

thermodynamic feasibility of H2 evolution with [+] MSC-InP QDs (ΔG = -63.67 kJ mol-1) 

was lower than [+] TMA-InP QDs (ΔG = -86.84 kJ mol-1). While the overall % of utilizable 

charge carriers were significantly higher when inorganic [+] MSC ligands were used 

instead of [+] TMA ligands, the proportion of charge carriers utilized for NH3 significantly 

decreased from ~82.5 % for [+] TMA ligands to ~74 % for [+] MSC ligands (Figure 5.9b). 

This resulted in reduced selectivity of the desired NH3 formation with respect to 

competing H2 evolution. This tradeoff between overall yield and selectivity further calls 

for rational design and development of new NC surface chemistries in the future. As 

proton transfer is necessary for NO3
- conversion to NH3, proton transfer needs to be 

regulated, where strategies from electrocatalysis may be adopted.42-44 Nevertheless, it is 

clear that inorganic MSC ligands on the InP QD surface have a positive impact on the 

charge separation and utilization steps for driving multielectron photocatalytic 

transformations.  

As NO3
- reduction to NH4

+ is a proton-coupled electron transfer process, we 

investigated the proton source in our reaction mixture for NH4
+ synthesis. Since DMF 

coordinates with the central In(III) ion to form MSC on the InP QD surface, the role of DMF 

as a proton source was analyzed first. As there are no ionizable protons in DMF, we 

expect DMF to play a non-innocent role in NO3
- reduction to NH4

+. To prove this, a 
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photocatalytic reaction was performed in DMF instead of water using 15NO3
- as the N-

source and analyzed through 1H-NMR spectroscopy. The absence of a characteristic 

doublet for 15NH4
+ rules out the role of DMF as a proton source (Figure 5.9c). Since no 

additional proton sources are added to the reaction mixture, water emerges to be the 

sole proton source for NH3 synthesis. Additional experiments were performed in D2O to 

verify the active participation of water as the proton source. Interestingly, a quantitatively 

similar NO3
- conversion (> 90 %) and ND4

+ (~240 M in the aqueous phase) formation to 

that of the photocatalytic reaction performed in H2O was observed (Figures 5.9d, 5.23). 

It must be noted that water was confirmed as the sole proton with [+] TMA-InP QDs in a 

previous study by our group.  It can be concluded that the presence of inorganic ligands 

does not alter the reaction mechanism and only enhances the overall performance of the 

photocatalytic reactions by enhancing the charge extraction from QD photocatalysts.  

 

Figure 5.9. Effect of inorganic surface ligands on selectivity. a) Energy level diagram comparing 
the thermodynamic feasibility of driving NO3

- reduction to NH4
+ and hydrogen evolution with 

positively charged TMA-InP QDs and MSC-InP QDs. b) Table comparing the effect of MSC and 
TMA ligands on NH4

+ production and competing H2 evolution reaction. Along with an increase in 
the total number of utilizable photoexcited charge carriers with inorganic MSC ligands, the 
selectivity for NH4

+ production was lowered compared to alkyl TMA ligands. c) 1H-NMR spectra of 
the photocatalytic reaction mixture performed in aprotic solvent, DMF using 15NO3

- as the N-
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source. The absence of characteristic doublet of 15NH4
+ when reaction was performed in DMF 

suggests water to be the proton source. d) Photocatalytic reactions performed in deuterated 
water (D2O) yield similar % NO3

- conversion and NH4
+ formation, confirming water to be the sole 

proton source.  

