
Citation: Samyn, P.; Rastogi, V.K.;

Baba, N.S.S.; Van Erps, J. Role of

Nanocellulose in Light Harvesting

and Artificial Photosynthesis.

Catalysts 2023, 13, 986. https://

doi.org/10.3390/catal13060986

Academic Editor: Xuming Zhang

Received: 26 April 2023

Revised: 23 May 2023

Accepted: 30 May 2023

Published: 8 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Review

Role of Nanocellulose in Light Harvesting and
Artificial Photosynthesis
Pieter Samyn 1,* , Vibhore Kumar Rastogi 2 , Neelisetty Sesha Sai Baba 2 and Jürgen Van Erps 3

1 Department of Circular Economy and Renewable Materials, SIRRIS, Gaston Geenslaan 8,
3001 Leuven, Belgium

2 Department of Paper Technology, Indian Institute of Technology Roorkee, Roorkee 247667, India
3 Department of Applied Physics and Photonics, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium
* Correspondence: pieter.samyn@outlook.be

Abstract: Artificial photosynthesis has rapidly developed as an actual field of research, mimicking
natural photosynthesis processes in plants or bacteria to produce energy or high-value chemicals. The
nanocelluloses are a family of biorenewable materials that can be engineered into nanostructures with
favorable properties to serve as a host matrix for encapsulation of photoreactive moieties or cells. In
this review, the production of different nanocellulose structures such as films, hydrogels, membranes,
and foams together with their specific properties to function as photosynthetic devices are described.
In particular, the nanocellulose’s water affinity, high surface area and porosity, mechanical stability in
aqueous environment, and barrier properties can be tuned by appropriate processing. From a more
fundamental viewpoint, the optical properties (transparency and haze) and interaction of light with
nanofibrous structures can be further optimized to enhance light harvesting, e.g., by functionalization
or appropriate surface texturing. After reviewing the basic principles of natural photosynthesis
and photon interactions, it is described how they can be transferred into nanocellulose structures
serving as a platform for immobilization of photoreactive moieties. Using photoreactive centers,
the isolated reactive protein complexes can be applied in artificial bio-hybrid nanocellulose systems
through self-assembly, or metal nanoparticles, metal-organic frameworks, and quantum dots can be
integrated in nanocellulose composites. Alternatively, the immobilization of algae or cyanobacteria
in nanopaper coatings or a porous nanocellulose matrix allows to design photosynthetic cell factories
and advanced artificial leaves. The remaining challenges in upscaling and improving photosynthesis
efficiency are finally addressed in order to establish a breakthrough in utilization of nanocellulose for
artificial photosynthesis.

Keywords: artificial photosynthesis; nanocellulose; light harvesting; photonics; biomimicry; cell
factories; artificial leaf

1. Introduction

In a societal transformation to develop sustainable pathways for production of energy
and chemicals, artificial photosynthesis has become a rapidly expanding research area that
aims at biomimicking the naturally occurring photosynthesis taking place in green plants,
bacteria or algae. During photosynthesis, water molecules and carbon dioxide captured
from the atmosphere are converted by living organisms into various products under the
absorption of solar light, providing chemical and biological energy from the conversion [1].
On one hand, chemical energy produced through water splitting into oxygen and hydrogen
offers an alternative to fossil-based energy from petroleum, oil or gas [2]. In parallel with
the daily increasing energy demand, our dependence on fossil fuels needs to be phased
out to reduce greenhouse gas releases in the atmosphere as the absorption rate of carbon
dioxide by plants is limited [3]. Moreover, energy sources are becoming scarce at the current
consumption rate as it takes several centuries to convert the stored energy into fuels. On
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the other hand, the carbohydrate monomers, building blocks, or high-value chemicals (e.g.,
cellulose, fructose, starch, ethylene) can be synthesized through the assimilation of carbon
dioxide and water as renewable feedstock. By these processes, carbon becomes fixed and
photosynthetically active components function as carbon sinks [4]. The urgent need to
mimic the natural photosynthetic system to produce materials and fuels with low carbon
footprint for industrial use can thus be resolved by artificial photosynthesis [5].

In artificial photosynthesis, a favorable environment must be created for the com-
pletion of all the stages of the photosynthetic process, where the initial requirement is a
light-harvesting unit to absorb the light with excellent capacity and efficiency, utilizing
scaffolds with photoreactive moieties [6]. Light harvesting in nature is a highly efficient pro-
cess regulated by the hierarchical assembly of enzymatic subunits [7]: theoretical quantum
efficiencies for water splitting in biological systems are almost 95 to 98% [8]. However, the
efficiency for conversion of light into carbon-based products is only around 0.5 to 2% [9],
or potential efficiency for hydrogen production by green algae is around 10 to 12% [10]
due to interference with intrinsic cell metabolisms. At present, a 5% minimum efficiency is
required for commercialization, while it is in reality often in the range of 1 to 2% for photo-
synthetic systems [11], with exceptions in lab-scale pilots rising up to a highest possible
efficiency of 22% [12]. The efficiency of artificial systems such as photobioreactors should
be further optimized by maximizing light utilization in suspension cultures, improving
light harvesting by adapting environmental factors that affect photosynthetic organisms,
or by reducing energy spills for cell cultivation, harvesting and reactor maintenance. The
artificial photocatalytic scaffolds are currently made from transition metals [13], or metal
oxide alloys [14], but they are non-biodegradable, toxic, expensive, difficult to produce,
and exhibit problems with holding water and harvesting enzymes properly. Biomolecular
scaffolds including organic dyes, metal chelates, fluorescent proteins, dye-doped and noble
metal nanoparticles, or photoactive polymers have been developed; however, there are
challenges in including precise dye location and performance [15]. The further optimization
of artificial photosynthesis relies on the selection of appropriate matrixes to incorporate
photoreactive moieties or cells. Furthermore, advances in nanotechnology and nanoma-
terial research have helped the development of more efficient artificial photosynthetic
systems [16]. It is an urgent quest to create biohybrid and biomimetic systems with more
efficient photosynthesis methods compared to existing natural and artificial devices [17].

Cellulosic biomass is widely available as a sustainable feedstock obtained through
biosynthesis from lignocellulosic plants, bacteria or algae [18]. Lignocellulosic materi-
als consist of cellulose and hemicellulose, with lignin acting as a binder that provides
resistance to decay and water impermeability and supports the integrity and strength of
plants through bonding with hemicelluloses as an interface compatibilizer. Cellulose is
the major component in the secondary cell wall of green plants, characterized as a fiber
structure with low density, biodegradability and high specific strength and stiffness. Due to
a hierarchical structuring of micro- and nanofibrils in crystalline and amorphous cellulose
domains and intramolecular hydrogen bonds with adjacent glucose molecules in the same
or adjacent polymer chains, nanocellulose (NC) can be produced by isolating the individual
fibrils through a combination of mechanical, chemical and biological routes [19], resulting
in shapes of cellulose nanocrystals (CNC) [20], or cellulose nanofibrils (CNF) [21]. The
nanosized cellulose fibrils can also directly be produced by bacteria or artificial spinning,
resulting in bacterial nanocellulose (BNC) [22], or cellulose nano yarns (CNY) [23], respec-
tively. Given the large number of reviews available focusing on NC sources [24], production,
properties, and applications [25–27], the fabrication of NC materials is not further covered
in this review. Depending upon the origin, isolation, processing conditions, and pre- or
post-treatments, the NC’s intrinsic properties can be tailored. Related application areas for
NC are continuously under development, e.g., in energy capture and storage devices [28],
solar cells [29], or photocatalytic conversion of pollutants [30].

This review focusses on the unique structures obtained by processing NC into ade-
quate morphologies for artificial photosynthesis, such as films, hydrogels, aerogels, foams
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and membranes with controlled porosity, whose fabrication involves: (i) dispersion of NC
into a suitable solvent; (ii) casting the solution into molds or glass plate based on the re-
quired structure; and (iii) solvent removal through heat, vacuum or other chemicals and/or
structuring with physical or chemical templates to create porous structures. As a host
matrix, the assemblies of CNF and/or CNC in water form scaffolds for the incorporation of
photosynthetic cells. The arrangements of CNC and/or CNF in two- and three-dimensional
structures can be particularly steered depending on the dimensions and size distribution,
resulting in functionalities that cover the plant cell wall. Moreover, tailoring those NC
properties important to photosynthesis is addressed with special attention to optical charac-
teristics and light interactions in nanostructured materials. The assembly of NC structures
for artificial photosynthesis provides a promising platform either through the incorporation
of extracted photoreactive moieties or entire cells. A state-of-the-art overview of recent
advances in the field is given; however, future challenges and outlook for improvement in
photosynthetic efficiency should be considered in order to achieve the final breakthroughs.

2. Processing of Nanocellulose Structures for Artificial Photosynthesis
2.1. Nanocellulose Films

The NC can be converted into thin films that are lightweight, durable and flexible in
order to serve as artificial leaves for photosynthesis. The films have higher mechanical
stability, with higher density, lower water-holding capacity and low porosity compared to
other structures such as hydrogels, foams and membranes [31]. Several methods used to
fabricate isometric films of NC are schematically represented in Figure 1.

Vacuum filtration is a traditional method comparable to papermaking, where the NC
suspension is poured onto a filter membrane followed by evacuation for solvent removal
without clogging the filter [32]. The film is allowed to settle and rinsed to remove any
impurities, followed by drying and peeling off from the filter paper (Figure 1a). During
solution casting [33], the NC solution is cast onto a glass plate, followed by drying in
an oven, vacuum oven, or air to remove solvent, in addition to crosslinking the fibers
(Figure 1b). By controlling the quantity of the solution used, the thickness of the film can
be varied, whereas adding plasticizers such as glycerol and sorbitol in the NC suspension
increases the flexibility of films.
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Electrostatic spinning is a more sophisticated technique in which the NC solution is
extruded as droplets and stretched by static charge, followed by spinning with a spinneret
and precipitated into continuous filaments to form a NC film (Figure 1c). In electrostatic
spinning, solvent separation happens rapidly, resulting in a better distribution of cellulose
fibers within the film without any irregularities compared to previously mentioned meth-
ods, thus achieving control over the directional properties of the film [34]. Alternatively,
the solution coagulation resembles solution casting, but film solidification happens in a
liquid bath. The NC solution is cast onto a glass plate, followed by placing the glass plate
in a solvent bath that does not dissolve NC but absorbs all the solvent, coagulating it onto
the glass plate. The coagulant is usually obtained as a hydrogel of NC that is further dried
under controlled conditions to form a regenerated NC film (Figure 1d) [35]: depending on
coagulation conditions and selected solvent, cellulose crystallinity and mechanical perfor-
mance of the films can be adopted. More recently, spray-coating applications resulted in
the formation of smoother and more homogeneous NC films [36].

