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anomaterials and their
implications towards biomass conversion for
renewable chemical and fuel production†

Shikha Katre, Pawan Baghmare and Ardhendu S. Giri *

Photocatalytic processes have recently gained popularity as a sustainable and energy-efficient method for

converting biomass. This article gives a comprehensive overview of recent improvements in the

photocatalytic conversion of biomass into useful chemicals and fuels utilizing various photocatalytic

materials. The work delves into the assessment of diverse biomass sources and their preparation

techniques, in addition to the synthesis of plasmonic nanoparticles as photocatalysts from biomass,

offering a thorough examination. This review article provides detailed techniques for fabricating and

synthesizing plasmonic nanoparticles. Furthermore, the study discusses advancements in coupling

photo-oxidation alongside the hydrogen evolution mechanism for water splitting. Furthermore,

prospective research topics are suggested, such as conducting a systematic analysis of photocatalysis's

redox potential, developing more effective catalysts, broadening the variety of reaction types, and

establishing industrial-scale photocatalytic production. Plasmonic photocatalysts have been utilized to

convert biomass into H2 for energy, and to explore hypothesized molecular routes for the photocatalytic

oxidation of 5-hydroxymethylfurfural (HMF), which may then be converted into 2,5-furandicarboxylic

acid (FDCA). This review also discusses the surface functionalization of nanophotocatalysts with –COOH,

NH2, and OH groups to increase their reactivity. Reactive oxygen species (ROS) formed on the surface of

nanophotocatalysts under UV or solar light play a crucial role in photocatalytic reactions. Our review has

shown many challenges and difficulties related to CO2 hydrogenation reactions in the presence of

sustainable H2, powered by renewable energy sources. This is very critical for achieving a transition to

net-zero emissions. These technologies will drive forward the development of biomass conversion

processes into CO2-based fuels. This paper explores recent advancements in the conversion of

biomass-derived CO2 into valuable chemicals using plasmonic nanophotocatalysts. In addition to this,

density functional theory (DFT) calculations also reveal how functional groups help stabilize these
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nanoparticles and enhance electron density through photo-adsorption. This study provides a remarkable

and significant review that examines current trends, future directions, and ongoing debates in this field,

focusing on reaction conditions, catalyst design, and proposed mechanisms for producing valuable

chemicals. These chemicals include single-carbon compounds like formaldehyde, formic acid, and

methanol, as well as C2
+ compounds such as acetic acid, ethanol, methyl formate, and oxyethylene

ethers. Additionally, it addresses the current state of liquid-phase CO2 hydrogenation in the presence of

photocatalysts, highlighting existing challenges and potential research paths. The paper also provides an

overview of the advances and challenges in the electro- and photocatalytic oxidation of HMF

(hydroxymethylfurfural), detailing strategies for creating high-value chemicals through these oxidation

processes. These methods, which may involve reactions like the hydrogen evolution reaction, organic

substrate reduction, CO2 reduction reaction, or N2 reduction reaction, are summarized and analyzed.

Furthermore, the catalytic efficiency and mechanisms of various catalyst types in these conversion

systems are introduced and discussed. Electron paramagnetic resonance and scavenger studies reveal

the major active species (cOH and cO2
−) in the photocatalytic conversion of biomass to different value-

added products.
Introduction

Photocatalytic nanomaterials are a specialized class of nano-
materials known for their ability to catalyse chemical reactions
when exposed to light. This phenomenon, known as photo-
catalysis, nds extensive use in diverse elds, including envi-
ronmental cleaning, energy conversion, and the development of
antimicrobial coatings.1 The process of photocatalysis involves
the interaction between light, a photocatalyst, and reactant
molecules, resulting in the acceleration of chemical trans-
formations. When engineered at the nanoscale, these materials
exhibit enhanced photocatalytic properties owing to their
unique characteristics, such as high surface area and distinct
electronic structures. This special characteristic makes them
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the Royal Society of Chemistry
particularly effective in facilitating reactions that can be chal-
lenging under normal conditions. Photocatalytic nanomaterials
include various metal oxides like titanium dioxide (TiO2) and
zinc oxide (ZnO), as well as metallic nanoparticles such as gold
(Au), silver (Ag), copper (Cu), and semiconductors like cadmium
sulde (CdS) and tungsten trioxide (WO3). Bothmetals and non-
metals doped nanophotocatalysts can be used to absorb light
and initiate photochemical reactions.2 The photocatalytic
mechanism is explained by the absorption of photons by the
nanomaterial, which results in the formation of electron (e−1)–
hole (h+) pairs. These charged carriers play a crucial role in
redox reactions that involve surrounding molecules, initiating
a variety of chemical modications. This capability is utilized in
applications such as degrading pollutants in water and air,
generating clean energy, and producing self-cleaning or anti-
microbial surfaces.3 Ongoing research in the eld of photo-
catalytic nanomaterials is dedicated to adjusting their
properties, enhancing overall efficiency, and overcoming chal-
lenges to extend their practical applications in various indus-
tries. These efforts aim to realize the full potential of
photocatalytic nanomaterials, contributing to sustainable
solutions for environmental and energy-related challenges. Our
review highlights recent advancements, such as the use of well-
designed semiconductor materials and nanomaterials, which
offer signicant potential for selectively converting biomass
under mild conditions.4 For instance, semiconductor and noble
metal-based nanomaterials improve biofuel efficiency and
sustainability by enhancing biomass degradation and hydrogen
production through the utilization of solar energy.5 Addition-
ally, advancements in nanopercolation and nanocomposite
lms have shown promising results in biofuel separation and
stability. Moreover, innovations like the nitrogen-protected ball
milling method have enhanced the photocatalytic degradation
of lignocellulose, achieving remarkable conversion rates of
cellulose, hemicellulose, and lignin, as demonstrated by
studies.5

Biomass is a versatile and renewable energy resource,
comprising a wide range of organic materials derived from
living or recently living organisms.6 This includes plant-based
materials like wood, crop residues, grasses, and dedicated
Nanoscale Adv., 2024, 6, 5258–5284 | 5259
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energy crops.7,8 Biomass photocatalytic transformations typi-
cally occur under mild conditions. Well-designed semi-
conductor materials enable photon-generated carriers to
selectively cleave or functionalize specic chemical bonds. This
method offers greater potential for selectively converting
biomass compared to traditional techniques.5 Nanomaterials
have become crucial in advancing biofuels and bioenergy from
biomass due to their exceptional properties, such as high
surface area and tailored surface chemistry. In photocatalysis,
semiconductor and noble metal-based nanomaterials leverage
solar energy to enhance biomass degradation, gasication, and
hydrogen production, improving biofuel efficiency and
sustainability. Nanopercolation employs nanomaterial-based
membranes for effective separation and purication of bio-
fuels. Nanocomposite lms, combining polymers with nano-
llers, enhance efficiency and stability. Nanomaterials also play
a vital role in catalysis, where metallic and bimetallic catalysts
improve bio-oil quality by reducing oxygen content. These
advancements not only boost the effectiveness of biofuel
production but also address challenges like feedstock variability
and contamination.4 Animal-based biomass consists of organic
materials from animals, such as manure and organic waste.
Additionally, microbe-based biomass involves the cultivation of
microorganisms, including algae and certain bacteria, for
biomass production.9 The diversity of biomass sources makes it
a valuable feedstock for various applications. Biomass serves
multiple purposes, including energy production, the generation
of fuel, and the delivery of raw materials for industrial
processes. Its renewable nature shows the relatively rapid
replacement of these organic materials compared to the time-
scales associated with fossil fuel formation. These characteris-
tics position biomass as a sustainable alternative that
contributes to reducing dependence on nite fossil fuels and
mitigating environmental impacts. In a broader context,
biomass plays a crucial role in the bioeconomy, where biolog-
ical resources are managed sustainably to provide food, mate-
rials, and energy.9,10 This integrated approach aims to optimize
the use of biological resources while maintaining ecological
balance. Lignocellulosic biomass, a subset of biomass derived
from plant cell walls, consists of cellulose, hemicellulose, and
lignin.7 Cellulose with both long chains of glucose molecules
and hemicellulose is a branched polymer which is composed of
several distinct sugar monomers, whereas lignin is a complex
and hard polymer that provides rigidity to plant cell walls.11

Among the different types of starch-based biomass, lignocellu-
losic biomass shows challenges in conversion due to its
complex structure. However, ongoing research and technolog-
ical advancements focus on overcoming these challenges,
making lignocellulosic biomass a promising feedstock for the
production of biofuels and other bioproducts.12 Biomass, with
its diverse sources and applications, contributes signicantly to
the transition towards sustainable and environmentally friendly
energy sources. The carbon-neutral and renewable characteris-
tics, along with the potential of lignocellulosic biomass,
underscore its importance in addressing global energy and
environmental challenges.13
5260 | Nanoscale Adv., 2024, 6, 5258–5284
In the realm of biomass conversion into value-added
chemicals and fuels, the inclusion of nanophotocatalysts
provides a possible route for boosting the overall efficacy and
specicity of the conversion processes.7 This cutting-edge eld
of research focuses on leveraging nanomaterials to catalyse
chemical reactions under light irradiation, thus offering unique
advantages in terms of controllability, selectivity, and efficiency.
Nano-photocatalysts can be applied in the pretreatment of
lignocellulosic biomass to enhance the accessibility of cellulose
and hemicellulose.14 This facilitates subsequent hydrolysis
processes by breaking down complex polymers more effi-
ciently.7 For instance, photocatalytic pretreatment with mate-
rials such as TiO2 can selectively modify the lignin structure,
facilitating its removal and improving the accessibility of
cellulose.15 In the hydrolysis stage, nanophotocatalysts can
expedite the breakdown of cellulose and hemicellulose into
fermentable sugars. Semiconductor nanomaterials like TiO2

can act as photocatalysts, promoting the hydrolysis process
under light irradiation. Nanophotocatalysts can also improve
the fermentation stage by providing a conducive environment
for microorganisms. Light-assisted fermentation can improve
the efficiency of sugar conversion into biofuels like ethanol or
biobutanol using photocatalysts.13 Nanophotocatalysts play
a pivotal role in catalytic conversion processes, contributing to
the transformation of sugars and intermediates into valuable
chemicals and biofuels. During the upgrading of bio-oils
derived from thermochemical processes, nanophotocatalysts
can selectively facilitate deoxygenation and remove undesired
functional groups, thus improving the quality of bio-oils.15 One
of the remarkable features of nanophotocatalysts is their ability
to enable selective and controlled chemical transformations. By
modifying the properties of nanomaterials, researchers can
design catalysts that specically target desired reactions. This
selectivity is crucial for producing a range of valuable chemicals
and biofuels, such as bioethanol, biobutanol, biodiesel,
hydroxymethylfuran (HMF), furfural, levulinic acid, and other
aromatic compounds.16 The ultimate goal of integrating nano-
photocatalysts into lignocellulosic biomass conversion is to
produce sustainable and renewable chemicals and fuels. These
bio-based products contribute to more environmentally and
economically viable conversion technologies, which are crucial
for the successful utilization of lignocellulosic biomass. Nano-
photocatalysts, with their potential to improve reaction rate and
selectivity, contribute to achieving higher overall process effi-
ciency.15 Fujishima and Honda (1972) were the rst to report the
water splitting by using a TiO2 photoanode for hydrogen (H2)
energy production.17,18 Presently, it has become a revolutionary
and evolving research area for clean energy production using
solar or UV-light energy harvesting semiconductor materials.
TiO2 nanoparticles (NPs) are the most promising material as
semiconductor catalysts because of their high chemical
stability, non-toxicity and low-cost effectiveness. Furthermore,
TiO2 acts as a Lewis acid, with sites that may facilitate glucose
isomerization and C3 sugar dehydration, comparable to the
action of Ba2+. Glucose is transformed into the fructose isomer,
which is then activated and oxidized by highly oxidising active
species such as cO2