Next, we tested the applicability of other Lewis acid metal halide complexes as 

surface ligands on InP QDs for photocatalytic ammonia synthesis. We varied the halide 

counterpart from chloride to bromide and iodide to form cationic In(III) complexes on InP 

QD surface. The photocatalytic experiments performed with InBr3 and InI3 cationic 

complexes in DMF result in negligible change in the NO3
- conversion efficiency and NH4

+ 

production (Figures 5.10, 5.24). This suggests that halide ions do not affect the 

photocatalytic activity, and it is purely the inorganic nature of the [+] MSC cationic ligand 

that boosts NH3 production. When the Lewis acid metal was changed from In to Al, again, 

there was a negligible effect on the photocatalytic activity (Figures 5.10, 5.25), which 

suggests that the central ion does not play a major role in NO3
- reduction. Further 

elucidation of the role of the central metal ion in the metal-solvent complex in dictating 

photocatalytic activity requires extensive photophysical studies in the future. Moreover, 

it would be interesting to utilize this strategy to functionalize coordination complexes 

bearing redox-active metal ions such as Fe2+/Fe3+, which can lead to distinct charge 

carrier dynamics.45,46  

 
Figure 5.10. Extension to other Lewis metal halides as ligands on InP QDs for photocatalytic NO3

- 
to NH3 conversion. Photocatalytic NO3

- conversion with InP QDs functionalized with cationic 
complexes formed from a) different indium halides and b) different Lewis metal chlorides. A 
similar photocatalytic NO3

- conversion suggests the negligible effect of halide counterions and 
central metal ions in dictating the photocatalytic activity of [+] MSC-InP QDs. 
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5.5. Conclusions 

The present study implements new surface chemistries to attain high quantum 

efficiencies in QD photocatalysed multielectron/multiproton chemical transformations. 

The presence of an inorganic metal-solvent complex on InP QD surface boosted NH3 

production under visible-light irradiation. Compared to long-chain alkyl ligands, 

inorganic ligand-functionalized InP QDs exhibited ~16-fold and ~8-fold enhancement in 

reaction rate and AQY, respectively, with complete retention of selectivity for NH3 

formation. Through our work, we established the dominance of inorganic ligands over 

insulating alkyl ligands in outplaying ligand poisoning in visible-light photocatalysed 

chemical transformations. We posit that a similar ligand effect will be present to perform 

other challenging multielectron/multiproton chemical reactions, such as CO2 reduction, 

N2 fixation, urea synthesis, etc. As photocatalysis with QDs is an emerging area, and its 

full potential is unknown, all efforts made to enhance the quantum efficiencies will 

enable the development of practical photocatalytic platforms based on QDs.   
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5.7. Appendix 
Characterization of InP QDs 

 

Figure 5.11. Size distribution histogram for core-only [+] MSC-InP QDs, measured from HRTEM 
images. The average size was calculated to be 3.5 ± 0.5 nm from ~ 200 InP QDs. 

 

 

Figure 5.12. EDAX spectrum of a) OAm-InP QD and b) [+] MSC-InP QD. Inset shows the atomic 
percentages for In and P.  
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Photocatalytic reaction performed with [+] MSC-InP QDs 

 

Figure 5.13. Calibration curves for a) NH4
+ and b) NO3

- ions detection with ion chromatography. 

 

 

 

Figure 5.14. Photocatalytic reduction of NO3
- to NH4

+ with [+] MSC-InP QDs. a) Anion and b) 
cation chromatograms of the photocatalytic reaction mixture after 2 h of visible-light irradiation.  
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Figure 5.15. Anion chromatograms of the photocatalytic reactions performed in the absence of 
a) light and b) [+] MSC-InP QDs. A negligible NO3

- conversion confirms the need for both 
components for NH3 synthesis.  

 

 

Figure 5.16. Proof of electrostatics. Anion chromatogram of the photocatalytic reaction mixture 
performed with negatively charged inorganic S2--functionalized InP QDs. A negligible NO3

- 
conversion was observed, suggesting the key role of favourable electrostatics in dictating 
photocatalytic activity.  
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Comparison of the photocatalytic activity of inorganic ligand-capped  [+] MSC-InP 
QDs with organic alkyl ligand-capped [+] TMA-InP QDs  

Time-dependent studies with core-only [+] MSC-InP QDs 

 

Figure 5.17. Anion chromatograms of the photocatalytic reaction mixture performed with [+] 
MSC-InP QDs for a) 5 min, b) 10 min, c) 15 min, d) 30 min, e) 45 min, and f) 60 min.    