2.2. Nanocellulose Hydrogels

The hydrogels are 3D crosslinked hydrophilic networks formed by gelation of NC
with at least 10 wt.% residual water within the structure, in addition to expanding and
retaining the structure in water without dissolving. The NC hydrogels possess a high
aspect ratio and optimum surface area, with good mechanical properties, biocompatibility,
hydrophilicity, and water retention [37], thus making them as suitable media to create
photosynthetic cell factories (PCF). However, the hydrogels have inferior surface area,
porosity, and light-penetration properties compared to foams and membranes as a better
alternative [38]. The NC hydrogels are prepared by a selection of methods summarized in
Figure 2.

Free-radical polymerization uses free radicals to form crosslinked NC polymers by
linking hydrogen bonds of NC with monomers or crosslinkers, and includes: (i) initiation
or generation of free radicals by application of heat or light energy; (ii) propagation of the
chain by linking the cellulosic monomer units; and (iii) termination of the chain to end the
growth of the chain, where these chains combine to form NC hydrogels by crosslinking
(Figure 2a). Free radicals from potassium sulfonate (KPS) can propagate the polymerization
reaction in a NC suspension, but removing KPS after forming the hydrogel is mandatory.
Alternatively, gamma or UV radiation also produces pure and initiator-free hydrogels [39],
where the radiation-initiated free radicals, such as N,N-dimethyl acrylamide or methacry-
lates [40], generate free radicals. The introduction of hydroxyl groups terminates the
chains of NC, which combine into the NC hydrogels (Figure 2b). The polymerization
results in a high degree of crosslinking of NC, achieving hydrogels with high mechanical
strength and stability. Hydrogels with uniform crosslinking density and a lower degree of
crosslinking can be produced through covalent binding of the NC fibers with crosslinking
agents (Figure 2c).

Directional freeze-casting is a method in which a CNC suspension, together with even-
tual reinforcing agents such as, e.g., xylan, is frozen under a unidirectional temperature
gradient to evacuate the solvent (Figure 2d). This results in a well-controlled microporous
hydrogel structure with crosslinking bonds providing higher stability and structural in-
tegrity [41]. The freeze-thawing is a two-stage process in which the density of the CNC
suspension increases on freezing due to ionic bonds, H-bonds, and hydrophobic interac-
tions between the individual crystals [42], followed by a thawing cycle at room temperature
to retain the hydrogel shape through formation of stable hydrogen bonds between the
fibers (Figure 2e). Polyvinyl alcohol (PVA) is frequently added to improve the mechan-
ical strength by forming more hydrogen bonds, while chitosan enhances the stability of
hydrogels by forming covalent bonds [43].

The NC hydrogels may serve as a matrix to embed algae [44], as it enables the proper
supply of light, nutrients, water, and CO2 to the encapsulated living matter, resulting
in direct photocatalysts. Algae interact with NC through ionic electrostatic interactions;
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however, both algae and NC are anionic, and NC surface modification with Ca2+ and K2+

or coating with chitosan is required to introduce positive charges (Figure 2f). Furthermore,
a patterned arrangement of NC fibers with embedded algae can be controlled by varying
the pH, temperature, crosslinking agent and ionic strength of the solution. The reinforced
composite hydrogels can also be achieved by freeze-thawing in the presence of PVA [45],
or by dual crosslinking [44,46]. In conclusion, the CNF hydrogels possess a better inher-
ited network geometry compared to CNCs; hence they do not require additional surface
modification to harvest algae and are a better host through physical entrapment.
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2.3. Nanocellulose Foams and Membranes

Foams are 3D sponge-like porous structures of NC, while membranes are 2D porous
films of NC with interconnected fibers [47]. Both foams and membranes have high porosity,
low density, and large surface area, and hence are used for fabricating photosynthetic cell
factories with good water-retention capacity. Films are typically thin, flat, and continuous
solid structures while membranes are comparatively thick and possess a porous structure
with interconnected cellulose nanofibrils or sheets of NC. Moreover, films only exhibit
mechanical properties such as strength and flexibility which make the films useful for
coatings and artificial leaves, while membranes with a porous structure assist in filtration
and separation applications. Membranes possess a higher surface area to volume ratio
compared to films, allowing for capture of small particles while large molecules may
permeate [48]. With good surface adsorption properties, high porosity, and surface area,
NC foams and membranes can replace photosynthetic scaffolds made of metals, ceramics
and polymers [49]. Some techniques for the processing of NC foams and membranes are
summarized in Figure 3.
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duced with permission from Elsevier B.V. ©2020).
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Templated self-assemblies are used to make foams using physical templates, resulting
in foams with controlled pores with the required position, size, shape, and direction. The
NC suspension is formed by casting onto a mold containing templates, settling the solution
and removing the templates from the molds to produce porous foams [54]. In contrast,
emulsion templating utilizes the amphiphilic property of NC to create porous gels and
foams. The NC is suspended in a mixture of water, mineral oil and surfactants, followed by
vigorous stirring to form a water–oil emulsion. As NC is both hydrophilic and hydrophobic,
it is deposited at the interface of stable water–oil emulsions preventing the mixture and
polymerizing at the interface (Figure 3a). The oil is evaporated by heat, forming a porous
gel of NC, followed by solvent removal to produce foams [55]. In addition, emulsion
templating with NC suspension as an aqueous phase and a monomer with organic solvent
as an organic phase produces membranes (Figure 3b). With changes in monomer unit
or concentration, required properties of the membrane can be achieved. In addition, the
membrane properties depend on the type of catalyst used, temperature, pH and time.
Pickering emulsions are a variant of emulsion templating, which uses mechanical agitation
force to break and disperse the oil droplets, resulting in the foaming of NC. After removal
of the oil by centrifugation, the NC foam is preserved while the oil phase is recovered [50].

Foaming or supercritical drying is applied to produce foams in which NC is suspended
in supercritical CO2 or N2 along with solvent, followed by pressurizing the solution to
evaporate the solvent creating bubbles inside the solution. The bubbles formed inside the
suspension of NC multiply in number and grow until they merge with each other, resulting
in a NC solution completely occupied by bubbles or cells. These bubbles are responsible
for the porous structure of the NC foams and membranes (Figure 3c). The control of
porosity and surface area can be achieved easily by using supercritical drying [56]. The
freeze-drying produces both NC foams and membranes, where the NC suspension is frozen
in liquid nitrogen, followed by solvent sublimation under vacuum to make dry foams
and membranes with the desired structure, porosity and surface area. If the suspension is
cast onto a glass plate followed by freeze-drying, it results in membranes (Figure 3d). The
fabrication of NC films with proper control in compaction of the layers of NC fibers results
in NC membranes with the desired porosity, surface area and thickness. Hence, vacuum
filtration and electrospinning can also be employed to produce membranes. A variant of
solution coagulation for making films is modified as phase inversion, where a NC-casted
glass plate is immersed in a solvent bath followed by heating to evaporate the solvent
in solution, leaving thick NC gel on the surface of the glass plate. This gel is then dried
at a controlled temperature and humidity to obtain the membrane (Figure 3e). Varying
the boiling points of solvents varies the pore size, and altering the substrate regulates the
surface morphology of the membrane [51].

A method for processing of high-performance NC membranes with a more open
porous structure was recently presented [53], where a hybrid NC foam was first created
by freeze-drying of the NC suspension in presence of lignosulfonate and polycations,
followed by hot-pressing into a membrane structure (Figure 3f): as a result, the membrane
showed high mechanical stability through crosslinking and low resistance for water flow.
Through this method, a 3D foam can be converted into a 2D NC membrane with specific
functionalities and higher mechanical strength, porosity, robustness and high flexibility, in
contrast with traditional processing of NC membranes through solvent evaporation that
results in more rigid and dense structures.

3. Nanocellulose Properties for Artificial Photosynthesis

The main expected properties of NC films, hydrogels, foam or membranes serving as
a suitable host matrix for artificial photosynthesis include high surface area, high porosity,
good mechanical properties and barrier properties, in addition to better-controlled water
interactions and diffusion for influx and outflux of water and gases. A summary of
governing properties is illustrated in Figure 4, where undesired properties are marked in
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boxes with a dotted line while methods to develop desired properties are mentioned in
bullet points.
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The excellent affinity to water in liquid and vapor state provides NC with hydrophilic
and hygroscopic characteristics [57]. The hygroscopy, owing to the presence of a multitude
of hydroxyl groups and large surface area of the fibrils, forms ideal conditions to serve
under an aqueous environment through local binding of water molecules. Pore size, pore
volume, large surface area and surface modifications determine the water-holding capac-
ity through binding of water molecules inside a NC structure [58]. The water transport
properties driven by diffusion, permeability, and capillary forces can adequately be con-
trolled depending on the design and processing of NC structures, enabling the diffusion of
reactants, nutrients and other products [59]. With an increase in the water content, photo-
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synthetic activity increases, whereas too high a water content might dilute the concentration
of reactants and reduce productivity. However, excess water removal from NC structures
leads to irreversible drying without possibilities for rewetting and the unavailability of
water molecules for photosynthesis. Therefore, proper control over the water-holding
ability of NC is required to prevent the degradation of enzymes, thereby protecting their
stability and functionality. If required, NC can be hydrophobized to limit water-holding
capacity through selective inclusion of lignin, silylation, grafting, and solvent exchange
in ionic liquids [60]. In contrast, the hydrophilicity and water-holding ability of NC as
a photosynthetic medium can be enhanced by modifying fibrils with oligosaccharides,
gelatin, chitosan, and montmorillonite, as similarly required for biomedical applications,
wound dressings, or water-treatment membranes [61].