− and cOH. The effective synthesis of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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levulinic acid utilizing biomass-derived compounds (mostly C6

sugars) is heavily reliant on process dynamics. C6 sugar (fruc-
tose or glucose) is capable of being dehydrated and rehydrated
in the presence of an acid catalyst to yield levulinic acid.19 Sajid
et al. (2021) presented the chemical pathway for upgrading C6

carbohydrate to levulinic acid, as well as the activation energy
required at each stage and also suggested that fructose dehy-
dration has a larger activation energy (55.2 kJ mol−1) compared
to glucose isomerization (39.8 kJ mol−1).20 Li et al. (2023)
successfully developed efficient methods for synthesizing
nitrogen-containing compounds from biomass and CO2.21

These compounds include urea, anilines, N-methylamines,
imines, benzimidazoles, quinazolines, 2,3-dihydro-4(1H)-qui-
nazolinones, nitriles, isoindolines, lactams, and N-formamides.
These transformations were achieved using functional poly-
mers (like zwitterionic polymers and COOH-functionalized ZIF-
90), nanosized metal oxides, supported metal nanocatalysts,
single atoms (such as Pt, Co, InOx, and Fe), and in some cases,
without any catalyst (Fig. 1).

In the presence of both UV and solar light passing through
the TiO2 NPs, the electrons get excited from the valence band
(VB) to the conduction band (CB) and the band gap energy
obtained is 3.2 eV. TiO2 NPs act as poor photocatalysts due to
their wide band gap. Later, to enhance the photocatalytic
activity of TiO2 under UV-vis light, activated carbon (AC) or Zn,
Cu, Ni and other metal nanoparticles like Au, Ag, Pt, Pd, etc., are
blended with it to reduce the band gap energy of the TiO2

photocatalyst.15

Plasmonic nanostructures have demonstrated tremendous
promise in photocatalysis owing to their unique photochemical
Fig. 1 (a) The reaction pathway illustrating the conversion of glucose
Mechanism of conversion of glucose into levulinic acid mediated by TiO

© 2024 The Author(s). Published by the Royal Society of Chemistry
characteristics, which include strong light–matter interactions
and congurable photoresponses. Considering the lower
intrinsic activity of common plasmonic metals, adding highly
active sites is necessary to fully realize the potential of plasmonic
nanostructures in photocatalysis. A brief introduction tomaterial
fabrication and characterization techniques is followed by
a detailed discussion of the synergy between plasmonic nano-
structures and active sites in photocatalysis. In the form of local
electromagnetic elds, hot carriers, and photothermal heating,
active sites can facilitate the connection of solar energy captured
by plasmonic metals to catalytic processes.

Jose et al. (2013) synthesized the Au/TiO2 nanocomposite by
using the solvated metal atom dispersion (SMAD) method.22

These nanocomposite photocatalysts were then utilized for
hydrogen production from ethanol or methanol under UV-visible
radiation. When UV or solar radiation illuminates the TiO2 NPs,
electrons get transferred from the conduction band (CB) of TiO2

to Au nanoparticles (AuNPs) and then these electrons get
photoexcited from AuNPs, leading to a decrease in the energy
band gap from 3.2 eV to 2.5 eV. Thus, by doping metallic nano-
particles with TiO2 NPs, they show better photocatalytic activity.

Wang et al. (2015) showed that incorporating AuNPs into
TiO2 nanobers supported by H-form Y-zeolites led to increased
cellulose hydrolysis efficiency under visible light.14 This plas-
monic nanostructure efficiently absorbed visible light through
the supported AuNPs on active zeolite catalysts, facilitating
direct light–catalyst interaction and minimizing heating of the
solvent system. Their research investigated into how reaction
parameters like temperature, light intensity, and wavelength
inuenced cellulose conversion to valuable chemicals.
to levulinic acid, including the activation energy at each stage. (b)

2 photocatalysis.19

Nanoscale Adv., 2024, 6, 5258–5284 | 5261
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Markedly, glucose and HMF yields exceeded 60% at 130 °C aer
24 hours under mild conditions. The study emphasized the
critical roles of acid strength and the localized surface plasmon
resonance (LSPR) effect of AuNPs in processing efficiency.
Furthermore, they proposed a mechanism highlighting how the
LSPR effect enhanced acid strength via the polarized electrical
elds of zeolites. These ndings offer promising avenues for
reducing processing costs, energy consumption, and advancing
the renewable utilization of biomass resources in biofuel and
chemical production.14

In the presence of powdered TiO2 photocatalysts synthesized
by the ultrasound promoted sol–gel method, glucoses under-
went oxidation. Compared to the widely known Degussa P-25
photocatalyst, these catalysts were more selective for glucaric
acid, gluconic acid and arabitol, with approximately 70%
selectivity. Operating under mild conditions of 30 °C, atmo-
spheric pressure, and very short reaction times (within 2 min to
5 min), the photocatalytic systems demonstrated signicant
selectivity towards valuable molecules. The physiological prop-
erties of novel TiO2 materials, e.g., a large particular surface
area, nanoscale anatase phase and clear light absorption, along
with optimised reaction conditions contribute to this increased
selectivity.9,13 These value-based chemicals are utilised in
various areas like food, pharmaceuticals, etc.

Zhou et al. (2017) investigated the importance of converting
biomass derived compounds into value added chemicals.15 The
study examines the selective photooxidation of various biomass
derived chemicals, such as ethanol, xylose, 5-hydroxycarboxylic
acid, glucose, 2-furaldehyde and furfural alcohol, into their
corresponding carboxylic acid compounds by means of atmo-
spheric air at room temperature. It has been observed that
AuNPs blended with TiO2 (AuNPs/TiO2) prociently facilitated
these reactions under both UV and visible light in a Na2CO3

aqueous solution, yielding appropriate chemicals like acetic
acid, gluconic acid, xylose acid, 2-furoic acid, 2,5- furan dicar-
boxylic acid and 2-furoic acid from their respective biomass
derived compounds.23 Under optimized conditions, the selec-
tivities for desired products exceeded 95% in all reactions.
Detailed investigations revealed that the visible-light-responsive
activity was attributed to the surface plasmonic resonance of
AuNPs, while the UV-light-responsive activity stemmed from the
band-gap photoexcitation of TiO2. Na2CO3 played a dual role as
a promoter for visible-light-induced oxidation and as an
inhibitor of reactive oxygen species with potent oxidation
capabilities under UV light, as shown in Table 1.23,24,31

Giannakoudakis et al. (2019) demonstrated that HMF stands
out as a signicant chemical resource, easily sourced from
lignocellulosic biomass, and shows potential as a precursor for
polymer or fuel creation.16 By focusing on the partial oxidation
of HMF's hydroxyl group, we can produce 2,5-diformylfuran
(DFF), which holds signicant promise across various
biochemical industries. They introduced newly developed
manganese(IV) oxide nanorods as catalysts for this partial
oxidation process, effectively functioning under standard
conditions. The nanocatalyst operates effectively with low light
energy and without additional chemicals, displaying excep-
tional selectivity as a photo-assisted catalyst. Under optimal
5262 | Nanoscale Adv., 2024, 6, 5258–5284
conditions, it achieved over 99% conversion of HMF with nearly
100% selectivity towards DFF.15 Molecular oxygen plays a pivotal
role in facilitating selective oxidation, while utilizing an aprotic
and less polar organic solvent, such as acetonitrile, instead of
water, further bolsters catalyst reactivity.24

The process showed utilizing ultra-thin CdS nanosheets
decorated with nickel (Ni/CdS) to drive the photocatalytic
conversion of key intermediate chemicals derived from
biomass, such as furfural alcohol and HMF, into valuable
compounds like aldehydes and acids. Furthermore, these
biomass-derived intermediates acted as proton sources, facili-
tating simultaneous H2 production upon visible light exposure
under ambient conditions.25 A notable disparity in the trans-
formation rates of furfural alcohol and HMF into their respec-
tive aldehydes in neutral water was observed and scrutinized.
Theoretical calculations indicated that the slightly stronger
binding of the aldehyde group in HMF to Ni/CdS led to a lower
conversion of HMF to 2,5-diformylfuran compared to the
conversion of furfural alcohol to furfural. Nonetheless, under
alkaline conditions, the photocatalytic oxidation of furfural
alcohol and HMF resulted in complete conversion to the cor-
responding carboxylates alongside concurrent H2 production.37

This review begins by outlining the advancements made in
research regarding various porous carbon materials such as
activated carbon (AC), doped carbon, carbon molecular sieves
(CMS), and others, specically focusing on their application in
ue gas carbon capture. Additionally, it discusses progress
made in utilizing porous carbon for direct carbon capture from
air, particularly targeting lower CO2 concentrations.26 Further-
more, it delves into critical considerations when employing
porous carbon for practical carbon capture applications,
including the impacts of humidity, temperature, and ow rate.
The aim is to offer valuable insights for the development of
porous carbon-based adsorbents with real-world applicability.

This review provides an overview of recent advancements in
research concerning porous carbons for carbon capture from
both ue gas and directly from air over the past ve years. It
encompasses various porous carbon materials such as activated
carbon (AC), heteroatom-modied porous carbon, carbon
molecular sieves (CMS), and others. The focus is on under-
standing how parameters like temperature, water content, and
gas ow rate in industrial ue gas affect the performance of
porous carbon adsorbents.27 Furthermore, it summarizes the
different preparation methods for porous carbons and explores
environmentally friendly approaches while enhancing CO2

adsorption capacity and selectivity. By analyzing the impact of
real industrial ue gas on adsorbents, the review offers novel
insights and evaluation methods for the development and
preparation of porous carbon materials.