 

 

Figure 5.18. Cation chromatograms of the photocatalytic reaction mixture performed with [+] 
MSC-InP QDs for a) 5 min, b) 10 min, c) 15 min, d) 30 min, e) 45 min, and f) 60 min.    
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Time-dependent studies with core-only [+] TMA-InP QDs 

 
Figure 5.19. Anion chromatograms of the photocatalytic reaction mixture performed with [+] 
TMA-InP QDs for a) 15 min, b) 30 min, c) 45 min, d) 60 min, e) 90 min, and f) 120 min.    

 

 

Figure 5.20. Cation chromatograms of the photocatalytic reaction mixture performed with [+] 
TMA-InP QDs for a) 15 min, b) 30 min, c) 45 min, d) 60 min, e) 90 min, and f) 120 min.    
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Time-dependent studies with core/shell [+] MSC-InP/ZnS QDs 

 
Figure 5.21. Anion chromatograms of the photocatalytic reaction mixture performed with [+] 
MSC-InP/ZnS QDs for a) 5 min, b) 10 min, c) 15 min, d) 30 min, e) 45 min, and f) 60 min.    

Time-dependent studies with core/shell [+] TMA-InP/ZnS QDs 

 
Figure 5.22. Anion chromatograms of the photocatalytic reaction mixture performed with [+] 
TMA-InP/ZnS QDs for a) 5 min, b) 15 min, c) 30 min, d) 45 min, and e) 60 min.    
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Photocatalytic reaction performed in deuterated water 

 
Figure 5.23. a) Cation and b) anion chromatograms of the photocatalytic reaction performed with 
[+] MSC-InP QDs in water and deuterated water, clearly showing the formation of ammonia and 
deuterated ammonia, respectively with complete conversion of NO3

- under both media. With no 
other source of proton present in the reaction mixture, this confirms the role of water as the 
proton source in ammonia synthesis with [+] MSC-InP QDs.   

 

Extension to other Lewis metal halides as surface ligands 

 
Figure 5.24. Anion chromatograms of the photocatalytic NO3

- conversion performed with InP 
QDs functionalized with different indium halides: a) InBr3 and b) InI3. Both these indium halides 
tend to form cationic complexes in DMF similar to InCl3. A similar photocatalytic NO3

- conversion 
suggests the negligible effect of halide counterions in dictating the photocatalytic activity of [+] 
MSC-InP QDs under visible light illumination. 
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Figure 5.25. Anion chromatograms of the photocatalytic NO3

- conversion performed with InP 
QDs functionalized with different Lewis acid metal chloride, AlCl3. Negligible effect of Lewis acid 
metal centre in dictating the photocatalytic activity of InP QDs under visible light illumination was 
observed.  
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6.1. Thesis summary 

The present Thesis deals with maximizing the efficiency of each fundamental step in 

photocatalysis: light absorption and charge generation, charge separation, and finally, 

charge extraction, to drive challenging and industrially relevant multielectron chemical 

transformations. This was achieved through the rational design of both the core and the 

surface of plasmonic metal nanoparticles (NPs) and semiconductor quantum dots 

(QDs), the photocatalysts of our choice.  

Thesis at a glance 
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At a glance, we regulated the nanoparticle core and surface ligands to perform 

multielectron and multiproton reactions with the aim of maximizing photocatalytic 

efficiencies. Chapter 3 focuses on understanding the role of light excitation attributes in 

light-driven nicotinamide cofactor regeneration with plasmonic metal nanoparticles. The 

appropriate choice of plasmonic nanoparticle core in the form of anisotropic nanorods 

and favorable surface ligand allowed us to understand the exclusive role of interband vs 

intraband transitions in maximizing the charge generation, separation, and extraction 

processes in NADH photoregeneration. Next, with the aim of synthesizing important 