The high surface area and porosity of NC scaffolds provides better photosynthesis
efficiency, as it enhances the possibility for absorption of photons by encapsulated chro-
mophores and regulates diffusion processes of nutrients and metabolic products [62], which
may stimulate cell growth and proliferation and/or cause damage. With an increase in
porosity, the surface area, surface adhesion, and cell interactions increase, thereby encour-
aging the diffusion of larger molecules during photosynthesis. Low porosity results in the
entrapment of large molecules secreted by cyanobacterial and algal cells, restricting the
diffusion of molecules into the NC structure during photosynthesis [63]. The accumulation
of produced oxygen during photosynthesis may cause damage through oxidation of the
photosynthetic moieties present in the hydrogel. Enzymes embedded in NC consume
water and carbon dioxide during photosynthesis, emitting oxygen and carbohydrates. If
the movement of water/CO2 within the NC is slow, the enzymes have less water/CO2
to react. In contrast, if water movement within the NC is high, the water dilutes the reac-
tants, affecting photosynthesis efficiency [64]. Besides this, entrapped oxygen can affect
light absorption and other processes within the NC. Furthermore, water and gases act as
heat-transferring devices to maintain the optimal temperature of the NC structure, where
a temperature rise can affect photosynthesis [65]. Hence the proper control of water and
gas diffusion inside the structure of NC is achieved by modifying surface properties with
different chemical groups for controlling the surface area, alignment of fibers, and poros-
ity. Depending on the selected sources and production methods of NC, aspect ratios are
different, and NC derived from tunicates or rice straw by sonication and homogenization
possess higher surface area compared to NC from wood origin [66]. The control in porosity
of NC structures is achieved by freeze-casting of anisotropic hydrogels, freeze-drying by
replacing water with 2-propanol in aerogels, vacuum filtration, and electrospinning of
membranes and films [67].

The robustness and mechanical properties such as high tensile strength and retained
stability in water define the integrity of NC scaffolds to integrate photocatalysts. The NC
films should possess good flexibility that enable bending and folding when used as films,
coatings, or artificial leaves for photosynthesis [68]. Therefore, the mechanical properties of
the NC network can be tuned by introducing single crosslinking (e.g., ionic crosslinking
with Ca2+ or Mg2+) [69], dual cross-linking (e.g., PVA/borax combined crosslinker) [70],
or dynamic self-healing properties (e.g., hydrogen bonding in presence of tannic acid
and reversible formation of catechol–metal coordination complexes) [71]. The chemical
approaches and kinetics for crosslinking of TEMPO-CNF networks have been well de-
scribed [72], along with the principles for controlling both physical and chemical gelation
mechanisms [73]. In parallel, the crosslinking affects swelling, adsorbing properties and
biodegradability of NC [74], and has to be balanced in parallel with available studies on
effects of cell interactions [75].

Finally, NC should provide a good barrier for microbial and chemical contamination
as it can easily affect the productivity and deteriorate photosynthetic enzymes or catalyst.
By modifying pore size and increasing crosslinking of NC fibers, it can act as a first physical
barrier to external sediments, chemical contaminants and pollutants. In particular, the high
oxygen barrier properties of NC are well studied [76], while antimicrobial properties of
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NC can be improved by organic surface treatments or deposition of colloidal titania [77].
The low oxygen transmission of NC transparent films is sensitive to humidity, but can be
improved by controlling the pressing conditions and increasing their density [78]. The
recent advances in antimicrobial protection of NC have mainly focused on modification
with naturally occurring biocides [79].

4. Nanocellulose for Light Harvesting and Light Interactions
4.1. Efficiency of Light Interactions in Nanofiber Structures

Scattering of light on particles can be categorized as either Rayleigh scattering (if
the size of the particles is only a fraction of the wavelength of the incident light) or Mie
scattering (if the particle size is of the order of the wavelength). Macrofibers therefore
exhibit Mie scattering. In contrast to Rayleigh scattering, which is omnidirectional and
highly dependent on the wavelength, Mie scattering is roughly independent of wavelength
and it is larger in the forward direction than in the reverse direction. Indeed, the greater
the particle size, the more light is scattered in the forward direction.

Since the diameter of the nanofibers is equivalent to the visible light wavelength, Mie
scattering will occur as a beam of visible light impinges on a nanofiber material. A generic
model of such light scattering is illustrated in Figure 5, and is described below.
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light (T). Both the reflected and the transmitted light have a perpendicular component (P) and a
diffuse component (D).

At the interface of the material, part of the incident light I0 will be reflected, and another
part of the light will enter into the nanofiber material, where it gradually loses intensity
by absorption, and the remaining light will exit the material at the other interface and will
be transmitted. After impinging on the first interface, the incident light can be divided
into three parts, i.e., backscattered reflected light (RS), forward scattered transmitted light
(TS), and absorbed light. The reflected light RS is in turn comprised of parallel reflected
light (RP) and diffuse reflected light (RD), and, similarly, transmitted light (TS) is composed
of parallel transmitted light (TP, having the same direction as the incident light) and the
diffuse transmitted light (TD). The relationship between the scattered light components is
shown in the following Formulas (1)–(3):

I0 = IRS + IABS + ITS (1)



Catalysts 2023, 13, 986 11 of 49

IRS = IRD + IRP (2)

ITS = ITD + ITP (3)

where I0 represents the intensity of incident light; IRS represents the (total) reflectance;
IABS represents the absorption; ITS represents (total) transmittance; IRD and IRP are parallel
reflectance and diffuse reflectance, respectively; and ITD and ITP are parallel transmittance
and diffuse transmittance, respectively. The amount of absorption naturally depends on the
material of the nanofibers. The amount of scattering is directly proportional to the surface
roughness of the material interface (so-called surface scattering) and to the thickness of the
material (so-called bulk or volume scattering).

Another essential quantity is the refractive index of the nanofiber material, as it
determines how much reflection will occur on the interface through the simplified Fresnel
reflectance equation according to Formula (4):

R =
(n2 − n1)

2

(n2 + n1)
2 (4)

where R is the reflection coefficient, n1 is the refractive index of the surrounding medium
(air), and n2 is the refractive index of the nanofiber material.

4.2. Optical Properties in Nanofiber Structures: Transparency, Translucence, Haze

The quality of NC films used in applications involving optical interactions with light
are attributed to high optical transmittance and haze, which are favorable to control photon
interactions and absorption. Transparency is the physical property of allowing light to pass
through a uniform material without appreciable scattering of light, whereas translucence
also refers to the light passing through a material, but where the material is made up of
several components with different indices of refraction (i.e., where a significant amount
of scattering occurs). The light transmission in the photosynthetically active region (PAR)
permits growth of photosynthetic microorganisms and generally refers to the wavelength
ranges of 390 nm to 750 nm, or preferably 400 nm to 700 nm, in which photosynthetic
pigments such as chlorophyll absorb. In general, a material can be considered to be
sufficiently transparent if light absorbance in the PAR is below 0.6: e.g., the nanocellulose
films have an absorbance of light at a wavelength within the PAR of not more than 0.4, or
preferably not more than 0.3. Haze, on the other hand, refers to the amount of light that
is subject to wide-angle scattering (i.e., deviating by an angle of more than 2.5◦ from the
incident light beam direction).

The reduction in efficiency for in- or outcoupling of light in optical devices might be
attributed to the mismatch in refractive index between the substrate and air. The NC can be
produced in the form of films or nanopapers with favorable optical properties, that can be
tuned depending on the selected nanocellulose fibers and processing conditions [80]. The
improvements in optical properties of NC films may result in control of the interaction with
light and better light-harvesting efficiency. Indeed, the nanopapers with 1D nanostructures,
porosity, and non-uniformity result in light-scattering effects, but the size of fibers and inter-
fibrillar pores mainly results in a forward scattering with elimination of back-scattering [81].
For transparent nanopapers, it was demonstrated that the transmission haze can be con-
trolled depending on the dimensions of the nanofibers and ratio of cellulose nanofibers to
wood pulp fibers [82]. The optical properties of nanopapers with a unique combination
of high transparency (up to 90%) and ultrahigh haze (60%) to increase the light-scattering
interactions are important to deliver strong interactions and high absorption of light in
active materials [83], thus offering superior properties in collecting ambient light with
great efficiency.
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In general, the haze for nanocellulose CNF films or nanopapers with functionalized
cellulose nanofibers can be tuned for use in optical applications such as optical sensors,
light diffusers, solar cells, organic light-emitting diodes, or photosynthetic devices. The
haze is determined by the diffuse scattering of the transmitted light and can be increased
by either (i) inhomogeneous internal scattering, or (ii) surface scattering induced by the
surface roughness. For hazy materials, the length of the light path of incident light is favor-
ably increased and the likeliness for interactions between photons and the active material
is enhanced through maximizing the light-scattering effects. Therefore, a high haze of
cellulose nanopapers is beneficial for coupling of the light independently of its incidence
angle. Indeed, nanocellulose paper does not exhibit strong angle-dependent reflection
and transmission, which is drastically different from regular transparent substrates [81].
Depending on the nanocellulose fiber diameter, the nanocellulose films present high haze
due to the light-scattering of the nanofibers [84]. Due to the high density of the CNF films
or nanopapers, the strong light-scattering is mostly controlled by the surface scattering, as
a result of the surface roughness and porosity. The optical haze is therefore primarily deter-
mined by the nanofiber sizes and adjustable through production. The highly transparent
cellulose nanopapers with low haze were primarily fabricated by mixing optimized ratios
of short-fiber CNC and long-fiber CNF [85], thus being able to tailor total transmittance,
direct transmittance and diffuse transmittance: by increasing the CNC content, the optical
haze of the hybrid nanopapers could be decreased and its transparency could be increased.
The visual aspect and transmission haze of transparent papers consisting of wood pulp
fibers with different concentrations of CNF is illustrated in Figure 6 [82], where the angular
distribution of scattered light was measured: for the transparent papers consisting of 100%
and 80% CNF, the angular distribution of the transmitted light mainly concentrates in
the incident direction. As the CNF content decreases, the peak of the scattering angle
distribution curve reduces dramatically, which indicates that the transparent paper with a
lower CNF content may cause more intense light scattering which uniformly distributes
transmitted light in all directions. The lowest scattering was observed for nanopapers with
100% CNF.
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NFC to the whole paper: (e) 0%, (f) 20%, (g) 50%, (h) 80%, and (i) 100% NFC [82] (reproduced with
permission from RSC Publishing ©2014).
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The gradual increase in concentrations of CNF (e.g., 0.24 to 1.8%) in the dispersion
monotonically increases in the haze of transparent nanopapers during conventional oven-
drying [86], which can afterwards be further adapted through controlled high-humidity dry-
ing for longer times. The controlled production of isotropic transparent nanopapers directly
from anisotropic wood can be performed through controlled delignification (bleaching) of
wood fibers followed by a controlled pressurization process [87], where light-reflecting and
light-scattering substances are removed from the structure. As such, the isotropic transpar-
ent paper with high transmittance (about 90%) and high haze (above 80%) were obtained.
Alternatively, the haze of hybrid Zn-cellulose nanopapers was artificially controlled by
introducing instable wrinkling and swelling patterns in combination with an alcohol sol-
vent [88], where the dense packing of the CNF is altered after repeated swelling cycles. The
increase in optical haze for nanopapers which were fabricated through the self-assembly
of lanthanide complexes and TEMPO-oxidized CNF during a blending-vacuum filtration
method (Figure 7a,b) resulted in better UV light harvesting efficiency [89]: the functional-
ized nanopapers present excellent optical haze (100%) due to the efficient light-scattering
effects caused by the formation of a layered film morphology in presence of the lanthanide
complexes, which in addition functions as a light emitter to induce soft-fluorescence under
UV radiation. The multiluminiscent nanopapers of TEMPO-CNF with grafted lanthanide
complexes were also produced through a simple papermaking process of press-controlled
extrusion, where the fluorescent properties were significantly influenced by the amount
of lanthanide complexes and the solvent medium during the extrusion (Figure 7c) [90].
Alternatively, the luminescent cellulose fibers with favorable properties under UV-C illumi-
nation were fabricated by incorporating ZrO2/Y2O3 nanoparticles directly in the doping
solution used for wet spinning [91].