This review systematically outlines recent progress in the
photocatalytic conversion of biomass-derived organic hetero-
cyclic compounds into valuable products. Extensive research
has been conducted on the oxidation of these compounds,
particularly the conversion of HMF to DFF, utilizing various
materials such as TiO2 and perovskite-type materials. However,
challenges persist, including unsatisfactory selectivity of DFF
due to the generation of highly reactive species leading to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Biomass conversion to fuels and chemicals23,24

Biomass derived
compounds Nano-photocatalyst Light Product References

Cellulose Au-HYT Visible light Glucose 14
Cellulose Ir/HY3 Xenon lamp Cellobiose 25
Cellulose P25–SO4

2−–NixSy Xenon lamp H2 26
Cellulose TiO2/NiOx@Cg water Xenon lamp H2 27
Rice straw ZnO NPs — Ethanol 28
Paulownia elongata Zn-doped SnO2 NPs Xenon lamp Hydrogen 29
Sugarcane bagasses Fe3O4 NPs Light intensity Hydrogen 24
Rice straw Sulphonated graphene — Biogas methane 30
Miscanthus biomass Zeolites coated TiO2 NPs UV Methane 31
Corn cob CeFe3O4 NPs — Methane 32
Potato peels NiO NPs and Fe3O4NPs — Bioethanol 33
Lignocellulose TiO2 (ST-01) UV Ethanol and CO2 34
Lignin TiO2 UV Syringaldehyde 35
Lignin Pt/Bi–TiO2 (P25) Solar light Vanillic acid 36
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overoxidation of intermediates.28 Additionally, achieving low
HMF conversion is crucial for optimizing the reaction. The
review also discusses studies focusing on substituting the
oxygen evolution reaction (OER) in photocatalytic water split-
ting with biomass-based photooxidation, which enhances the
economic value and efficiency of the overall process. Further-
more, it summarizes a few studies exploring the photooxidation
of HMF to alternative products and the photoreduction of fur-
anic compounds.
Sources of biomass

Biomass denotes natural substances obtained from plants and
animals, suitable for generating energy. There are several
sources of biomass, each with its own characteristics and
potential uses. Here are some common sources of biomass:

(1) Wood and agricultural residues: wood is one of the oldest
andmost widely used biomass resources. It can come from forests,
logging residues, sawdust, and wood processing industries. Agri-
cultural residues such as corn stover, rice husks, wheat straw, and
sugarcane bagass are also abundant sources of biomass.38

(2) Energy crops: certain crops are specically grown for
biomass energy production. These include fast-growing plants
like switchgrass, miscanthus, willow, and poplar trees. These
energy crops can be cultivated on marginal lands not suitable
for food crops and harvested for biomass.39

(3) Organic waste and animal waste: various forms of organic
waste generated from households, industries, and agriculture
can be used as biomass feedstock. This includes food waste,
animal manure, sewage sludge, and municipal solid waste.
Animal waste, such as manure, and by-products from meat and
dairy industries can be used as biomass feedstock. Anaerobic
digestion of animal waste can produce biogas for heat and
power generation. Anaerobic digestion and composting are
common methods to convert organic waste into biogas and
compost, respectively (Dominik et al., 2013).40

(4) Algae: algae are photosynthetic microorganisms that can
grow rapidly in water and sunlight. They can be cultivated in
ponds, bioreactors, or open water systems for biomass
© 2024 The Author(s). Published by the Royal Society of Chemistry
production. Algae can yield oils suitable for biodiesel production,
as well as proteins and carbohydrates and cosmetics and for
various other applications (Chojnacka et al., 2018).41

(5) Aquatic biomass: aquatic plants and organisms such as
seaweeds, water hyacinths, and aquatic weeds can be harvested
from oceans, lakes, and rivers for biomass production. These
resources can be utilized for biofuel production, bioremedia-
tion, and other purposes (Namasivayam et al., 2023 & Bhar-
athiraja et al., 2015).42,43

(6) Urban biomass: urban areas generate signicant amounts
of biomass in the form of yard waste, landscape trimmings, and
municipal solid waste. These organic materials can be collected
and processed to produce biogas, compost, or converted into
biofuels through various technologies (Li et al., 2017).44

(7) Forest residues: besides wood, forests produce other
biomass residues such as branches, bark, and leaves. These
residues can be collected sustainably without affecting forest
ecosystems and utilized for energy generation or other
applications.45

Each biomass source has its own advantages and challenges
in terms of availability, sustainability, and conversion technol-
ogies. The choice of biomass source depends on factors such as
local resources, environmental considerations, and the inten-
ded end use of the biomass (Fig. 2a and b).

Wood as a source of biomass

Wood is one of the most traditional and widely used sources of
biomass. Biomass refers to organic materials, such as plants
and trees, which can be used to produce energy through various
processes. Wood biomass is derived from trees and woody
plants, and it can be utilized in several forms for energy
generation.46 Wood biomass is considered a renewable energy
source because trees can be replanted and grown to replace
those harvested for biomass production. However, it's crucial to
manage wood biomass resources sustainably to avoid defores-
tation and ensure the long-term environmental benets of
using biomass for energy. Wood is a complex natural material
composed primarily of three main constituents: cellulose,
hemicellulose, and lignin,47 along with smaller amounts of
Nanoscale Adv., 2024, 6, 5258–5284 | 5263
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Fig. 2 (a) Conversion and application of wood biomass through a nanophotocatalyst. (b) Different sources of biomass.
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extractives, such as resins, tannins, and waxes. Each constituent
plays a crucial role in the structure, function, and properties of
wood. Cellulose is the most abundant organic polymer on Earth
and the primary structural component of wood. It forms long
chains of glucose molecules linked together, providing strength
and rigidity to the cell walls of wood bers.48 Cellulose mole-
cules are arranged in a crystalline structure, contributing to the
5264 | Nanoscale Adv., 2024, 6, 5258–5284
overall stiffness and mechanical properties of wood. Cellulose
also plays a vital role in water transport within the wood
structure.48 Hemicellulose is a complex branched polymer
composed of various sugar units, including xylose, glucose,
mannose, and galactose.49 Unlike cellulose, hemicellulose is
amorphous, meaning it lacks a dened crystalline structure.
Hemicellulose acts as a cementing material between cellulose
© 2024 The Author(s). Published by the Royal Society of Chemistry
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bers, binding them together and providing cohesion to the
wood structure.50,51 It also serves as a source of energy for
microorganisms during wood decay and contributes to the
hydrophilic properties of wood.52 Lignin is a complex phenolic
polymer that lls the spaces between cellulose and hemi-
cellulose in the cell walls of wood bers. It provides structural
support and rigidity to wood, particularly in hardwood
species.48,53 Lignin is highly resistant to microbial degradation
and plays a crucial role in the natural defense mechanisms of
trees against pathogens and pests. However, lignin also poses
challenges in wood processing and pulping due to its recalci-
trance and tendency to interfere with ber bonding.54 Extrac-
tives are organic compounds found in wood that are not part of
the main structural components (cellulose, hemicellulose, and
lignin). Wood extractives are natural compounds that occur
outside the cell wall of lignocellulose. Although they are located
within the cell wall, they do not form chemical bonds with it.
These substances can be classied into three primary groups
according to their chemical composition: aromatic phenolic
compounds, aliphatic compounds such as fats and waxes, and
terpenes and terpenoids.55 They include a wide range of
substances such as resins, gums, tannins, oils, and waxes.56

Extractives contribute to the colour, odour, and chemical
properties of wood and play roles in natural defence against
decay, insect attacks, and environmental stresses.57 Extractives
can also affect the processing and properties of wood products,
inuencing characteristics such as durability, weather resis-
tance, and adhesive bonding.58,59 Understanding the composi-
tion and properties of these wood constituents is essential for
various applications, including wood processing, pulping,
Fig. 3 Rice husk as a biomass source.

© 2024 The Author(s). Published by the Royal Society of Chemistry
papermaking, bioenergy production, development of wood-
based materials and value-added products.60 Additionally, the
proportions and distribution of these constituents vary among
different wood species and can inuence the overall properties
and performance of wood materials.

Rice husk as a source of biomass

Rice husk is the outer covering of the rice grain, also known as
rice hull. The rice husk is separated from the rice grain during
milling, leaving behind the edible rice kernel. Rice husk is
abundantly available as a by-product of rice milling.61 Rice husk
is primarily composed of cellulose, hemicellulose, lignin, and
silica, along with smaller amounts of other organic and inor-
ganic compounds.62 Rice husk is a valuable biomass fuel and it
can be burned to generate electricity or heat in biomass power
plants.63 The combustion of rice husk is considered environ-
mentally friendly because it is a renewable resource and emits
fewer greenhouse gases compared to fossil fuels. Rice husk can
be converted into biochar through pyrolysis or gasication
processes. Biochar is a type of charcoal used for soil improve-
ment, carbon sequestration, and as a component of composite
materials.64 Processed rice husk can be used as an eco-friendly
insulation material in construction. It offers good thermal
insulation properties and can be used in panels or bricks.65 Rice
husk contains a high concentration of silica, which can be
extracted and used in various industrial applications such as in
the production of silicon compounds, ceramics, and high-
performance concrete.66 Rice husk biomass can be used as
a soil additive to improve water retention, soil structure and
aeration. It helps in controlling soil pH and can be particularly
Nanoscale Adv., 2024, 6, 5258–5284 | 5265
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benecial in areas with poor soil quality.67 Rice husk is a versa-
tile biomass resource with various applications across different
industries, contributing to sustainable development and waste
reduction in rice-producing regions (Fig. 3).
Preparation of biomass
Preparation of biomass from wood

Preparing biomass from wood involves several steps depending
on the intended use and the desired form of biomass. Here is
a general methodology for preparing biomass from wood:

Feedstock selection: choose appropriate wood feedstock
based on factors such as species, moisture content, size, and
availability. Common feedstocks include forestry residues,
sawmill waste, logging slash, and dedicated energy crops like
willow or poplar.68–70

Collection and transportation: harvest or collect the wood
feedstock from forests, logging sites, or other sources. Trans-
portation may involve chipping or grinding larger pieces of
wood to facilitate handling and reduce transportation costs.71,72

Size reduction: depending on the application, the wood
feedstock may need to be further processed to reduce its size.
This can involve chipping, grinding, or shredding the wood into
smaller pieces or particles. Smaller particle sizes increase the
surface area and improve the efficiency of subsequent pro-
cessing steps.73

Drying: wood feedstock typically contains a signicant
amount of moisture, which can reduce the energy content and
efficiency of biomass conversion processes. Drying the wood to
Fig. 4 Wood as a biomass source and its form.

5266 | Nanoscale Adv., 2024, 6, 5258–5284
reduce moisture content is oen necessary. This can be done
using various methods such as air drying, kiln drying, or
mechanical drying.74

Palettization or briquetting: if the biomass is intended for
use in pellet stoves, boilers, or briquette presses, it may need to
be further processed into densied forms such as wood pellets
or briquettes. This involves compressing the dried wood parti-
cles under high pressure to form dense, uniform products with
standardized shapes and sizes.75

Chemical treatment: in some cases, wood biomass may be
subjected to chemical treatment to enhance its properties or
improve its suitability for specic applications. For example,
torrefaction or hydrothermal carbonization can be used to
increase the energy density and stability of biomass.76,77

By following these steps and considering specic require-
ments and constraints, wood biomass can be effectively
prepared for various applications, including energy generation,
biofuel production, and agricultural uses (Fig. 4).
Preparation of biomass from rice husk

The preparation of biomass from rice husk typically involves
several steps to convert the raw husk into a usable form for
various applications. Here's a general outline of the process:

Collection and storage: rice husk is collected from rice mills
where it is produced as a byproduct of the rice milling process.
It's important to properly store the husk to prevent contami-
nation and maintain its quality.78

Cleaning and drying: the collected rice husk may contain
impurities such as dust, dirt, and small debris. It is usually
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cleaned to remove these impurities. Aer cleaning, the husk is
dried to reduce its moisture content. Drying can be done using
natural sunlight or mechanical drying methods.79

Size reduction: rice husk is oen too large in size for certain
applications, so it's shredded or ground into smaller particles.
This process facilitates handling and improves the efficiency of
subsequent processing steps.