commodity chemicals such as ammonia, we fine-tuned the photocatalyst design in 

Chapter 4a and switched the core from metal to semiconductor quantum dots (QDs) to 

overcome the challenges associated with the short lifetime of charge carriers. A rational 

choice of indium phosphide (InP) QDs, having a preferential affinity of N-sources towards 

surface In atoms and favorable ligands on InP QD photocatalysts, resulted in selective 

and efficient ammonia production from nitrate and nitrite ions under visible-light 

irradiation. This is one of the simplest photocatalytic systems comprising only the 

photocatalyst, the reactant, and water. The next part of this Chapter deals with 

elucidating the key mechanistic details involved in photocatalytic nitrate reduction to 

ammonia with InP QDs. In Chapter 4b, we listed our findings on reaction rate, competing 

reactions, proton source, fate of photoexcited holes, and recyclability aspects. In 

Chapter 5, we were successful in maximizing the efficiency of the charge extraction 

process by the appropriate choice of the ‘less-explored’ inorganic surface ligands on the 

InP QDs for light-driven ammonia synthesis. The effect of surface chemistry was clearly 

seen in 16-fold and 8-fold enhancement in reaction rate and quantum yield, respectively. 

This is one of the first reports where cationic inorganic ligands are employed in quantum 

dot photocatalyzed multielectron chemical transformations.  
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6.2. Future outlook 

The concepts developed in this thesis can be easily extended to one-pot complex 

molecule/material synthesis in a sustainable manner, including cascade coupling 

reactions and multicomponent reactions such as urea/ alkyl amines synthesis, amino 

acids synthesis, or synthesizing precursors for polymer synthesis (Scheme 6.1). Such 

ambitious work in the future requires dedicated efforts in alleviating the challenges 

associated at the fundamental level. For instance, stability under continuous light 

illumination is a long-standing challenge in QD photocatalysis. Overcoming this requires 

an in-depth understanding of the mechanisms of degradation under operating 

conditions, which is currently scarce in the literature.  

 
Scheme 6.1. Schematic representation of the multicomponent one-pot synthesis of value-
added chemicals under photocatalytic conditions. 

While arriving at the best photocatalyst design still relies upon the conventional route 

of the manual trial-and-error method, active learning can accelerate catalyst discovery 

and optimization of reaction parameters. The ultimate goal is to translate the 

photocatalytic process from laboratory to market-ready solar fuel platforms, which 

requires an increase in experimental replicability and standardization across different 

platforms by mitigating human error. In this direction, automation-driven photocatalysis 

or self-driving labs by integrating machine learning and robotics will turn out to be a 

game-changer.  
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apply: Print rights of the Version of Record are provided for; electronic rights for
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bookpermissions@springernature.com for these rights.
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'Reproduced with permission from Springer Nature'.
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You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
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9. Warranty
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that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
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WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
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OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
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11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
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please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
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Other Conditions:

Version 1.4 - Dec 2022

Questions? customercare@copyright.com.
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Cc: permissions <permissions@aaas.org>

AAAS MATERIAL:

Figure 2 (a, b) from Kim et al., SCIENCE, 3 Oct 2024

Vol 386, Issue 6717, pp. 99-105, DOI: 10.1126/science.adq6245

YOUR RE-USE: THESIS/DISSERTATION

Title: Light-Driven Mul�electron Chemical Transforma�ons with Tailored Nanopar�cles

Publica�on date: July 2025
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Thank you very much for your interest in the AAAS material identified in your request.

We are pleased to have you include this material in your thesis or disserta�on subject to the following
guidelines.  These guidelines also appear on our website: https://www.science.org/content/page/reprints-
and-permissions under the heading ‘Using AAAS material in a thesis or disserta�on’.

REPRODUCING AAAS MATERIAL IN YOUR THESIS OR DISSERTATION

AAAS permits the use of content published in its journals but only provided the following criteria are met:

1.  If you are using figures/tables, permission is granted for use in print and electronic versions of your
disserta�on or thesis.