1 
 

 
Figure 7. Nanocellulose paper with control of haze for enhanced UV light harvesting based on
lanthanide Ln3+/Eu3+ complex assembly and TEMPO-CNF: (a) schematic process for nanopaper
preparation, (b) tuning of transparency and haze depending on incorporation of complexes at the
surface or in the bulk of nanopapers [89] (reprinted with permission from American Chemical Society
©2019); (c) fabrication of transparent and multiluminescent TEMPO-oxidized nanofibrillated cellulose
nanopaper functionalized with lanthanide complexes [90] (reproduced with permission from RSC
Publishing ©2015).
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The transparent properties of nanopapers are attributed to the diameters of the nanocel-
lulose fibrils, which are smaller than the wavelength of visible light and reduce light-
scattering as compared to regular micron-sized fibers [84]. High optical transparency of
CNF films can be obtained by densely stacking the fibrils, reducing the size of cavities or
voids between the fibrils, and avoiding light-scattering as compared to the micron-sized
wood fibers in regular paper. The small pore dimensions between the nanocellulose fibers
result in a more homogeneous refractive index and reduced back-scattering. In addition,
the light transmittance for CNC films or nanopapers can be controlled by the orientation
of the nanocrystals [92], while they demonstrate birefringence [93], and liquid crystalline
behavior above certain concentrations present in the suspension, which can be transferred
into dried films [94]. The transparent and flexible nanocellulose papers have attracted
interest in industrial applications such as touch sensors, solar cells, transistors and or-
ganic light emitting diodes [95]. Depending on the drying and processing conditions of
the nanocellulose films, opaque properties change into high transparency (Figure 8a). In
particular, the presence of residual lignin or intentional addition of modified lignin in
the transparent nanocellulose films acts as an excellent absorber in the UV-A or UV-B
spectral range [96]. The fabrication of transparent nanocellulose composite films or papers
recently received more attention, e.g., in combination with TiO2 nanoparticles [97], or
CaCO3 pigments [98]. The high transparency of nanocellulose films can be combined with
reduced brittleness and enhanced mechanical properties through tailoring of the interfacial
bonding interactions in presence of a plasticizer (e.g., glycerol) and cross-linking agent (e.g.,
glutaraldehyde) [99]. The transparency of the nanocellulose films was mainly controlled by
the degree of mechanical fibrillation and TEMPO-oxidation of the nanocellulose fibers [100].
Depending on the fiber source and resulting nanofiber dimensions, a light transmittance of
90% was obtained for a CNF film from softwood pulp, while it was around 78% for a CNF
film from hardwood pulp [101]. As nanofibrillation is an energy-intensive process and the
paper formation with CNF fibers is time-consuming, an alternative route for fabrication
of transparent papers from microfibrillated cellulose (MFC) was developed [102], incor-
porating a combination of micron- and nano-sized fibers obtained by a refining process.
The modification of CNF nanopapers by incorporating hydrophobic silica nanoparticles
slightly reduces the light transmittance from 90% to 82% (Figure 8b) [103]. Besides the
complicated and energy-consuming processes for extraction of the nanocellulose fibers,
the fabrication of transparent nanocellulose papers could also be achieved by the design
of a bilayer hybrid paper structure with unbeaten wood fibers and cellulose nanofibers
following a regular papermaking process [104]. In more advanced processing, transparent
nanocellulose films were obtained after partial dissolution of the lignin through microwave
liquefaction, where a residual lignin fraction from the cellulose-rich bamboo additionally
provided the UV-light absorbing ability [96]. The optical properties and transparency
of CNF and CNC films can be reversibly regulated by thermochromic effects between
90% and 4% (CNF) to 17% (CNC), while the films regained transparency to up to 60% when
heated above the thermochromic transition temperature (31 ◦C) (Figure 9) [105]. The latter
thermoresponsive hybrid nanocomposite films were fabricated with a black thermochromic
pigment that turned from black to transparent at the transition temperature, where optical
properties such as transparency were tuned by varying pigment concentrations.

The nanocellulose films or coatings were particularly characterized by their translucent
light-diffusion properties, resulting in a better coupling of the light in optoelectronic
devices [106] and consequently providing higher light absorption and higher photocurrent
densities (Figure 10a). In particular, a combination of high optical transmittance (around
90%) and tunable diffuse transmission (up to 78%) of nanocellulose films could be obtained
in the visible and near-infrared spectrum region, where the combination of high optical
transmittance and haze was adjusted through selection of a high packaging density of
TEMPO-oxidized CNF fibrils and wood pulp fibers in the film (Figure 10b). The formation
of films with high-packing-density modified CNF is characterized by the dense parallel
stacking of fibrillar layers due to the strong interactions between the fibers and better-
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controlled interaction between the carboxylic groups, in contrast with the more random
interactions between the unmodified hydroxylic groups. The translucent nanocellulose
film consequently shows large total and diffuse light transmission owing to the high
density by filling of large micropores between the fibers (e.g., avoiding reflection and
backward scattering), and the controlled surface roughness (e.g., maximizing transmission
and forward scattering). The haze properties are mainly controlled through the roughness
of the films. As an example, the total and diffuse transmission for a 40 µm freestanding
TEMPO-CNF film were measured (Figure 10c,d), where thick translucent films can be
obtained with diffuse transmission (or haze) by tuning the thickness of the film. Apart from
free-standing films, CNF films coated onto glass substrates improve light absorption and
light coupling by the substrate, due to the increased light path length and lower reflection
due to the smaller refractive index difference. Therefore, the nanocellulose films provide
enhanced light absorption and in turn the resulting photocurrent density.
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Figure 10. Nanocellulose films as translucent diffuser for better coupling of the light in opto-electronic
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transmission spectra for NC coatings on glass, (d) total and diffuse transmission spectra of NC
films under radiation intensity of 50 suns for different times [106] (reprinted with permission from
American Chemical Society ©2015).

4.3. Optimizing Light Harvesting in Nanostructures

The light harvesting of cellulose papers can be optimized through the formation of
nanocomposite papers and/or chemical modification of nanocellulose fibers. The opaque
properties of regular papers can be transformed into higher transparency by reducing the
interfibrous voids through infiltration with transparent material [107], controlled swelling
or dissolution of the cellulose fibers followed by pressing [108], formation of cellulose
composite papers [109], or nanocellulose papers [110]. However, the sensitivity of nanocel-
lulose to humid environments needs to be considered and chemical modifications to retain
its efficiency in light-harvesting devices are required, as reviewed before [111].

The conventional technologies for more efficient light trapping and controlling optical
properties rely on surface texturing, with feature sizes in the order of the wavelength, that
provide anti-reflection functionality or increase light scattering. For cellulose substrates
or nanopapers, however, the common high-temperature processes used for such surface
texturing cannot be applied as thermal degradation temperatures are at around 150 to
200 ◦C. Therefore, patterning technologies operating at low temperatures should be adopted
for paper-like devices. One example is the creation of plasmonic back-reflector structures
that are composed of arrays with ordered metal nanoparticles that enhance light scattering.
Surface plasmon polariton modes are strongly confined to the interface between such a
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plasmonic surface and the surrounding dielectric material, which gives rise to very strong
light-matter interactions [112]. The self-assembly of plasmonic nano-colloids allows for
intense light scattering of the metal nanoparticles and can mainly be obtained for monodis-
perse physical properties [113]. The deposition of ordered arrays with monodisperse Au or
Ag nanoparticles (NPs) has been demonstrated [114], but often requires a high-temperature
annealing step to transform the metallic precursor into an assembled nanoparticle layer
through a solid-state dewetting procedure. Alternatively, for cellulose papers, a wet coating
application at low temperature (<120 ◦C) was developed for the precise patterning of
colloidal Au nanoparticles through self-assembly into uniform long-range arrays [115]. As
a result, the organized structures operate as a plasmonic light-trapping structure whose
efficiency depends on the size of the nanoparticle. Colloidal lithography was used as an-
other low-temperature process to fabricate an arranged array of TiO2 nanostructures [116],
where common wet-coating techniques using doctor blade can be applied on paper-like
substrates. As a result, surface patterns with feature sizes in the range of the wavelength of
the light perform as a high-index anti-reflection coating that suppresses the reflection at
short wavelengths and increases the optical path length of higher wavelengths through
increased light scattering (Figure 11). Alternatively, the chemical surface modification of cel-
lulose fibers by inserting plasmonic nanoparticles such as gold nanorods can be performed
due to the surface reactivity of hydroxyl groups for direct immobilization without the need
for additional surfactants [117]. As such, the light-harvesting properties are not hindered
by the formation of an insulating intermolecular layer and hence a higher efficiency for
light absorption in the visible light range was demonstrated. The opportunities in adapting
cellulose-based materials for better light trapping and photonic reactivity were mainly
developed in relation with their efficiency in light-harvesting for solar cells and smart
sensors [118], while similar technologies for control of light interaction are used to enhance
photosynthetic processes.
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Figure 11. Surface patterning of nanocellulose film through colloidal lithography and deposition
of TiO2 nanoparticles on patterned substrates: (a) schematic drawings with subsequent processing
steps for lithographic patterning (1), SEM pictures of the top views (2) and tilted views (3) of samples
obtained after the different steps of the TiO2 nanostructure construction, (b) measured absorptance of
the samples with a base structure, composed of a rear mirror Al and an a-Si:H absorber, coated with
distinct top layers: none (Si/REF), 80 nm IZO (Si/ARC) and the TiO2 nanostructures (Si/TiO2 NS)
produced by colloidal lithography [116] (reprinted with permission from RSC Publishing ©2017).