Pyrolysis or gasication: one commonmethod for converting
rice husk into biomass is through pyrolysis or gasication. In
pyrolysis, the husk is heated in the absence of oxygen to break it
down into biochar, bio-oil, chemicals and syngas.80 Gasication
involves partially oxidizing the husk at high temperatures to
produce syngas, which can be used as a fuel.81 These processes
require specialized equipment and controlled conditions.

Fundamental principles behind various
plasmonic nanomaterials

Photocatalytic nanomaterials have garnered signicant atten-
tion due to their ability to harness solar energy and drive
chemical reactions, particularly in environmental remediation
and energy conversion applications.82 The fundamental princi-
ples of these materials lie in their unique structural and
chemical properties that enable them to absorb light and
promote catalytic reactions. Here are some key fundamental
principles of various photocatalytic nanomaterials:

Bandgap energy: photocatalytic nanomaterials typically have
semiconductor properties, meaning they have a bandgap that
determines their ability to absorb light. The bandgap energy
determines which wavelengths of light the material can absorb,
Fig. 5 Nanophotocatalyst band gap energy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and thus its photocatalytic activity. Materials with bandgaps
matching the solar spectrum (visible light) are desirable for
efficient photocatalysis as shown in Fig. 5.83,84

Charge carrier generation and separation: when a photo-
catalytic nanomaterial absorbs light, it generates electron–hole
pairs (excitons).85 Efficient charge carrier generation and sepa-
ration are crucial for preventing their recombination, which can
reduce photocatalytic efficiency.86 Nanomaterials with suitable
energy levels and structural features facilitate rapid charge
separation, typically through the creation of heterojunctions or
by incorporating co-catalysts.87

Surface reactivity: the surface of photocatalytic nano-
materials plays a vital role in catalyzing chemical reactions.
Active sites on the surface where reactants can adsorb and
undergo reactions are essential for efficient photocatalysis.
Nanomaterials with high surface area-to-volume ratios, such as
nanoparticles and nanowires, provide more active sites (Fig. 6),
leading to enhanced catalytic activity.29,88

Redox properties: photocatalytic reactions involve redox
processes, where electron transfer occurs between the photo-
catalyst and reactants. The redox properties of the nano-
material, including the energy levels of its valence and
conduction bands, determine its ability to facilitate these elec-
tron transfer reactions.89 Tailoring the composition and surface
chemistry of nanomaterials can modify their redox properties to
enhance photocatalytic performance.90,91

Stability and durability: photocatalytic nanomaterials must
maintain their structural and chemical integrity under pro-
longed exposure to light and reactive species. Materials with
high stability and durability exhibit long-term photocatalytic
Nanoscale Adv., 2024, 6, 5258–5284 | 5267
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Fig. 6 Surface functionalization of nano-photocatalysts with –COOH, NH2, and OH groups to enhance their reactivity.
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activity without undergoing degradation or structural changes.
Engineering nanomaterials with suitable surface coatings or
doping strategies can improve their stability and durability.29,92

Reactivity towards target molecules: the specic photo-
catalytic activity of nanomaterials depends on their reactivity
towards target molecules involved in the desired chemical
transformations. Tailoring the composition, morphology, and
surface functionalization of nanomaterials can enhance their
selectivity towards specic reactants or pollutants, enabling
targeted photocatalytic applications.93,94 By understanding and
optimizing these fundamental principles, researchers can
design and develop photocatalytic nanomaterials with
improved performance for various applications, including
pollutant degradation, water splitting for hydrogen production,
and carbon dioxide reduction.94,95 Continued advancements in
nanomaterial synthesis and characterization techniques are
driving the exploration of new materials and the renement of
existing ones for more efficient photocatalysis (Fig. 7).
Synthesis of plasmonic nanomaterials
Au/TiO2 plasmonic NPs

Gold (Au) nanoparticles blended with titanium dioxide (TiO2)
represent a nanophotocatalyst system with remarkable proper-
ties. Au/TiO2 nanophotocatalysts leverage the unique charac-
teristics of both materials, offering enhanced photocatalytic
activity for various applications. Due to the wide band gap
energy of TiO2, it was considered a poor photocatalyst. However,
5268 | Nanoscale Adv., 2024, 6, 5258–5284
by blending TiO2 with Au nanoparticles, the band gap energy
can be decreased. Kholikov et al., 2021, reported that the
hydrothermal synthesis method successfully produced high
photocatalytic activity anatase TiO2, with modied Au nano-
particles facilitating enhanced degradation of 2,4-dichlor-
ophenol.96 Their research conrms the excellent visible light
photo-activity of the Au/TiO2 nanocomposite, which is attrib-
uted to Au's surface plasmon resonance (SPR) modication and
catalytic function, which extends visible light response and
facilitates electron transfer from SPR Au to TiO2.97 Adjusting the
photogenerated electrons on TiO2-based nano-photocatalysts
effectively enhances charge separation, providing a compre-
hensive strategy for highly efficient photocatalytic degradation
of pollutants. Veziroglu et al., 2020, demonstrated that a highly
active TiO2 substrate enables precise deposition of Au nano-
clusters (NCs), with solvent type and illumination time being
crucial for achieving optimal surface coverage on TiO2,
impacting photocatalytic efficacy.98 Balancing electron storage
capacity and optical absorption via controlled surface coverage
of Au NCs on TiO2 is essential for enhanced performance. For
instance, low surface coverage of Au NCs signicantly boosts
TiO2 optical absorption at UV wavelengths, improving photo-
catalytic activity. This straightforward method offers a pathway
for the simple fabrication of Au–TiO2-based catalytic and sensor
devices (Fig. 8).

Deposition–precipitation method. TiO2 nanoparticles were
synthesized via the sol–gel method by mixing Ti(OBu)4 and
ethanol, and then this mixture was added dropwise into
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Properties of photocatalytic nanomaterials.
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a solution containing ethanol, deionized water (D. I.), and
HNO3. Aer heating and cooling, the resulting precipitates were
washed with D. I. water and ethanol, and then dried and
calcined.96 Gold (Au) deposition on the TiO2 nanoparticles was
achieved using a deposition–precipitation method with
HAuCl4$4H2O. The pH of the solution was neutralized with
NaOH, followed by washing and calcination of the products
(Fig. 9).
Fig. 8 Au doped TiO2 nano-photocatalyst. Adapted from Copyright JCC

© 2024 The Author(s). Published by the Royal Society of Chemistry
Sonochemical reduction method. According to Gupta et al.,
2016, the sonochemical reduction method, conducted in an
ultrasonication bath, offers the advantage of avoiding post-
synthesis treatments such as washing and drying.99 Mizukoshi
et al. (2006) demonstrated that this method facilitates the
deposition of metal nanoparticles onto support materials.100

During sonolysis, organic species break down into smaller
S, Wiley 2021.96
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Fig. 9 Deposition–precipitation method for the synthesis of metal-doped TiO2 nanomaterials.
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fragments, acting as initiators for the reduction of metal salts.
Mizukoshi et al. (2006) successfully immobilized various metal
nanoparticles on TiO2 surfaces using the sonochemical method
(Fig. 10) in the presence of polyethylene glycol monostearate
and with a brief application of input power.100

Impregnation method. The Au–TiO2 nanoparticles were
synthesized using the conventional incipient impregnation
method. TiO2 was placed in a round-bottom ask and exposed
to a solution of dissolved HAuCl4, with vigorous agitation for 30
minutes, followed by solvent stirring using a rotary evapo-
rator.101 Aer drying, the sample was subjected to heating at an
ideal temperature for several hours, followed by a reduction
heat treatment in a hydrogen environment. The temperature
was gradually increased at a rate of 2 °C per minute until it
reached 350 °C, where it was held for several minutes. Varia-
tions in pH (alkaline, neutral, and acidic) were tested, and the
prepared samples were characterized to assess their different
properties102 (ESI Fig. S1†).

Sol–gel method. The sol–gel approach entails the hydrolysis
and condensation of metal alkoxides, such as titanium iso-
propoxide, to form a sol that contains TiO2 precursors (titanium
chloride or titanium isopropoxide). Gold precursors (auric
chloride) can be introduced into the sol either by direct addition
or by impregnating the TiO2 sol with a solution of the gold
precursor. The resulting mixture is then subjected to gelation
and further processing, such as drying and calcination, to
obtain the Au/TiO2 composite material103 (ESI Fig. S2†).

Hydrothermal/solvothermal method. This method involves
the synthesis of Au/TiO2 nanocomposites under high pressure
5270 | Nanoscale Adv., 2024, 6, 5258–5284
and high-temperature conditions in an aqueous or organic
solvent.104 Typically, TiO2 precursors and gold precursors are
mixed in a suitable solvent and sealed in a reactor, followed by
heating at elevated temperatures for certain duration. This
results in the formation of AuNPs anchored onto the TiO2

surface.105

Photodeposition method. In this method, TiO2 nano-
particles are dispersed in an aqueous solution containing a gold
precursor. The suspension is then irradiated with UV light,
which triggers the reduction of the gold precursor and deposi-
tion of AuNPs onto the TiO2 surface due to the photoinduced
electron transfer process.106
Ag/TiO2 plasmonic NPs

tAg/TiO2 nanophotocatalysts consist of silver (Ag) nano-
particles supported on titanium dioxide (TiO2) nano-
structures. These nanocomposites exhibit enhanced
photocatalytic activity and possess unique properties due to
the synergistic effects between Ag and TiO2. The combination
of Ag nanoparticles with TiO2 nanostructures enhances the
photocatalytic activity of TiO2, especially in the visible light
region.107 Ag nanoparticles act as plasmonic sensitizers,
promoting visible light absorption and facilitating the gener-
ation of electron–hole pairs, which are crucial for photo-
catalytic reactions.108 Ag nanoparticles exhibit surface
plasmon resonance (SPR) properties, leading to enhanced
light absorption and localized electromagnetic elds around
the nanoparticles.109 This SPR effect extends the absorption
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Flow chart for the preparation of metal-doped TiO2 plasmonic nanoparticles via the sonochemical method.
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spectrum of TiO2 into the visible region, thereby improving its
photocatalytic efficiency.110 Ag/TiO2 nanophotocatalysts
exhibit antibacterial traits attributed to the emission of silver
ions (Ag+) and the production of reactive oxygen species (ROS)
under light exposure.111 They are utilized for disinfection
purposes in water treatment, air purication, and medical
applications, effectively inhibiting the growth of bacteria and
other pathogens.107 Ag/TiO2 nanophotocatalysts are employed
for the photocatalytic degradation of organic pollutants in
water and air and pharmaceuticals. The synergistic effects
between Ag nanoparticles and TiO2 nanostructures lead to the
efficient generation of ROS, which degrade organic contami-
nants into harmless by-products under light irradiation.112 To
produce H2 fuel these nanophotocatalysts are utilized for
photocatalytic water splitting. Ag nanoparticles promote the
reduction of water molecules into H2 gas, while TiO2 facilitates
water oxidation, leading to efficient H2 generation under light
irradiation.113 Ag/TiO2 nanophotocatalysts are used for envi-
ronmental remediation due to their high photocatalytic
activity, making them effective in treating various environ-
mental pollutants.114 Overall, Ag/TiO2 nanophotocatalysts
offer versatile solutions for environmental remediation,
energy conversion, and healthcare applications. Their unique
properties and enhanced photocatalytic activity make them
promising candidates for addressing various challenges in
pollution control, renewable energy generation, and public
health.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Chemical reduction method. This technique, akin to
creating Au/TiO2 nanophotocatalysts, involves reducing silver
ions onto the surface of TiO2 nanoparticles. A solution con-
taining TiO2 nanoparticles is combined with a silver precursor
solution (e.g., silver nitrate, AgNO3). Then, a reducing agent
such as sodium borohydride (NaBH4), sodium citrate, or
ethylene glycol is introduced to facilitate the reduction of silver
ions into AgNPs on the TiO2 surface.115