2.  A full text ar�cle may be used only in print versions of a disserta�on or thesis.  AAAS does not permit the
reproduc�on of full text ar�cles in electronic versions of theses or disserta�ons.

3.  The following credit line must be printed along with the AAAS material: “From [Insert Full Reference
Cita�on]/ Reprinted with permission from AAAS”.

4.  All required credit lines and no�ces must be visible any �me a user accesses any part of the AAAS material
and must appear on any printed copies that an authorized user might make.

5.  The AAAS material may not be modified or altered except that figures and tables may be modified with
permission from the author.  Author permission for any such changes must be secured prior to your use.

6.  AAAS must publish the full paper prior to your use of any of its text or figures.
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7.  If the AAAS material covered by this permission was published in Science during the years 1974-1994, you
must also obtain permission from the author, who may grant or withhold permission, and who may or may not
charge a fee if permission is granted.  See original ar�cle for author’s address.  This condi�on does not apply to
the news ar�cles published in Science.

8. Permission covers the distribu�on of your disserta�on or thesis on demand by a third party distributor (eg
ProQuest/UMI), provided the AAAS material covered by this permission remains in situ and is not distributed
by that third party outside of the context of your thesis/disserta�on.

9.  Permission does not apply to figures/photos/artwork or any other content or material included in your
work that are credited to non-AAAS sources.  If the requested material is sourced to or references non-AAAS
sources, you must obtain authoriza�on from that source as well before using that material.  You agree to hold
harmless and indemnify AAAS against any claims arising from your use of any content in your work that is
credited to non-AAAS sources.

10. By using the AAAS Material iden�fied in your request, you agree to abide by all the terms & condi�ons
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11.  AAAS makes no representa�ons or warran�es as to the accuracy of any informa�on contained in the AAAS
material covered by this permission, including any warran�es of merchantability or fitness for a par�cular
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Kind regards,

 Dana James

Dana James (she/her)
Rights and Licensing Coordinator, Office of
Publishing
American Associa�on for the Advancement of
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1200 New York Avenue, NW | Washington, DC
20005
| djames@aaas.org | www.aaas.org |
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To: permissions <permissions@aaas.org>

Subject: Request for permission for figure reuse in PhD Thesis
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Dear AAAS Publications Team

We would like to get the copyright permission for the following article from Science.
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science.adq6245
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2. Article title: Photocatalytic furan-to-pyrrole conversion

3. Authors’ names: Donghyeon Kim, Jaehyun You, [Da%20Hye%20Lee]Da Hye Lee, Hojin Hong,
Dongwook Kim , and Yoonsu Park

4. Volume number, issue date, page numbers, DOI (provide all that apply): Vol 386, Issue 6717, page no.
99-105, DOI: 10.1126/science.adq624

5. Specific figure numbers or portion of text (or supply a copy): Figure 2a and b

Information about your publication/project:

1. Type of work in which AAAS material will be used (e.g., book, journal, newsletter, poster, etc.): PhD
Thesis/dissertation

2. Title of that work (the book/journal/newsletter, etc. in which you are reproducing the AAAS material):
Light-Driven Multielectron Chemical Transformations with Tailored Nanoparticles

3. Title of the specific article/chapter in which you are reproducing the AAAS material (if applicable):
Introduction to Photocatalysis with Designer Metal Nanoparticles and Quantum Dots

4. Author(s)/editor(s): Vanshika Jain

5. Expected publication date (or volume and issue number for journals): July 2025

6. Publishing company: Indian Institute of Science Education and Research Pune, India

7. Retail price (for books only)the – N/A

8. The formats your work will be distributed in (e.g., print, electronic, print and electronic): Print and
electronic

9. The rights you are seeking: To reuse figure in the introduction chapter of my PhD thesis.

Please give us the required permission to re-use these images.