5. Nanocellulose in Artificial Photosynthesis
5.1. Mimicking Nature for Artificial Photosynthesis Platforms

In nature, biological photosynthesis is regulated inside the thylakoids that form
separate compartments (lumen) surrounded by a protein membrane present in chloro-
plasts of plants, cyanobacteria and algae [119]. The resulting products of photosynthesis,
i.e., NADPH and ATP proteins, are used by the photosynthetic cells to produce organic
molecules [120]. The integral membrane proteins form different complexes in the thylakoid
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membrane (e.g., photosystems PSI and PSII) and initiate a range of catalytic light-dependent
reactions for photosynthesis [121]. The photosystems comprising protein complexes are
embedded photo-active pigments in the thylakoid membrane composed of a lipid bi-
layer [122]: depending on the composition, the PSI mainly absorbs light in the far-red
region and the PSII is active in the red-light region. The PSII is principally active in splitting
water into oxygen molecules and protons and consequently provides a continuous stream
of electrons towards the PSI for collection and conversion into energy and hydrogen. The
photosystems consist of a reactive core for photochemical conversion, which is surrounded
by antenna complexes containing light harvesting complexes [123]. The latter capture the
excitation energy introduced by chlorophyl molecules and transfer it towards the reaction
center, where the energy will be bundled for transfer into chemical energy or molecules of
higher order.

The thylakoid membranes (TM) contribute to the subsequent stages in the photo-
synthesis process including light harvesting, followed by electron excitation, electron
conversion, electron hopping and electron transfer reactions [124]. Nature has shaped
the complexity of TM to operate for optimized light harvesting and conversion of pho-
ton energy with highest possible efficiency. The conversion mechanisms for light by TM
have been well understood and described by nanophotonic mechanisms [125], as their
intrinsic properties allow for the absorption of light over a broad spectrum coupled with
efficient water splitting and high conversion ratio of light in line with an appropriate
excitation energy. As they are formed through biogenesis of macromolecular proteins in
the photosystems and light-harvesting complexes, the membranes form an ordered stacked
structure through self-organization into supramolecular protein arrangements [126]. The
ability for repair of a distorted arrangement of the TM protein complexes has been proven
through change of the solvent environment, and indicates the possibility for self-healing
by controlled stacking of the membranes. The self-organization of TM was investigated
by comparing their distribution in the photosystem PS II and antenna organization in
isolated untreated stacked thylakoids with restacked membranes after unstacking [127].
The structural arrangements and molecular organization of photosynthetic proteins in TM
that occur in living cells highly contribute to the enhanced efficiency of the photosynthesis
process [128]. It was indeed observed that the photosynthetic activity of the non-ordered
proteins localized outside of a living cell was highly downgraded [129], or their function-
ality and stability were lost in homogenized systems where they were randomly mixed
and stirred [130]. Therefore, the utilization of whole cells instead of isolated PSI or PSII for
photosynthesis might be more desirable because of the better definition of the routes for
electron conversion within the cell. Otherwise, the transfer of the ordered TM structures
towards artificial systems remains more challenging, because of (i) the complex structure
that needs to mimic specific organization and interactions at molecular scale, (ii) poor
stability depending on the matrix and environmental conditions, and (iii) limitations in
photocurrent under synthetic conditions.

As a disadvantage of biological photosynthesis systems, however, the replication of
the entire photosynthetic activities happening in living cells remains difficult under isolated
conditions without the border conditions implied by the biological environment [131]. In
particular, the complex architecture and large dimensions of entire cells imply difficulties
organizing them into synthetic systems in a controlled way [132]. Furthermore, the conti-
nuity of photosynthesis in living cells requires the supplement of nutrients for cell growth
while part of the generated energy by photoconversion is consumed for metabolism and
cellular respiration processes to keep the plant cells alive [133]. Moreover, the biological
and photosynthetic activity in cells vanishes over time owing to the finite lifetime of living
systems. For reasons of metabolic constraints in living organisms, however, the efficiency
of photosynthetic conversion in plants, bacteria, and algae remains far below the theoretical
limit [134]. Thus, the incorporation of TM or isolated photosynthesis proteins as a biological
material into synthetic architectures and devices requires the design of biohybrid structures
that are compatible with the TM and ensure their functionality. On the other hand, the
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incorporation of entire cells rather than isolated photosystems is preferred because of the
chloroplasts are difficult to isolate and may lose their functionality due to complementary
action of different photosystems PSI and PSII in the living cell. In particular, the intrinsic
hierarchical ordering of biomaterials is imposed by complex intermolecular interactions
between the individual constituents and results in superior functional properties compared
to individualized proteins [135].

During recent research, artificial bio-hybrid systems were adopted to combine the
biotic functional materials into an abiotic environment that needs to be designed and
optimized to preserve photosynthetic activity in so-called hybrid biocomposites. The de-
sign of artificial photosynthesis cells can be realized through the incorporation of isolated
protein complexes [136], or may include entire cells from cyanobacteria [137]. However, the
extraction of active biomolecules or living cells from their natural environment can cause
denaturation, decomposition, and cell death. Moreover, the small dimensions of cells and
their fragility cause problems in handling or provide low mechanical stability [138]. During
transfer of the biological photosynthetic molecules into artificial structures, the intrinsic hi-
erarchical organization of the biomolecules should also be taken into account: in particular,
the arrangement of the photosynthetic pigments in so-called reaction centers (RC) [139].
Therefore, the selection of a suitable biomimetic (inert) matrix or surrounding medium
for stabilization and controlled organization of TM is a prime requirement to ensure a
favorable environment and create durable photosynthetic reactions, where the molecular
and nanoscale interactions between the active molecules should be replicated [140]. The
nanoscale conformation of photosynthetic systems has been well investigated and artificial
chemical assemblies with efficient photosynthetic ability were created [141]. It has also been
demonstrated that the selection of a suitable matrix for cell immobilization also prevents cell
death or offers protection against toxic components, while it stimulates the creation of sec-
ondary metabolites [142]. After extraction of the various photosynthetic materials such as
PSI, PSII, light-harvesting antenna complexes and entire TM from green plant chloroplasts
(e.g., bean leaves, spinach, rockcress [143]), algae [144], or cyanobacteria [145], they have
been incorporated into artificial photosynthetic devices such as porous electrodes [146],
photovoltaic cells [147], biosensors [148], detection systems [149], photobioreactors [150],
hydrogen production [151], or self-regenerating conversion equipment [152]. The biohy-
brids incorporating TM may include coupling with various host matrixes such as, e.g.,
porous silica gels [153], microcapsules [154], printable hydrogels [155], electrolytes [156],
carbon nanotubes [147], or conductive polymers [157]. The suitable matrixes for immobi-
lization should generally be mechanically and chemically stable, inert to the environment,
non-toxic, porous, photo-transparent to allow penetration of sunlight, and preferably
show good interaction with the cells or photosynthetic moieties due to their hydrophilic
nature [158]. Therefore, the mimicking of the natural environment though the selection of a
natural biopolymer host material can favorably enhance compatibility.

The organization of biomaterials or isolated protein complexes (TM) in synthetic
bio-hybrid nanostructures can favorably be controlled during processing through layer-
by-layer (LbL) assembly [159], that enables the creation of mechanically stable and robust
structures with controlled architecture and enhanced photosynthetic efficiency through
a more dense packing of the photoreactive compounds [160]: in particular, the charge
distribution around TM molecules can be exploited to maximize their loading density
during self-organization in combination with polycation complexes [161]. During LbL
assembly, a defined number of charged layers with photosynthetic proteins are deposited in
alternation with charged polyelectrolytes from appropriate polymers in order to immobilize
the reactive photosynthetic moieties within a protective matrix. The latter can be selected
to be either bio-based, biocompatible, or biodegradable in order to prove eventual compat-
ibility with human cells (e.g., for applications in medicine, disposable or biodegradable
electronics, bioelectronics, artificial implants), or to serve as free-standing photosynthetic
devices (e.g., environmental biosensors). In some illustrative works, the thylakoids were
isolated from cyanobacteria (Spirulina platensis) and deposited through LbL (layer-by-layer)
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assembly in combination with poly(ethyleneimine) [162]: as a result, the photoactivity
of the thylakoid membrane/PEI assembly was dependent on thickness of the film and
increased with the number of bilayers, and the photosynthetic electron transfer process
in the thylakoid membrane/PEI single-bilayer film was demonstrated by an inhibition
of the photoactivity by herbicide. In another study, the photosynthetic proteins isolated
from the reaction centers of Rhodobacter sphaeroides were assembled in combination with
poly(diallyldimethylammonium chloride) [163], where linear film growth was observed
up to about 20 absorption cycles. During assembly, the increase in packaging density of
thylakoids is an important factor in enhancing stability and functional durability of the
assembled films [164], which could be achieved through better control of the molecular
charge distribution of the thylakoids in combination with an insulating polymer (e.g.,
polyethyleneimine PEI), or conducting polymer (e.g., polyaniline PANI) [165]: as such,
the times for continuous generation of photosynthetic energy were prolonged and pho-
tobleaching processes were decelerated in LbL films compared to random arrangements.
After multiple deposit cycles (Figure 12), the photo-active function of the thylakoids can
be maintained within the artificially assembled structures due to an excellent balance of
the charged layers in the assembly. As such, cell-free and robust artificial photosynthetic
devices can be fabricated in a stable abiotic environment with controllable properties.
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in nanocellulose composite membranes through consequent dipping in a solution 1 (e.g., positively
charged 0.5 wt.% PEI, or 0.5 wt.% PANI), followed by washing and dipping in the solution 2 (i.e.,
extracted thylakoids) [165] (reprinted with permission from Elsevier B.V. ©2016).