Photodeposition method. In this approach, TiO2 nano-
particles are dispersed in a solution containing a silver
precursor. The mixture is then exposed to UV light, triggering
the reduction of the silver precursor and deposition of AgNPs
onto the TiO2 surface through the photoinduced electron
transfer process (ESI Fig. S2†).116

Sol–gel method. This method initiates with the hydrolysis
and condensation of titanium alkoxides, leading to the forma-
tion of a TiO2 sol. Silver precursors can be integrated into the sol
either directly or by saturating the TiO2 sol with a silver
precursor solution. The resulting blend undergoes gelation and
subsequent processing, including drying and calcination, to
yield the Ag/TiO2 composite material117 (ESI Fig. S3†).

Hydrothermal/solvothermal method. Performed under
elevated temperature and pressure conditions in either an
aqueous or organic solvent environment, this method involves
mixing TiO2 precursors with silver precursors to synthesize Ag/
TiO2 nanocomposites. This process facilitates the controlled
growth of AgNPs on the TiO2 surface, resulting in a well-dened
structure and enhanced photocatalytic activity.117
Nanoscale Adv., 2024, 6, 5258–5284 | 5271
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Table 2 Au and Ag distribution of different catalysts130

S. no. Photocatalyst

Au species (%) Ag species (%)

Au0 Aud+ Au0/Aud+ Ag0 Ag+

1 Ag/TiO2 — — — 66.5 33.5
2 Au/TiO2 87.4 12.6 6.93 — —
3 Ag1–Au1/TiO2 81.8 18.2 4.49 62.0 38.0
4 Ag1–Au2/TiO2 79.4 20.6 3.85 62.8 37.2
5 Ag1–Au4/TiO2 78.8 21.2 3.82 60.7 39.3
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Cu/TiO2 plasmonic NPs

Cu/TiO2 nanophotocatalysts consist of copper (Cu) nanoparticles
doped into titanium dioxide (TiO2) nanostructures. These nano-
composites offer unique properties and nd applications in
various elds due to their enhanced photocatalytic activity and
synergistic effects. Cu/TiO2 nanophotocatalysts are extensively
used for the photocatalytic degradation of organic pollutants in
water and air, including pharmaceuticals, dyes and other harm-
ful pollutants.118–120 The presence of Cu nanoparticles enhances
visible light absorption and promotes the generation of reactive
oxygen species (ROS), such as superoxide radicals and hydroxyl
radicals, which effectively degrade organic contaminants.121 Cu/
TiO2 nanophotocatalysts are employed in photocatalytic water
splitting to produce hydrogen (H2) fuel. Under light irradiation,
TiO2 facilitates water oxidation while Cu nanoparticles act as co-
catalysts for the hydrogen evolution reaction, leading to efficient
H2 generation.122 These nanophotocatalysts are utilized for the
reduction of carbon dioxide (CO2) into value-added chemicals
and fuels.123,124 Cu nanoparticles serve as active sites for CO2

adsorption and subsequent conversion into carbon monoxide
(CO) or hydrocarbons under light irradiation, contributing to
carbon capture and utilization strategies. Cu/TiO2 nano-
photocatalysts exhibit antibacterial properties due to the gener-
ation of ROS upon light irradiation. They are employed for
disinfection purposes in water treatment, air purication, and
medical applications, effectively killing bacteria and other path-
ogens.125 Cu/TiO2 nanophotocatalysts are integrated into photo-
voltaic devices or solar cells to enhance light absorption and
improve energy conversion efficiency.126 The synergistic effects
between Cu nanoparticles and TiO2 nanostructures enable effi-
cient utilization of solar energy for various applications. However,
Cu/TiO2 nanophotocatalysts offer promising solutions for envi-
ronmental remediation, energy conversion, and healthcare
applications. Further research is ongoing to optimize their
properties, enhance their stability, and explore new avenues for
their utilization in emerging technologies.

Sol-immobilisation method. Nie et al. (2018) fabricated Cu–
TiO2 nanophotocatalysts by depositing copper onto TiO2

(specically, Evonik Aeroxide P25, comprising 80% anatase and
20% rutile phases) using a conventional sol immobilization
method. Initially, an aqueous solution of polyvinyl alcohol was
combined with Cu(NO3)2$3H2O, followed by the gradual addi-
tion of a freshly prepared NaBH4 solution, leading to a color
change indicating the formation of copper nanoparticles.127

Subsequently, the TiO2 support was added, and the mixture was
stirred for 12 hours at 25 °C. Experiments were conducted in
both ambient air and under an argon atmosphere. Samples
were subjected to centrifugation, washed with distilled water,
and then dried. These prepared samples were then utilized for
subsequent catalytic and spectroscopic analyses.

Photodeposition method. Cu–TiO2 photocatalysts were also
synthesized using the photodeposition technique, where TiO2

was combined with methanol and Ar was purged through
suspension to eliminate residual O2 from the reactor. Following
this, illumination was initiated by using a Xe-lamp (Muller) for
pre-reduction. Once the suspension's color changed to blue,
5272 | Nanoscale Adv., 2024, 6, 5258–5284
indicating the presence of titanium ions, an aqueous solution of
Cu(NO3)2$3H2O was added dropwise and the mixture was then
stirred at room temperature under an argon atmosphere. The
resulting samples were subjected to centrifugation, washed and
subsequently dried. The prepared samples were then employed
for catalytic and characterization analyses.127

Sol–gel method. Nankya et al., 2016, synthesized Cu–TiO2

nanoparticles through the sol–gel approach. They used titanium
oxysulfate as the TiO2 precursor and copper trihydrate nitrate for
doping. The procedure was conducted under normal atmo-
spheric conditions. Firstly, the salts were dissolved in distilled
water.128 To maintain the pH, ammonium hydroxide was added.
Aerwards, the solution was vigorously stirred and then aged for
a certain period of time. Thereaer, the solution was ltered &
dried, followed by calcination at 400–600 °C for few hours.
Pt/TiO2 plasmonic NPs

Pt/TiO2 nanophotocatalysts consist of platinum (Pt) nano-
particles supported on titanium dioxide (TiO2) nanostructures.
These nanocomposites exhibit enhanced photocatalytic activity
and possess unique properties due to the synergistic effects
between Pt and TiO2. Pt/TiO2 nanophotocatalysts exhibit high
photocatalytic activity, particularly in the degradation of
organic pollutants and the production of hydrogen (H2) through
water splitting. Pt nanoparticles act as co-catalysts, promoting
charge separation and transfer at the TiO2 surface and leading
to enhanced electron–hole pair separation and reduced
recombination rates, thereby enhancing the overall efficiency of
photocatalytic reactions.129 The presence of Pt nanoparticles on
TiO2 extends the absorption spectrum into the visible light
region, allowing for enhanced utilization of solar energy in
photocatalytic reactions.130 Pt/TiO2 nanophotocatalysts nd
diverse applications in environmental remediation, including
the degradation of organic pollutants,131 photocatalytic disin-
fection, and air purication.132 Additionally, they are utilized in
the synthesis of value-added chemicals from renewable feed-
stocks.133 Overall, Pt/TiO2 nanophotocatalysts offer promising
solutions for addressing various challenges related to environ-
mental pollution, renewable energy generation, and sustainable
chemistry. Their unique properties and high photocatalytic
activity make them valuable materials for a wide range of
applications aimed at promoting environmental sustainability
and advancing clean energy technologies (Table 2).

Spray pyrolysis method. The preparation of Pt–TiO2 plas-
monic nanoparticles was carried out in a ame spray pyrolysis
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactor. Titanium and platinum precursors are dissolved in
suitable solvents to form precursor solutions. These solutions
typically contain titanium alkoxides (e.g., titanium isoprop-
oxide) and platinum salts (e.g., platinum acetylacetonate). The
precursor solutions are then atomized and introduced into
a high-temperature ame using a carrier gas, such as oxygen or
nitrogen. The ame serves as a reaction medium where the
precursors undergo pyrolysis, subsequently leading to nano-
particle formation. The high temperatures in the ame lead to
the decomposition and oxidation of the precursor compounds,
resulting in the formation of Pt–TiO2 nanoparticles.134

Sol–gel method. Titanium and platinum precursors are dis-
solved in solvents to create precursor solutions, typically con-
taining titanium alkoxides like titanium isopropoxide and
platinum salts such as chloroplatinic acid. Mixing these solutions
initiates the sol–gel reaction, where hydrolysis of metal alkoxides
forms metal hydroxides, followed by condensation reactions
leading to the formation of a three-dimensional network struc-
ture. Controlled nucleation and growth within the gel matrix
result in the formation of Pt–TiO2 nanoparticles. Additional steps,
like using a reducing agent or heat treatment, can aid in reducing
metal ions to form metallic nanoparticles like Pt within the TiO2

matrix. Gelation of the sol occurs gradually, converting it from
liquid to solid, either spontaneously through polycondensation or
by adjusting pH or temperature. Aging the gel further consoli-
dates the nanoparticle structure and removes solvent molecules.
Drying the aged gel removes the remaining solvent, forming
a porous solid material. Calcination at high temperatures
enhances crystallinity, eliminates organic residues, and induces
desired phase transformations in Pt–TiO2 nanoparticles.135

Electron beam irradiation. The synthesis of Pt–TiO2 nano-
particles by electron beam irradiation involves exposing
a mixture of titanium dioxide (TiO2) and platinum (Pt) precur-
sors to an electron beam. This high-energy beam induces
chemical reactions that result in the formation of Pt–TiO2

nanoparticles. The process allows for precise control over
nanoparticle size, composition, and distribution, offering
advantages such as uniformity and reproducibility. Addition-
ally, electron beam irradiation enables rapid synthesis at rela-
tively low temperatures without the need for additional
reducing agents or complex reaction conditions.136