Thank you

--
Best regards,

Vanshika Jain | Ph.D. Student
Prof. Pramod Pillai Group
Department of Chemistry | IISER Pune
http://www.iiserpune.ac.in/~pramod/
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ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany ́s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

May 29, 2025

This Agreement between Vanshika Jain ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number 6038221499882

License date May 29, 2025

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Wiley Books

Licensed Content Title Theory of Plasmonic Excitations

Licensed Content Author
Alexander O. Govorov, Zhiming M. Wang,
Xiang‐Tian Kong, et al

Licensed Content Date Jun 11, 2021

Licensed Content Pages 35

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1
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Will you be translating? No

Title of new work
Light-Driven Multielectron Chemical
Transformations with Tailored Nanoparticles

Institution name
Indian Institute of Science Education and
Research (IISER) Pune

Expected presentation date Jun 2025

Portions Figure 1.6c

The Requesting Person / Organization
to Appear on the License

Vanshika Jain

Requestor Location

Ms. Vanshika Jain
Department of Chemistry, IISER Pune

Pune, 411008
India

Publisher Tax ID EU826007151

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company") or handled on behalf of a society
with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY"). By clicking "accept" in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

• The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.
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• You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials
shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the
publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.

• With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and
no derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only,
the terms of the license are extended to include subsequent editions and for
editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures
or extracts, You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials
on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.

• The Wiley Materials and all of the intellectual property rights therein shall at all
times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that of
having possession of and the right to reproduce the Wiley Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Wiley Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as
provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right, license or
interest with respect thereto

• NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
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ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

• WILEY shall have the right to terminate this Agreement immediately upon breach
of this Agreement by you.

• You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

• IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

• Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

• The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

• This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

• Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

• These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.
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• In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.

• WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

• This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original work
is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library http://olabout.wiley.com/
WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

May 29, 2025

This Agreement between Vanshika Jain ("You") and Springer Nature ("Springer Nature")
consists of your license details and the terms and conditions provided by Springer Nature
and Copyright Clearance Center.

License Number 6038221040563

License date May 29, 2025

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature Materials

Licensed Content Title
Photochemical transformations on plasmonic
metal nanoparticles

Licensed Content Author Suljo Linic et al

Licensed Content Date May 20, 2015

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of figures/tables/illustrations 1

Would you like a high resolution
image with your order?
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Will you be translating? no

Circulation/distribution 1 - 29

Author of this Springer Nature content no

Title of new work
Light-Driven Multielectron Chemical
Transformations with Tailored Nanoparticles

Institution name
Indian Institute of Science Education and
Research (IISER) Pune

Expected presentation date Jun 2025

Portions figure 5

The Requesting Person / Organization
to Appear on the License

Vanshika Jain

Requestor Location

Ms. Vanshika Jain
Department of Chemistry, IISER Pune

Pune, 411008
India

Billing Type Invoice

Billing Address

Ms. Vanshika Jain
Department of Chemistry, IISER Pune

Pune, India 411008

Total 0.00 USD

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
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Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept' and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
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formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-property/permissions/
permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical
communications project

Reuse up to distribution or time period indicated in
License

Reuse in a dissertation/
thesis

Lifetime of thesis

Reuse in a journal/
magazine

Lifetime of journal/magazine

Reuse in a book/
textbook

Lifetime of edition

Reuse on a website 1 year unless otherwise specified in the License

Reuse in a presentation/
slide kit/poster

Lifetime of presentation/slide kit/poster. Note:
publication whether electronic or in print of
presentation/slide kit/poster may require further
permission.

Reuse in conference
proceedings

Lifetime of conference proceedings
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Reuse in an annual
report

Lifetime of annual report

Reuse in training/CME
materials

Reuse up to distribution or time period indicated in
License

Reuse in newsmedia Lifetime of newsmedia
Reuse in coursepack/
classroom materials

Reuse up to distribution and/or time period
indicated in license

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
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THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany ́s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:
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Figure 5.3c and 5.3d 

 

 

Figure 5.3e and 5.3f 

 

 

 

 