5.2. Assembled Nanocellulose Composites in Artificial Photosynthetic Systems

The artificial photosynthesis reactions in the production of chemicals, hydrogen, or
energy take place in so-called photoelectrochemical cells (PEC), where the incident light
on photosensitive material introduces the chemical reactions [166]. The structural features
of nanocellulose assemblies, with hydrophilic mesopores, three-dimensional porous fiber
network, and consequently a high specific surface area of reactive sites for coupling of
photosensitive materials, make them as an ideal host material for embedding photoreactive
nanoparticle catalysts with low risk for agglomeration. The favorable dispersion and immo-
bilization of photoreactive metal nanoparticles within a nanocellulose matrix prevents their
agglomeration and hence improves the photosynthesis efficiency. The high availability of
reactive hydroxyl sites within a nanocellulose matrix makes it a good medium to serve as a
biotemplate. The nanocellulose composites include opportunities for the combination with
metallic nanoparticle photocatalysts [167], through formation of nanocomposite structures
or surface modifications. The mechanistic effects of inorganic nanoparticles as biocatalytic
enablers for the photosynthesis reaction have been detailed before [168]. Alternatively, the
incorporation of organic photoreactive dyes is discussed in following paragraphs.
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Photosensitive metallic nanoparticles can be deposited from respective precursor
solutions with in-situ reduction within a porous nanocellulose structure and deposition
on the cellulose surface through covalent attachment. As an example, the photoreactive
CdS nanoparticles were immobilized into a porous nanocellulose composite film through
deposition from a CdCl2 solution [169], offering a new platform for photocatalytic reac-
tions in chemical and/or energy conversion. The latter CdS/nanocellulose composites
can interestingly be converted into inks for screen-printing, where nanocellulose/CdS
quantum dot composites were fabricated by controlling the carboxylate content of the
nanocellulose and the molar ratio of Cd2+/–COOH [170]. The combination of CdS@MoS2
hetero-structured nanocomposites promotes the oxidation–reduction reaction in the pho-
tocatalytic process [171], and can be further incorporated into a porous nanocellulose
coating for enhancing the efficiency of photosynthesis reactions in degradation of organic
dyes. The transport efficiency of the photogenerated electrons required during the pho-
tochemical reaction was further improved by combining the CdS/MoS2 heterojunction
with a strongly electronegative montmorillonite within a nanocellulose hydrogel [172]. The
latter can also be applied in combination with other photocatalyst nanoparticles, such as
ZnO/CuO [173], TiO2 [174], CdS [175], or CuO/BiVO4 [176]. These nanomaterials can
be incorporated into the nanocellulose hydrogels through direct coagulation casting of
1.5 wt.% TEMPO-CNF fiber suspensions, where the additives also improve the mechanical
robustness through spontaneous crosslinking. The combination of ZnO nanoparticles
with nanocellulose enhanced its photosensitivity due to the templating features of the
nanocellulose with good binding and controlled growth of ZnO in aligned structures [177].
The favorable opto-electronic properties of ZnO are comparable to TiO2 with low band-gap
energy [178], offering in addition photoreactive and catalytic properties against chemical
and biological compounds [179]. The deposition of photoreactive ZnO nanoparticles on
the nanocellulose surface is typically accomplished by the in situ reduction reaction during
solution casting of a mono-chemical solution of zinc nitrate as a precursor and sodium
hydroxide as a reducing agent [180]. The latter method is more efficient, low-cost, simpler,
and has lower environmental impact in comparison with traditional routes, while being
easily scalable to an industrial process. The upgrading of photoreactivity was found in
nanocellulose-supported MoS2 nanostructures as compared to bare MoS2 nano-petals due
to the slow recombination of electron–hole pairs [181]. Alternatively, the photoreactivity
of TiO2 nanoparticles is well-documented [182], and direct deposition into nanocellulose
composites can be achieved through a facile one-pot approach based on the sol-gel method
with in situ reduction from a titanium(IV)-n-butoxide precursor under stirring in acetic
acid: compared to hydrothermal methods and other sol–gel synthesis methods that nor-
mally require high-temperature calcination steps or harmful solvents, the novel approach is
simple, environmentally friendly, low-cost, and energy-saving [183]. A mesoporous CNC
network could also be functionalized with hollow TiO2 nanofibers by low-temperature
atomic layer deposition [184], where the film was employed as an anode in the PEC with
supply of the electrolyte through micro/nanochannels in the CNF film and contact with
a light source was made (Figure 13a). Furthermore, it was interestingly shown that the
thermal annealing in vacuum resulted in the removal of the cellulose templating structure
while the transformation into black color improved the light absorption. A favorable con-
trol of size and morphology of synthesized TiO2 crystals within a three-dimensional CNC
templating structure enhances its light-harvesting properties and photochemical activity as
a result of the charge-enriched nanocellulose and modulation of the TiO2 structure [185].
The deposition of high density TiO2 nanorods with 3D nanostructure on CNF further
enhanced the porosity and resulted in more efficient photosynthetic conversion in PEC: the
latter can be combined in the fabrication of hierarchical meso- to nanoscale CNF structures
in combination with a ZnO interlayer on the nanocellulose [186]. The enhanced light
absorption of CNC with TiO2 nanorods and Au nanoparticles was demonstrated, where a
light-absorption layer was formed with high sensitivity and enhanced photoreactive re-
sponse under solar radiation (Figure 13b,c) [187]. An illustrative selection of photocatalytic
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metal nanoparticles or combinations thereof incorporated in nanocellulose composites is
given in Table 1. The photosynthesis ideally occurs by capturing low energy photons from
the spectrum. Some photocatalyst nanoparticles (such as CdS, CuO, . . . ) have inherently
a favorable absorption at longer wavelengths, while the others (such as TiO2, ZnO) are
indeed mainly absorbing mainly in the UV region of the spectrum, while dopants can be
used to shift the bandgap and thus the absorption of light into the VIS part of the spectrum.
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Figure 13. Nanocellulose as template for hybrid composite materials with photoreactive inorganic
nanoparticles: (a) CNF film coated with TiO2 after thermal annealing and use as photo-electrode in
photoelectrochemical cell [184], (b) capillary PEC water splitting setup with cellulose-templated TiO2

photoanode; (c) schematic representation for growth of TiO2 nanorods onto CNF or CNC surfaces
through seed-mediated deposition and Au nanoparticle (NP) attachment for creating a photoreactive
nanocellulose composite hydrogel [187] (reproduced with permission from RCS Publishing ©2014).

Table 1. Selection of photoreactive metal nanoparticles coupled into nanocellulose composites.

Photoreactive
Nanoparticles Nano-Cellulose Processing for Incorporation within

Photoreactive Nanocellulose Composites Reference

Metals
Au CNC Reduction from HAuCl4 [188]
Pd CNF Direct reduction of Pd2+ ions [189]

Metal oxides
ZnO CNC In-situ casting from Zn(NO3)2 [180]
ZnO CNC Co-precipitation from Zn(CH2CO2) [190]
TiO2 CNC Hydrolysis of TiCl4 [191]
TiO2 CNC Reduction of TiOOSO4·H2SO4·H2O [185]
TiO2 CNF Heterocoagulation of CNC and TiO2 NP [192]
Cu2O CNC Microwave-assisted polyol synthesis [193]

Cu2O/TiO2 CNF Hydrothermal reaction from CuSO4 and NaOH [194]
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Table 1. Cont.

Photoreactive
Nanoparticles Nano-Cellulose Processing for Incorporation within

Photoreactive Nanocellulose Composites Reference

Cu2O/Ag CNF Reduction from CuSO4 and AgNO3 [195]
CuO/Fe3O4 MFC In-situ co-precipitation of Cu(CH3COO)2 and Fe(NO3)3·9H2O [196]

Fe-doped ZnO CNC In-situ precipitation from Zn(CH3CO2)2 and FeCl3 [197]
Al-doped ZnO MFC/CNF In-situ reduction from ZnCl2 and AlCl3 [198]

Metal sulphides
CdS CNF Quantum dots formation from CdCl2 and Na2S [170]
ZnS CNC In-situ co-precipitation from ZnNO3 precursor [199]

MoS2/CdS CNF Coagulation casting of Na2MoO4·2H2O and Cd(CH3CO2)2·2H2O [172]

Others
Ag3PO4 CNC In-situ synthesis from Na2HPO4·12H2O and AgNO3 [200]

Graphitic
carbon nitride CNF Thermal polymerization of bi-component precursor [201]

The chemical synthesis of semiconducting colloidal quantum dots has proven to
enhance the artificial photosynthesis [202]. The combination of carbon quantum dots
with nanocellulose has been explored already in the literature to make chiral fluorescent
materials [203], or graphite oxide quantum dots are applied in nanocellulose humid-
ity sensors [204]. Interestingly, the carbon quantum dots could also be fabricated from
cyanobacteria and combined in CNF/PVA nanocomposite films [205], resulting in high
quantum yields of 5.3% and efficient emission of bright blue light under UV irradiation.
The lows fluorescence quantum yield can be improved through doping with hetero-atoms,
as e.g., nitrogen-carbon quantum dots have been directly deposited onto oxidized CNC for
photochemical sensors [206]. The development of CNF hydrogels with carbon dots such as
utilized, e.g., in the fabrication of fluorescent nanocellulosic gels with good sensitivity to
heavy metals [207], can be further exploited for the fabrication of photosynthetic devices
and has not been presented before. The luminescent carbon quantum dots can theoretically
also be extracted from cyanobacteria by a hydrothermal method and incorporated into
nanocellulose composites [205].

Metal organic frameworks (MOF) are a class of coordination polymers that have been
applied as an interesting platform for the organization of light-harvesting antennae and
catalytic centers for solar light conversion, owing to their structural regularity and hierar-
chical organization [208]. Different attributes such as light absorption, charge transport,
H2O oxidation, and CO2 reduction have been described in MOFs, which has suggested the
use of fully MOF-based assemblies and arrays for artificial photosynthesis [209]. Recently,
the integration of MOFs into a monolayer structure of catalytic enzymes has enhanced
efficiency and selectivity for photosynthetic conversions, based on the combination of active
metal centers, proximal amino acids and various positive cofactors [210]. The TEMPO-
CNF porous aerogels with hierarchical structure were created through encapsulation of
MOF at high loadings (over 50 wt.%) and no leakage, utilizing its function in catalytic
conversion [211], or adsorption [212]. The hybrid NC-MOF nanocomposites were synthe-
sized as multifunctional materials for use in sewage treatment, gas separation, and energy
storage [213], but major challenges remain to be resolved, such as stability in the water
environment and better knowledge of the design, structural organization and optimized
loading of MOF in the different morphologies of CNC, CNF, and BNC, amongst others.

5.3. Nanocellulose as Support for Artificial Leave Structures and Assemblies
5.3.1. Basic Artificial Leaf Structures

The biological structure of photosynthetic reaction centers in thylakoids, as described
before, has been utilized for the design of more efficient photosynthetic nanopapers based
on cellulose. In particular, the compartmentalisation of photoreactive substances can
be realized by adopting encapsulation strategies in nanocellulose-based capsules. The
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encapsulation of active ingredients [214], or photosensitive dyes [215] in nanocellulose
host matrixes has been performed in several fields of medicine or environmental sciences
through emulsification.