One-pot synthesis method. The one-pot synthesis method for
Pt–TiO2 nanoparticles involves combining titanium III chloride
(TiCl3) and platinum (platinic acid) precursors in a single reaction
vessel. Through controlled chemical reactions occurring simulta-
neously in this single system, Pt–TiO2 nanoparticles are formed.137

This approach offers simplicity, efficiency, and the potential for
precise control over nanoparticle properties, making it a versatile
and convenient method for synthesizing Pt–TiO2 nanoparticles
with tailored characteristics for various applications.137
Bimetal-doped TiO2 plasmonic NPs

Bimetal-doped TiO2 nanophotocatalysts incorporate two
different metal dopants into the titanium dioxide nano-
structure, enhancing photocatalytic activity and properties.138

This doping improves charge separation, broadens light
© 2024 The Author(s). Published by the Royal Society of Chemistry
absorption, and boosts the generation of reactive oxygen
species, leading to more efficient pollutant degradation and
hydrogen production.139 Tunable bandgaps enable the absorp-
tion of a wider light spectrum, enhancing performance under
UV and visible light.140 Enhanced stability prolongs catalytic
activity, while synergistic effects between dopants enhance
performance via improved charge separation and reaction
kinetics (Huang et al., 2019).141 Examples include Ag–Au/TiO2,
Pt–Ni/TiO2, Fe–Cu/TiO2 and Co–Ni/TiO2 for pollutant degrada-
tion, hydrogen production, CO2 reduction, pharmaceuticals
degradation, and heavy metal removal. Various combinations
cater to diverse environmental, energy, and healthcare appli-
cations, each offering unique benets.142–144

According to Melvin et al., 2015, the Pt–Au/TiO2 nano-
composite, synthesized through a selective strategy, demon-
strates enhanced hydrogen production without sacricial
agents.145 Combining Au and Pt exploits their dual properties
for plasmonic absorption and electron trapping, resulting in
strong electronic interaction as conrmed by various analyses.
The nanocomposite exhibits visible light activity and higher H2

yield using pure water, paving the way for photocatalytic
hydrogen production solely using natural resources. Rahul et al.
(2018) found that incorporating Au–Pt bimetallic nanoparticles
along with Ti3+ doping within the TiO2 nanophotocatalyst leads
to outstanding solar photocatalytic performance.146 The result-
ing Au–Pt/Ti3+ nanocomposite TiO2 catalyst exhibits a notably
increased rate of hydrogen evolution. Furthermore, the
conversion of this catalyst into a titania inverse opal photo-
catalyst (Au–Pt/Ti3+–TiO2) through colloidal photonic crystal
(CPC) inltration amplies its solar hydrogen evolution capa-
bilities, positioning it as a promising candidate for solar water
splitting applications (ESI Fig. S4†).

One-pot photo-deposition method. Melvin et al. (2015)
synthesized the bimetal (Au and Pt)-doped TiO2 nanocomposite,
involving several steps.145 Initially, TiO2 was dispersed in
a mixture of water and solvents such as ethanol and methanol
under continuous and vigorous stirring, followed by purging with
argon gas. Auric chloride was then introduced into the mixture
and themixture was exposed to UV light for a specic duration.145

Subsequently, a platinum-based salt was added, and the reaction
mixture was subjected to prolonged UV exposure. Aer the
photodeposition of the metal nanoclusters, the materials were
washed with double-distilled water via centrifugation and were
subsequently heated in an oven at an optimal temperature for
a certain period to eliminate residual metal ions and methanol.
Following these steps, the samples were tested for hydrogen
production and underwent characterization.

Co-precipitation method. Ovcharov et al. (2020) prepared
a solution containing a titanium precursor, such as titanium
isopropoxide (TTIP), Ti(OBu)4, or titanium chloride and two
different metal precursors, such as silver nitrate (AgNO3) and
copper nitrate (Cu(NO3)2).147 Then, the molar ratio of the metal
precursors can be adjusted to achieve the desired doping
concentration. Thereaer, a suitable solvent, such as ethanol or
water is added to the solution while stirring the solution at
room temperature or with mild heating to ensure homogeneity.
Then, the pH of the solution is adjusted using a base, such as
Nanoscale Adv., 2024, 6, 5258–5284 | 5273

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00447g


Table 3 HMF conversion, product, yield and selectivity under visible light over different catalysts151

S. no. Photocatalyst HMF concentration (%) Product Yield (%) Product selectivity (%)

1 Ag1–Au1/TiO2 29.4 FDCA 26.6 90.5
2 Ag1–Au2/TiO2 42.6 FDCA 41.8 98.1
3 Ag1–Au4/TiO2 33.4 FCCA 31.6 94.6
4 Au/TiO2 19.8 FDCA 16.9 85.4
5 Ag/TiO2 5.2 HMFCA 4.6 88.5
6 Au/TiO2 & Ag/TiO2 mixture 23.8 FDCA 21.4 89.9
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ammonium hydroxide (NH4OH), to induce precipitation of
metal-doped TiO2 nanoparticles. With continuous stirring and
aging, the solution allows for complete precipitation and
formation of the doped TiO2 nanoparticles (Sharma et al.,
2013).148 Optionally, additional treatments such as calcination or
hydrothermal treatment are performed to enhance crystallinity
and photocatalytic activity. Finally, the bimetallic-doped TiO2

nanoparticles are collected through centrifugation or ltration,
and dried under vacuum or mild heating. This co-precipitation
method allows for the simultaneous incorporation of two
different metal dopants (Ag–Au, Cu–Ni, Pt–Au, Pt–Ni, etc.) into
TiO2 nanoparticles, resulting in bimetal-doped TiO2 nano-
photocatalysts with enhanced photocatalytic properties
compared to pure TiO2 (Sandoval et al., 2013 & Sharma et al.,
2019).149,150 The choice of metal dopants and their concentrations
can be adjusted to optimize photocatalytic performance for
specic applications.

Additionally, other synthesis methods such as sol–gel,
hydrothermal (Tables 3 and 4), or impregnation methods can
Table 4 Plasmonic nanoparticles their synthesis and applications

Plasmonic
nanoparticles Synthesis method Applications

Au/TiO2 Deposition–precipitation Dye-degradation, pollu
degradation,
hydrogen production,

Sonochemical
Impregnation
Sol–gel
Hydrothermal/
solvothermal
Photodeposition

Ag/TiO2 Chemical reduction Dye-degradation, pollu
degradation,
hydrogen production,

Sol–gel
Photodeposition
Hydrothermal/
solvothermal

Bimetallic doped TiO2 One-pot deposition CO2 reduction, pharm
environmental remedi
production

Co-precipitation
Sol–gel
Impregnation
Hydrothermal

Cu/TiO2 Sol–gel Heavy metal degradati
hydrogen production,Sol-immobilization

Photodeposition
Pt/TiO2 Spray pyrolysis Dye-degradation, pollu

degradation,
hydrogen production,

Sol–gel
Electron beam irradiation
One-pot

5274 | Nanoscale Adv., 2024, 6, 5258–5284
also be adopted to incorporate bimetallic dopants into TiO2

nanoparticles.151,152

Applications of plasmonic
nanomaterials in biomass-to-chemical
and fuel conversion

Initially, the wood biomass undergoes pre-treatment followed by
size reduction (where wood can convert into sawdust, pellets, etc.),
and then treatedwith liquid hot water, dilute acid, steamexplosion,
and other solvents to remove dirt and impurities.153 Plasmonic
nanomaterials can be employed in biomass pretreatment processes
to enhance the accessibility of cellulose and hemicellulose
components. Through localized heating induced by plasmonic
effects, these nanomaterials can promote the breakdown of lignin
structures and improve the efficiency of subsequent enzymatic
hydrolysis or chemical conversion processes.154 Lignocellulosic
biomass (cellulose, hemicellulose and lignin) can be obtained by
acid hydrolysis, enzymatic hydrolysis, pyrolysis and gasication.151
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Applications of plasmonic
photocatalysts in biomass conversion

The photocatalytic transformation of biomass into high-value
chemicals and fuels stands out as one of the most dynamic
elds in both scientic research and industry, driving sustain-
able development. From a chemical perspective, achieving the
targeted production of desired products hinges on skillfully
managing the interaction between radical oxidation species
(activated by reactive oxygen species, ROS) and radical interme-
diates derived from the biomass substrate. Overcoming various
technological challenges is essential for the practical application
of these processes. This study aims to explore recent mechanistic
strategies, focusing on optimizing ROS behaviour and designing
materials/systems to enable selective biomass conversion.

The transformation of biomass into valuable compounds
necessitates efficient methods capable of selectively breaking
down biomass bonds or facilitating controlled upgrading of
biomass-derived materials.155 Within the realm of lignocellulose
bioreneries, various processes such as alkaline or acid
pretreatments, ozonolysis, hot water wet oxidation, and oxidative/
reductive techniques are employed to separate lignin and poly-
saccharides.156,157 This separation generates different product
streams, with lignin serving as a signicant source of aromatic
compounds, driving extensive research into its valorization.158,159

The selective oxidation of C]O and C–O bonds in lignin holds
potential for producing valuable platform chemicals like
benzene, toluene, xylene (BTX), as well as various phenolic
monomers such as catechol, guaiacol, vanillin, syringaldehyde,
and numerous acids.160 Additionally, the oxidation of poly-
saccharides can yield diverse downstream products, such as 5-
hydroxymethylfurfural (HMF), which can further be transformed
into 2,5-furandicarboxylic acid (FDCA). HMF serves as a pivotal
platform chemical with the potential for upgrading into various
chemicals and fuels.161 The conversion of lignocellulosic biomass
(LCB) into valuable chemicals and fuels has been accomplished
using biochemical, thermochemical, or microbial approaches,
each presenting its advantages and drawbacks. Among these,
thermocatalytic conversion stands out as a prominentmethod for
LCB transformation.162,163 Utilization of high reaction tempera-
tures and pressures in this process oen leads to the formation of
unfunctionalized aromatics, alcohols, or alkanes.164 Conversely,
pyrolysis/gasication of LCB oen yields syngas (CO and H2) and
causes extensive bond cleavage, resulting in simplied aromatics
and lower-value chemicals due to the removal of key functional
groups frommonomers.165 These de-functionalized productsmay
necessitate additional re-functionalization to obtain high-value
chemicals, making the process atom-inefficient and energy-
intensive. Given these challenges, recent focus in biomass
research has shied towards developing milder conversion
strategies that can fully utilize biomass fractions (such as lignin
and polysaccharides) to produce chemicals and fuels. Hydrogen
is being explored as a clean and potentially renewable alternative
to fossil fuels, leading to the investigation of photocatalysis as an
eco-friendly LCB conversion route.166–168 This approach is oen
referred to as “so/mild radical oxidation” and is emerging as
© 2024 The Author(s). Published by the Royal Society of Chemistry
a promising method for converting biomass while minimizing
environmental impact.169,170
Biomass conversion followed by
reduction of HMF and furfural