Encapsulation of hydrophobic or oil-like compounds in nanocellulose can be achieved
due to the stabilization properties of nanocellulose in Pickering emulsions [216], provid-
ing a method for creating optically transparent composites [217]: this technique provides
potential applications in drug delivery, food, and composite materials. Furthermore, the
operation of many biological systems in an aqueous environment such as are needed for
photosynthetic activity reproducing the plant structure may be replicated through the
use of nanocellulose as an intermediating component between the aqueous environment
and photosynthetic dyes [57]. In particular, the organization of the nanocellulose at the
oil/water interface enables the creation of more stable systems than surfactant-stabilized
emulsions. The encapsulation of optically active molecules into a liquid core of nanocellu-
lose capsules can be used as an efficient platform for the development of photosynthetic
papers [218]: with the liquid core of the nanocellulose microcapsules consisting of hexade-
cane and the capsule walls consisting of an organized blend of nanocellulose fibrils and
crystals, the appropriate dyes for photon energy up-conversion could be distributed in
the core of the capsules. In addition, the efficiency of the photosynthetic capsules was im-
proved by the encapsulation of multiple chromophores [219], which include energetically
optimized combinations of photosensitizers and photoemittors. The selected chromophore
molecules may allow for the up-conversion of low-energy photons into photons of higher
energy by triplet-triplet annihilation, e.g., using Pd(II) porphyrin coordination complexes as
sensitizer (i.e., it is responsible for efficient absorption of the photon energy) and dimethyl-
butyne as emitter (i.e., it undergoes excitation and annihilation during interaction between
two emitter molecules, in which one of the exited emitters in the singlet state emits a
fluorescence photon of higher energy upon decay to the ground state) [220]. The latter
allow for efficient light harvesting in the entire sunlight region including the deep-red
wavelengths and retain sufficient mobility when supplied in a liquid core. The encapsu-
lation strategy for both photosensitizers and emitters in nanocellulose microcapsules is
depicted in Figure 14, where the oil core/nanocellulose capsules are typically synthesized
through mini-emulsion polymerization [221]. For creating the capsule walls with optimum
porosity, it was critical to obtain an optimized ratio of CNC and CNF with controlled
charge densities obtained after TEMPO-oxidation for introduction of carboxylic groups. In
contrast with the encapsulation in traditional more glassy or rigid polymer systems, the
molecular mobility of the chromophores is less hindered and the interaction efficiency for
energy transfer is enhanced in soft or porous systems.

The embedding of nanocellulose liquid-core capsules as photoreactive centers within
a scaffold or solid matrix needs to provide mechanical stability and protection, mimicking
the embedment of photosynthetic complexes in the plant structures or entire plant cell
assemblies [222]. The nanocellulose-based capsules can be typically used for the encapsula-
tion of hydrophobic compounds [223], and serve as micro-containers with functionalities
of a synthetic plant cell [224]. In plants, the cellulose fibers form the inner scaffold, pro-
viding mechanical strength due to their hierarchical structure as primary building blocks
of the plant cell walls. Therefore, a protective matrix for embedding photosynthetic el-
ements can be formed of parallel organized layers with CNF that are compatibilized at
the surface to provide optimal stiffness and adhesion with the wall of the capsules. The
latter nanocomposite films with NFC matrix and embedded microcapsules can be fabri-
cated through simple solvent casting from a mixed aqueous solution of microcapsules
and CNF followed by drying [225]. As another advantage, the protective oxygen-barrier
properties of a nanocellulose may further enhance the efficiency of liquid-core capsules
or photocatalytic cells [226], while protecting them against degradation. In particular,
the presence of oxygen is disruptive for photochemical reactions due to quenching of the
intermediate triplet state of photons and preventing the photon transfer reactions. The
penetration of oxygen and creation of highly reactive singlet oxygen should be prevented
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to increase the lifetime of a photosynthetic cell. In plant leaves, the upper epidermis layer
provides a protective barrier layer containing cuticles with waxy coating [227]. Therefore,
the dense structure of nanocellulose is particularly known to provide additional barrier
properties with low oxygen-transmission rates, as utilized in packaging systems [228]. The
LbL assembly of CNF microcapsules with control of the wall morphology enables one to
change the permeability [229,230]. In addition to the protective layer of the microcapsule
walls, the oxygen-barrier properties of nanocellulose layers can be further exploited to
build protective stacked layers on top of the embedded microcapsules [231]. In conclusion,
the durability and lifetime of the composite nanopaper can thus be prolonged through
optimization of the thickness of the protective NFC coating, without sacrificing for light
transmission through the semi-transparent nanocomposite film.
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Figure 14. Design of artificial leaf structure with encapsulated photosensitizers and emitters in
microcapsules with porous wall of mixed CNF/CNC nanocelluloses: (a) natural leaf structure,
(b) artificial structure with detail of porous microcapsules, (c) encapsulated photosensitizer molecules,
(d) encapsulated emitter molecules [218] (reprinted with permission from American Chemical
Society ©2014).

5.3.2. Biomimetic Artificial Photosynthesis

The formation of nanocellulose composites with organic photosynthetically active
compounds serves as a direct modelling of the photosynthetic system in green plants,
including nature-derived photosensitizers such as chlorophyll [232], porphyrin [233], or
artificial photosensitizes such as proflavine [234]. As these are relatively small molecules
with low mechanical stability of their structure and difficulties in re-use due to separation
problems with the photosynthesized products, immobilization in a robust matrix provides
a good environment for practical use. In particular, their molecular structure is more
sensitive than the previously discussed inorganic photosensitizes. The lignocellulose
materials are preferably used as a supporting host matrix due to its natural origin and ideal
mimicking the structure of green plants. Due to their high chemical reactivity and presence
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of functional groups within a lignocellulosic matrix, the entrapment of photosensitizers
can be accomplished through physical entrapment [235], or chemical grafting [236].

The physical encapsulation of porphyrins including the chlorophyll pigments was ac-
complished within a synthetic wood-like matrix consisting of a mesoporous fiber structure
that was obtained after dissolving the respective wood components (i.e., lignin, cellulose,
and xylan) into an ionic liquid followed by freeze-drying (Figure 15) [237]: the presence of
a remaining fraction of redox-active lignin in the nanofibrous cellulose matrix assists in the
electron transfer reactions and therefore enhances the photosynthesis reaction. Similar to
its natural environment, the re-assembly of light-harvesting pigments into a lignocellulosic
matrix provided high reaction efficiency in the generation of redox enzymes that are active
in the biochemical cycle of photochemical processes under capture of solar light. After
dissolving the hydrophobic porphyrins in suitable ionic liquid [238], they were further
entrapped into the wood-like gel matrix through in situ precipitation, resulting in weak
interactions with the hydrophobic lignin matrix [237]. As a drawback of the synthetic
wood structures, however, the complex hierarchical structure of the natural wood assembly
cannot be fully mimicked. Therefore, porphyrin photosensitizer monomers were further
incorporated into bio-inspired peptide nanotubes synthesized by self-assembly of dipheny-
lalanine [239], in order to enhance the separation and electron transfer efficiency in artificial
photosynthesis. The other active organic compounds such as spiroxamine also served as
artificial photoreactive dyes and were chemically coupled to CNC to form photosensitive
paper coatings [240]. In particular, the water-dispersibility of the hydrophobic photore-
active dyes was improved through encapsulation in a hydrophilic carrier material. The
latter can also directly be dispersed in a polystyrene acrylic latex emulsion for paper coat-
ing [241]. In general, the creation of photoreactive nanocellulose can be achieved through
covalent chemical coupling of artificial photoreactive monomers or molecules due to the
reactivity of the hydroxyl groups on the CNC surface [242]. A huge number of photore-
active organic dyes with photo-induced activity are reported, including azo-dyes [243]
and azobenzenes [244], forming nanocellulose conjugates through covalent grafting [245].
The photoreactivity and conversion efficiency of photosynthetic systems highly increased
for MFC/CNF with encapsulated dyes, owing to the increased light-scattering effects
introduced by the alternations in crystalline and amorphous domains of the fibers acting as
light-scattering and light-reflecting domains, respectively [246].
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Figure 15. Light-harvesting systems in natural green plant leaves and synthetic wood with physi-
cally encapsulated light-harvesting pigments such as chlorophyll and porphyrins: (a) biomimick-
ing structure in redox reaction for production of photosynthetically active enzymes (NAD(P)H),
(b) light-harvesting pigments, (c) synthetic wood with nanofibrous cellulose structure as host ma-
terial for encapsulation [237] (reproduced with permission from WILEY-VCH Verlag GmbH & Co.
KGaA ©2011).
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6. Nanocellulose as Template for Photosynthetic Cell Factories
6.1. Incorporation of Photosynthetic Active Cells

The immobilization of entire biological cells in a suitable environment mimicking the
biological surroundings may bring advantages over the isolation of single photosynthetic
proteins [138]. Due to their hydrophilic nature and hygroscopic properties, the nanocel-
lulose assemblies may serve as a suitable host material for creation of photosynthetic cell
factories (PCF) through incorporation of algae or cyanobacteria as photosynthetic micro-
organisms. At present, the PCFs are mostly created in bioreactors by mixing the living
cells in a suspension culture [247], which poses several operational problems that limit the
production efficiency: e.g., high energy requirement for mixing, high water use, limited
light penetration, low volumetric cell densities, and interference with metabolic processes
that causes the excessive growth and densification of biomass. Therefore, new technologies
for immobilization of full biological cells into a biofilm or well-defined templating materials
may be more beneficial for high photosynthesis productivity [248]. The immobilization of
photosynthetically active matter within biologically inert matrixes has been an extensive
area of research [249], mainly in relation to the transformation of solar energy into chem-
ical energy [140], which involved the design of photosynthetic reaction centers through
encapsulation of pigments, proteins and complexes.