Photocatalytic conversion of biomass components, hydrolysis
of polysaccharides, and partial oxidation of biomass derivatives
are key areas of focus, with potential applications in real-world
settings.171 The conversion of polysaccharides through photo-
catalysis has led to the production of various valuable products.
Initially, the process involves the hydrolysis of b-1,4 glycosidic
bonds within polysaccharides, breaking them down into
monosaccharides or their intermediates (Fig. 11), which are
then further oxidized to produce hydrogen (H2).172 However, the
use of water as a solvent for biomass-to-H2 conversion is
considered to be a challenging process because of strict pH
requirements. A recent breakthrough introduced a one-pot
strategy for the direct photo-reforming of cellulose, which is
an innovative approach involving the use of sulphuric acid for
cellulose hydrolysis at elevated temperatures over a platinized
TiO2 photocatalyst under UV conditions.173

The simultaneous generation of electron donors facilitated
biomass conversion to glucose, with these products also acting as
electron donors with low oxidative power. To enhance the
conversion of polysaccharides to essential monosaccharides and
their derivatives, researchers have ne-tuned photocatalysts to
induce a plasmonic thermal effect, boosting the hydrolysis
process.172 This advancement could streamline biomass conver-
sion by eliminating separate pretreatment, hydrolysis, and chem-
ical conversion steps. Under visible light conditions, signicant
cleavage of C–O–C b-1,4 glycosidic bonds in cellulose was achieved,
yielding glucose andHMF.174 A zeolite-based acid catalyst was used
along with Au-nanoparticles (AuNPs) as the plasmonic photo-
thermal catalyst, achieving notable yields at elevated temperatures
over 16 hours. Themechanism involved localized surface plasmon
resonance (LSPR) inducing acid proton formation, which facili-
tated glycosidic bond cleavage and subsequent glucose and HMF
production. These advancements demonstrate the potential of
photocatalysis in efficient biomass conversion, offering a pathway
towards sustainable production of valuable chemicals and
hydrogen. Continued research and optimization of photocatalytic
processes will be instrumental in realizing the full potential of
biomass-to-chemical conversion technologies (Fig. 12).174
Plasmonic photocatalysts used for
biomass to H2 energy conversion

Photo-assisted water splitting for hydrogen production faces
challenges such as low yields, expensive noble metal catalysts (Pt,
Ir, Pd, and Ru), slow kinetics, and the need for hole scavengers.175

Biomass, including sugars and lignocellulose, has been explored
as hole scavengers to improve electron transfer for hydrogen
generation, offering an alternative to fossil fuels.176 Polysaccharide-
based biomass conversion, utilizing glucose and xylose as hole
scavengers, has shown promise for energy production.176,177 For
Nanoscale Adv., 2024, 6, 5258–5284 | 5275
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Fig. 11 Mechanism behind photocatalytic oxidation of HMF to FDCA using the Ag–Au/TiO2 photocatalyst.

Fig. 12 Conversion of HMF to FDCA by photocatalytic oxidation.
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example, using pine wood hydrolyzed products with TiO2 yielded
signicant hydrogen (19.9 mL gsubstrate

−1), while glucose photo-
conversion to H2 over Ru-doped LaFeO3 resulted in high yields
(910 mmol h−1 gcat

−1).178 Non-noble catalysts have emerged for
simultaneous hydrogen and value-added chemical production,
showcasing a dual strategy without the need for external electron
donors.179 These advancements highlight the potential for
sustainable hydrogen production from biomass, signalling prog-
ress towards efficient and eco-friendly energy solutions.
5276 | Nanoscale Adv., 2024, 6, 5258–5284
Photocatalysts used for CO2

conversion to value-added products
and fuels
Plasmonic CO2 reduction via DFT calculations

Using plasmonic silver (Ag) nanoparticles, Kumari et al. (2008)
investigated the kinetics of visible light-driven CO2 reduction
with single nanoparticle spatial resolution.180 They employed in
situ surface-enhanced Raman spectroscopy (SERS) to observe
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the adsorption of carbon dioxide (CO2) and the subsequent
product formation, followed by Density Functional Theory
(DFT) calculations to understand the mechanisms behind
plasmonic activation leading to multi-electron reducing prod-
ucts and the reaction's selectivity.181 A 514.5 nm laser was
utilized in a gas-phase CO2 environment, with the counter half-
reaction involving the oxidation of water deposited as –OH on
the Ag surface under basic conditions. The study observed the
stochastic emergence and disappearance of Raman peaks,
which were attributed to various transitions and products
(Fig. 13). DFT modelling revealed that CO2 is physiosorbed on
Ag, with subsequent activation occurring either through inter-
band and intra-band reducing within Ag or through alter-
ations in the highest occupied molecular orbital-lowest unoc-
cupied molecular orbital (HOMO–LUMO) gap when CO2 is
physically absorbed on the Ag surface, leading to the formation
of CO2/Ag complexes (Fig. 14).182 This activation mechanism
involves energy transfer from localized surface plasmon reso-
nance (LSPR) damping to activate the CO2/Ag complex, result-
ing in electron transfer from Ag to CO2 and the generation of
separated charges at the CO2/Ag interface. The CO2c

− anion
radicals further interact with H+ from water oxidation to
generate intermediate species (HOCOc), which then transform
into various products. The use of in situ single-nanoparticle
SERS spectroscopy demonstrated the efficacy of detecting
surface species (HOCOc) during CO2 reduction, providing
valuable insights into plasmonic-mediated chemical processes
and offering potential improvements for process efficiency.180
Plasmon-assisted photothermal conversion for CO2 reduction

The temperature plays a critical role in chemical reactions,
inuencing their rate and efficiency. Plasmonic nanoparticles
Fig. 13 Raman spectra of various transitional compounds adsorbed on
(DFT). These compounds include: (A) CO2molecules physiosorbed on the
positively charged silver ions (Agd+), (D) HOCO* species, (E) HOCO* speci
in surface-bound CO* andOH* on the silver surface, (G) HCOOd− species
color scheme denotes silver (Ag), oxygen (O) in red, carbon (C) in grey,

© 2024 The Author(s). Published by the Royal Society of Chemistry
(NPs) can act as nanoheaters due to their ability to emit thermal
energy, thereby accelerating nearby chemical reactions without
the energy losses associated with traditional bulk heating
methods. Sastre et al. (2019) explored the photothermal acti-
vation of chemical bonds using rod-like Ru catalysts supported
on g-Al2O3 for CO2 methanation.183 They developed a catalyst by
impregnating RuO2 particles onto g-Al2O3, achieving CO2

reduction under sunlight at 150 °C using hydrogen gas, with
a conversion rate of about 55% to methane. The researchers
observed an increase in methane production over multiple
cycles, attributed to the reduction of RuO2 to metallic Ru in the
presence of H2 at 150 °C. To conrm this reduction, they pre-
reduced RuO2 with H2 at 250 °C, resulting in a catalyst that
produced 1.6 times more methane.175 Temperature monitoring
with a thermocouple revealed that illumination increased the
catalyst's temperature, impacting its kinetics. At low sunlight
intensity and temperatures exceeding 189 °C, photoactivity was
primarily due to heating effects, with similar activation energies
observed under dark and light conditions at the same temper-
ature. Non-thermal effects became signicant at high catalyst
temperatures, enhancing reaction rates under light compared
to dark conditions. CO2 reduction without external heating
producedmethane at a rate of 15.5 mmolCH4

gRu
−1 h−1, showing

the catalyst's efficiency in utilizing light for reactions. The rod-
shaped RuNPs exhibited stronger CO2 reduction capabilities
than their spherical counterparts, attributed to their broader
light absorption spectrum from different plasmon bands
compared to the dipole plasmon mode of spherical NPs.181 The
study highlights the importance of catalyst morphology and
optical properties in photothermal catalysis, with rod-shaped
RuNPs showing superior performance due to their enhanced
light absorption capabilities. These ndings contribute to
the surface of silver were calculated using Density Functional Theory
surface, (B) negatively charged CO2 (CO2

d−), (C) CO2
d− ions bonded to

es attached to the silver surface, (F) decomposition of HOCO* resulting
linked to Agd+, and (H) adsorption of HCOOHon the silver surface. The
and hydrogen (H) in white.181
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Fig. 14 The mechanism of photocatalytic CO2 reduction, derived from Density Functional Theory (DFT) calculations, is outlined as follows: (A)
examination of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) of the CO2/Ag complex; (B)
identification of potential reaction pathways.176
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a better understanding of how plasmonic NPs can efficiently
activate chemical reactions under light, paving the way for
sustainable and energy-efficient catalytic processes.183
Radical oxidation species: catalysts in
photocatalytic transformations

Rather than relying on traditional homogeneous stoichiometric
reductant/oxidant reagents, this heterogeneous photocatalytic
process activates molecular oxygen, thereby providing redox
capability to the medium. Consequently, it generates multiple
reactive oxygen species (ROS), predominantly on the surface of
the photocatalyst. Photocatalytic processes start with the light
stimulation of the photocatalyst through exposure to light with
an energy level comparable to or higher than the semiconductor
photocatalyst's band gap, generating positive holes and elec-
trons in the conduction and valence bands. Nevertheless,
photoexcitation is not only consideration in photocatalytic
systems but the rate of e−1/h+ separation as well as the energy
levels of the valence band (VB) and conduction band (CB) must
be considered while evaluating the potential for ROS produc-
tion by O2 and H2O.184 Photocatalytic redox processes for the
oxidation or destruction of molecules in a medium depends on
thermodynamic parameters.185 For oxidation in a chemical
medium, the energy level of the photocatalyst's valence band
must be higher than that of the substrate, whereas, to achieve
reduction, the energy level of the conduction band should
exceed the potential of the substance that is being reduced. In
photocatalytic ROS formation, the type and yield of produced
ROS are determined by the photocatalyst used under the spec-
ied conditions.186. Overall, the generation of ROS under
different photocatalytic processes, include superoxide, conven-
tional gas electrode, SHE, and one singlet oxygen.187 The
transformation of LCB to high-value compounds by
5278 | Nanoscale Adv., 2024, 6, 5258–5284
photogenerated reactive oxygen species is extremely complex
and difficult. There is currently no solid data about the type of
ROS required for selective LCB oxidation, and further experi-
mental studies are needed to optimize the oxidative conditions
to increase the yield of value-added compounds. Some research
studies suggested that mildly oxidizing O2

−c might be more
suitable for the photo-conversion of LCB than highly oxidizing
HO.187 However, the origin and concentration of ROS are crucial
factors to consider because they can alter the photo-conversion
process. In simple terms, the photocatalytic oxidization action
would differ depending on the type of LCB product. Due to the
primary reactive oxygen species (ROS) activity, organic
substrates undergo the formation of intermediate radical
species, which are crucial in biomass conversions.188 Notable
radical intermediates formed on organic substrates include
alkoxy radicals (ROc), hydrogen peroxide (RO2H), and peroxy
radicals ðRO�

2Þ. These intermediates are generated as various
sites within the feedstock are activated by ROS (Fig. 15).189

According to Verma et al. (2021), plasmonic photocatalysis
utilizes localized surface plasmon resonance (LSPR) in nano-
particles (NPs) to concentrate light energy near their surfaces,
generating excited charge carriers and heat.190 This method
enables novel and selective chemical reaction pathways not
achievable with traditional thermal catalysis. The review delves
into the fundamentals of plasmonic catalysis, focusing on CO2

conversion to fuels and chemicals. It covers LSPR mechanisms,
charge carrier generation, and various activation pathways on
plasmonic nanocatalysts, emphasizing the role of charge carrier
extraction in efficient catalysis. Multicomponent plasmonic
catalysis combines plasmonic metals with active catalytic
metals, overcoming the limitations of using metals like Pt and
Pd in visible light photocatalysis.191 The concept of “antenna-
reactors” for synthesizing efficient photocatalysts is discussed,
along with their applications in organic transformations and
CO2 conversion. Plasmonic catalysts, including “antenna-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Schematic diagram illustrating the pathways for photocatalytic conversion of lignocellulose biomass (LCB) into valuable chemicals and
hydrogen gas. Key compounds involved in the process include 2,5-diformylfuran (DFF), 2,5-furandicarboxylic acid (FDCA), and 5-hydrox-
ymethylfurfural (HMF).155
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reactors,” demonstrate potential in generating hot charge
carriers or providing heat for chemical reactions under light,
enhancing photon absorption rates near nanocatalyst surfaces.
They are also explored for low-temperature light-assisted cata-
lytic processes like dry reforming of methane using CO2.
Despite the advantages of selective product formation and lower
activation energies compared to thermal catalysis, challenges
such as high light energy input, low yields, and poor stability
exist (Hu et al., 2017).186 Understanding complex reaction
mechanisms through spectroscopy techniques and designing
hybrid heterostructures are crucial for optimizing plasmonic
catalysis. The eld's growth holds promise in addressing energy
and environmental issues by utilizing solar energy and CO2.
However, further research is needed to enhance catalytic
activity, selectivity, and stability in plasmonic photocatalysis,
emphasizing the importance of material design strategies and
in situ probing of plasmon-assisted reactions.183
Conclusions and future prospects

In summary, the proliferation of studies in the past several years
suggests that photocatalytic biomass conversion has a prom-
ising future. Improving the selectivity and effectiveness of
photocatalysts, a better comprehension of biomass-based
photo-conversion leading to more interesting processes and
combinations, and the establishment of realistic purication
processes for possible commercial production are all priorities.
The continuous utilization of fossil fuels leading to increased
levels of greenhouse gas (GHG) emissions, particularly CO2, has
been identied as amajor contributor to atmospheric pollution.
One proposed solution to mitigate these emissions from various
© 2024 The Author(s). Published by the Royal Society of Chemistry
decarbonized chemical processes involves recycling CO2 into
valuable bulk chemicals and fuels. This approach shows
promise in addressing the issue. This review offers an overview
of the thermocatalytic CO2 hydrogenation reaction in the liquid
phase, highlighting the potential use of both homogeneous and
heterogeneous catalysts for commercializing this process.

Recent advancements in in situ characterization techniques
and density functional theory (DFT) analysis have signicantly
enhanced our understanding of the various mechanistic path-
ways involved in CO2 conversion. This improved understanding
has led to the optimization of catalyst design, thereby
increasing the yield and selectivity of liquid products.

Innovations such as the synthesis of plasmonic Ag and Au
nanoparticles within wood substrates at low temperatures have
been developed. This process results in structurally colored
transparent wood, which not only acts as a green reducing agent
but also serves as a scaffold for nanoparticles, ensuring their
well-dispersed attachment to the substrate. The morphology of
the substrate plays a crucial role in controlling the distribution
of nanoparticles at the nanoscale, with nanoparticles forming
both on and inside the wood cell walls, thereby creating an
anisotropic wood structure of nanoparticles. The ongoing
development of high-surface-area, thermally and mechanically
robust, active, and selective plasmonic photocatalysts requires
continued collaboration among researchers in catalysis, mate-
rials science, and chemical engineering.

This study involved the preparation of a semiconductor
plasmonic photo-catalyst doped with noble metals through
a simple deposition precipitation method. This catalyst was
then utilized in the photo-catalytic oxidation of HMF to FDCA
Nanoscale Adv., 2024, 6, 5258–5284 | 5279
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under visible light. The improved efficiency of this process can
be attributed to several factors:

� The presence of gold (Au) induces a Localized Surface
Plasmon Resonance (LSPR) effect, which enhances the catalyst's
absorption in the visible light spectrum and stimulates the
generation of hot electrons.

� Treatment with hydrogen serves multiple purposes: it
reduces the particle size of Au, strengthens the interaction
between the metal and the support, and introduces more
oxygen vacancies on the ZnO surface. These vacancies act as
trapping sites for hot electrons, thereby enhancing the separa-
tion efficiency of electron–hole pairs.

� The Schottky barrier formed at the interface between Au
and ZnO prevents the recombination of electron–hole pairs,
thus prolonging their lifetime and facilitating the catalytic
process.

� Through active species trapping experiments and radial-
assisted Electron Spin Resonance (ESR) analysis, it was deter-
mined that superoxide radicals (O2c

−) and positive holes (h+) are
the active species responsible for the photocatalytic oxidation of
HMF to FDCA.

In summary, there is promising evidence from recent studies
regarding the potential of photocatalytic biomass conversion. It
is imperative to continue advancing catalysts that offer
improved selectivity and efficiency. Additionally, deeper
insights into biomass-derived photoreactions are necessary,
along with the exploration of new reaction pathways and cata-
lyst combinations. Moreover, the development of viable puri-
cation methods is crucial for eventual industrial-scale
production.
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M. Poliakoff, Science, 2012, 337, 695–699.
160 C. Liu, S. Wu, H. Zhang and R. Xiao, Fuel Process. Technol.,

2019, 191, 181–201.
161 J. J. Bozell and G. R. Petersen, Green Chem., 2010, 12, 539–

554.
162 M. I. Alam, S. De, T. S. Khan, M. A. Haider and B. Saha, Ind.

Crops Prod., 2018, 123, 629–637.
163 C. Chen, L. Wang, B. Zhu, Z. Zhou, S. I. El-Hout, J. Yang and

J. Zhang, J. Energy Chem., 2021, 54, 528–554.
164 M. V. Galkin and J. S. M. Samec, ChemSusChem, 2013, 9,

1544–1558.
165 S. Gazi, Appl. Catal., B, 2019, 257, 117936.
166 C. F. Shih, T. Zhang, J. Li and C. Bai, Joule, 2018, 2, 1925–

1949.
167 N. P. Brandon and Z. Kurban, Philos. Trans. R. Soc. London,

Ser. B, 2017, 375, 20160400.
168 I. Staffell, D. Scamman, A. V. Abad, P. Balcombe,

P. E. Dodds, P. Ekins, N. Shah and K. R. Ward, Energy
Environ. Sci., 2019, 12, 463–491.

169 S. Reischauer and B. Pieber, Iscience, 2021, 24(3), 102209.
170 G. C. de Assis, I. M. A. Silva, T. G. dos Santos, T. V. dos

Santos, M. R. Meneghetti and S. M. P. Meneghetti, Catal.
Sci. Technol., 2021, 11, 2354–2360.

171 Z. Huang, N. Luo, C. Zhang and F. Wang, Nat. Rev. Chem,
2022, 6, 197–214.

172 A. Caravaca, W. Jones, C. Hardacre and M. Bowker, Phys.
Eng. Sci., 2016, 472, 20160054.

173 J. Zou, G. Zhang and X. Xu, Appl. Catal., A, 2018, 563, 73–79.
174 L. Wang, Z. Zhang, L. Zhang, S. Xue, W. OS Doherty,

I. M. O'Hara and X. Ke, RSC Adv., 2015, 104, 85242–85247.
175 W. Liang, R. Zhu, X. Li, J. Deng and Y. Fu, Green Chem.,

2021, 23, 6604–6613.
176 L. Zhang, R. Chen, J. Luo, J. Miao, J. Gao and B. Liu, Nano

Res., 2016, 9, 3388–3393.
177 X. Lu, S. Xie, H. Yang, Y. Tong and H. Ji, Chem. Soc. Rev.,

2014, 43, 7581–7593.
178 G. Iervolino, V. Vaiano, D. Sannino, L. Rizzo, A. Galluzzi,

M. Polichetti, G. Pepe and P. Campiglia, Int. J. Hydrogen
Energy, 2018, 43, 2184–2196.

179 H. F. Ye, R. Shi, X. Yang, W. F. Fu and Y. Chen, Appl. Catal.,
B, 2018, 223, 70–79.

180 G. Kumari, X. Zhang, D. Devasia, J. Heo and P. K. Jain, ACS
Nano, 2018, 12, 8330–8340.

181 M. M. Hasan, G. E. Khedr and N. K. Allam, ACS Appl. Nano
Mater., 2022, 5, 15457–15464.

182 I. M. Badawy, G. E. Khedr, A. M. Hafez, E. A. Ashour and
N. Allam, Chem. Commun., 2023, 59, 7974–7977.

183 F. Sastre, C. Versluis, N. Meulendijks, J. Rodriguez-
Fernandez, J. Sweelssen, K. Elen, M. K. V. Bael, T. den
Hartog, M. A. Verheijen and P. Buskens, ACS Omega,
2019, 4, 7369–7377.

184 L. Zhang, W.Wang, S. Zeng, Y. Su and H. Hao, Green Chem.,
2018, 20, 3008–3013.
Nanoscale Adv., 2024, 6, 5258–5284 | 5283

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00447g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/2
3/

20
26

 5
:0

8:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
185 B. Ohtani, Phys. Chem. Chem. Phys., 2014, 16, 1788–1797.
186 L. Hu, L. Lin, Z. Wu, S. Zhou and S. Liu, Renewable

Sustainable Energy Rev., 2017, 74, 230–257.
187 M. Mazarji, M. Alvarado-Morales, P. Tsapekos, G. Nabi-

Bidhendi, N. M. Mahmoodi and I. Angelidaki, Environ.
Int., 2019, 115, 172–183.
5284 | Nanoscale Adv., 2024, 6, 5258–5284
188 M. Yan, J. C. Lo, J. T. Edwards and P. S. Baran, J. Am. Chem.
Soc., 2016, 138, 12692–12714.

189 F. Collin, Int. J. Mol. Sci., 2019, 20, 2407.
190 R. Verma, R. Belgamwar and V. Polshettiwar, ACS Mater.

Lett., 2021, 3, 574–598.
191 Y. Guo and J. Chen, RSC Adv., 2016, 6, 101968–101973.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00447g

	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g

	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g

	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g

	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g

	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g
	Photocatalytic nanomaterials and their implications towards biomass conversion for renewable chemical and fuel productionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4na00447g