The immobilization of cells offers better protection against severe environments and
simplifies operational conditions in a photobioreactor. The controlled immobilization of
phototropic micro-organisms such as microalgae and cyanobacteria has been driven by
the need for process intensification, taking their cultivation beyond formation of a pure
biofilm [250]. The spatial arrangement of living cells within porous matrixes such as silica
provides an inert medium for photosynthetic organelles [251]. Alternatively, hydrogel en-
capsulation and latex-polymer immobilization provides active biocomposites or biocoatings
that can be optimized with controlled presentation of active ingredients and designed for
optimized mass diffusion. The various natural polymers and carbohydrate matrixes such
as agar [252], alginate [253], carrageenan or chitin [254] were used for immobilization of
micro-algae. Contrarily, the organic polymers such as PV (polyvinyl), or PU (polyurethane)
foams cause adverse toxic reactions to cyanobacteria and death of immobilized cells [255].
At present, the nanocellulose-alginate hydrogels are generally developed for cell encapsula-
tion [256]. The alginate hydrogels or films are most commonly used for the immobilization
of algae, resulting in an increase in power output after optimization of the biophotovoltaic
cells [257,258]. The constraints on photosynthetic efficiency that alginate matrixes pose,
however, are due to the relatively low mechanical stability, low wet strength and porosity
of the hydrogels. Therefore, the cross-linked alginate gel matrix or beads using divalent
cations such as Ca2+ or Ba2+ are more durable and show less cell leakage [259]. However,
the stability of the crosslinked alginate in different environments—particularly at high
ionic strength—is low due the reversibility of the ionic bonding [254]. Furthermore, the
precipitation of Ca2+ as CaCO3 in unfavorable under certain conditions requires for the
photosynthetic production of fuels or chemicals [260].

The incorporation of photoreactive bacteria and algae into a polymer latex coating
indeed revealed longer operational times for hydrogen production and higher production
yields compared to the suspension cultures [261]. The nanoporous latex coatings may
serve as a favorable environment for the hydrogen production by photo-autotropic bacteria
under optimized conditions of temperature, humidity, and environment, allowing for good
stability after drying and rehydration [262]. In particular, the controlled processing of
the nanoporous latex coatings allowed for a more uniform light distribution and limited
shading effects, which improved photoreactive productivity as compared to the suspension
cultures in a bioreactor [263]. The transfer towards thin-layer deposition technology may
improve the efficiency of PCFs. The immobilization of living cells as a thin layer onto a
supporting structure or scaffold can be realized through interactions based on mechanical
entrapment or physico-chemical forces [264]. The thin layers may allow for more uniform
light distribution and higher cell densities, which restricts cell division and growth while
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increasing the photosynthetic conversion. While the immobilized algae can be used for
various applications such as wastewater treatment [265], or environmental cleaning [266],
however, the combination into photosynthetic cell factories has rarely been described.

6.2. Photosynthetic Cell Factories on Paper

Cellulose matrix and paper structures were primarily used as an inexpensive and
accessible substrate for immobilization of photoreactive cells including cyanobacteria or
micro-algae. The functionalization of filter papers by growth of aerial micro-algae (e.g.,
Trentepohlia aurea) was realized in batch systems, forming an algal biofilm on the paper
surface after incubated dampening with medium under continuous illumination by cool-
white fluorescent lamps [267]. The latter were mainly used for the removal of inorganic
nitrogen compounds in purification of wastewater. The embedding of photoactive cells
into hybrid polymer latex coatings can been applied as a straightforward technique [263],
in parallel with coating application procedures known in paper technology. The latex
wet-coalescence extrusive coating method with incorporated cyanobacteria efficiently
increased the photosynthetic rate, where it was illustrated that the spatial arrangement of
the cells and distribution on the paper highly affect photoreactivity [268]: most importantly,
however, the illumination conditions of the coating layer and the porous substrate allowed
for an optimization of the gas-phase photobioreactor design. From detailed microscopic
observations, the local organization of the latex coating with embedded cells onto the
different parts of the macroscopic paper surface indicates non-homogeneous exposure of
the cells (Figure 16) [269]. Therefore, coating uniformity can be further improved by using
more sophisticated methods for coating nonwovens, such as spin coating, roll printing,
spraying, convective sedimentation assembly, and ink-jet printing. Alternatively, the partial
filling of the paper pores with a photosynthetic coating creates additional active surface area,
while maintaining the microporosity for adequate diffusion processes. For the different
types of cells embedded into a latex coating on paper, the nanoporous microstructure,
porosity, and properties were altered by the size and shape of the embedded cells [270].
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film formation, (d) “buried” cells on paper fibers, (e) “exposed” cells on paper fibers [269].
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The processing for biocatalytic coatings (10 to 65 µm) with immobilized micro-organisms
onto cellulosic paper substrates have been further elaborated without the need for extensive
drying of the latex, using a gas-phase deposition which reduces the drying stresses on
the bacteria and ensures good adhesion [271]. In parallel, the photosynthetic products
favorably diffused into the hydrated paper pores and could be collected in a liquid phase
supporting the substrate. In general, the engineering of paper substrate as cellulose pho-
tocomposite materials can be tuned towards industrial-scale photoreactive systems by
steering the interactions between colloidal sciences and cell biology, as illustrated in an
approach for convective assembly [272]. Alternatively, the hollow macroscale cellulose
fibers were also used as an immobilization matrix for cyanobacteria. The functionalized
cellulose fibers were subsequently introduced as a support into a tubular photobioreac-
tor [273], which was primarily used in wastewater treatment. However, similar set-ups
for immobilization of photosynthetic species under optimized conditions could be further
developed to operate as photosynthetic systems. The use of hydrophilic hollow cellulose
fibers (rayon) for immobilization of cyanobacteria was more successful compared to cell
attachment on hydrophobic polysulfone fibers [274]: the latter was proven in the hydro-
gen photoproduction and carbon-dioxide uptake in a continuous-flow, laboratory-scale
hollow-fiber photobioreactor that operated for over one year with maximized hydrogen
production. As advantages, the cellulose photobioreactors utilize a relatively cheap immo-
bilization platform available from waste products of agricultural industry and can be used
independently for both hydrogen production and CO2 capture.

6.3. Photosynthetic Cell Factories on Nanopaper

Alternatively, the route of using nanocellulose as a matrix for cultivation and confine-
ment of living cells can be followed; however, it has not yet been extensively explored.
In many review papers on immobilization strategies for micro-algae, the use of cellulose
or nanocellulose as a suitable scaffold was not yet mentioned [250]. However, the appli-
cation of nanocellulose as an ideal matrix for PCFs can be realized owing to its intrinsic
properties discussed above, offering functionalities that promote photosynthetic efficiency,
such as (i) not interfering with the photosynthetic metabolism of the cells by promoting
the availability of light and nutrients, (ii) efficient diffusion of chemicals and reagents,
(iii) enhancement of cellular growth and biomass aggregation. Some developed strategies
for cell immobilization within different types of nanocellulose (BNC, CNF, CNC, or CNY),
as found in the literature, are described below.

6.3.1. Bacterial Nanocellulose (BNC)

The transparent bacterial nanocellulose (BNC) was used as a host matrix for the
culturing of photosynthetic microorganisms such as algae and cyanobacteria, according to
an early patent (2010) [275]. The BNC was additionally modified through impregnation
with a reinforcing material (e.g., water-soluble or polar-solvent-soluble materials, or gel-
forming materials such as agar, dextran, polyacrylamide, polyvinylpyrrolidone, alginic
acid salts, chitin, hyaluronic acid, curdlan, polyacrylic acid salts, pullulan, carrageenan,
glucomannan, cellulose derivatives and polyethylene glycol), following the complexation
reactions to enhance mechanical stability. The culturing of green or purple algae could be
achieved on several forms of BNC as a gel or pellicles, by soaking it in a selected suitable
minimal-salts medium [276], and seeding the photosynthetic microbe. After adding a
diluted pre-culture of the photosynthetic microbe to the culture dish with BNC, growth
under white fluorescent light and incubation at appropriate temperature was followed
by the increase in characteristic absorbance at 680 nm corresponding to the maximum
absorption intensity of the chlorophyll. In a very recent study, Chlorella sorokiniana AK-1
micro-algae were immobilized in BNC through an in situ reaction by co-culturing, where
an alkaline culture medium influenced the 3-D structure of cellulose, making it porous and
more suitable for microalgal attachment [277].
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6.3.2. Cellulose Nanofibrils (CNF)

TEMPO-oxidized CNF could be used in different forms as a template for embed-
ding cyanobacteria or green algae and photosynthetic production of H2, i.e., (i) as a pure
hydrogel, (ii) as a stabilized hydrogel through crosslinking with Ca2+, or (iii) as a solid
film after crosslinking with polyvinyl alcohol (PVA) [278]. The fabrication methods of
immobilized microbial layers (often using a paper support) are illustrated in Figure 17:
(i) the CNF hydrogel with entrapped cyanobacteria was constructed as a bar-coated layer
onto a paper support and placed onto a sponge structure for water supply (Figure 17a), (ii)
spraying with CaCl2 formed a stable polymer network with higher mechanical stability of
the hydrogel (Figure 17b), and (iii) an intermediate drying step in the PVA stabilized solid
film enhanced the wet strength and cell recovery happened during subsequent rewetting
with an appropriate medium in combination with photo-illumination (Figure 17c). At
least similar photoproduction was found as compared to a reference alginate hydrogel, but
the production efficiency for green algae within the Ca2+ crosslinked hydrogel provided
superior photosynthetic performance owing to better mechanical stability and favorable
porosity of the matrix. Otherwise, the PVA-crosslinked matrix remained stable and em-
bedded cyanobacteria continued efficient photosynthetic activity after several drying and
rewetting cycles, owing to the high water retention within the CNF films that protected the
cells during drying.
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Figure 17. Schematic representation of immobilization strategies of algae or cyanobacteria in TEMPO-
CNF hydrogels utilized for photosynthetic processes: (a) hydrogel layer applied on top of the paper
support and placed in the gas-tight vials above the medium on top of water-conveying sponge that
provides water to the cells via capillary actions, (b) Ca2+ crosslinked hydrogel layers with entrapped
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solid film is formed, and PVA forms interfibrillar bridges with TEMPO CNF that enhance the film
wet strength [278] (reproduced with permission from RSC Publishing ©2018).
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When embedded in the crosslinked CNF matrix, the embedded cells are well-protected
against environmental stress owing to its porous and hygroscopic properties. Therefore, a
double cross-linked CNF fiber network of Ca2+/PVA (Figure 18a) has been designed for
the immobilization of cyanobacteria in mechanically more stable PCFs [279]. The com-
bination of crosslinking through both chemical bonding (PVA) and ionic bonding (Ca2+

complexation) significantly improved wet strength and mechanical stability under severe
chemical photosynthetic conditions or under adapted nutrient conditions [70], allowing for
better long-term efficiency of the PCF by preventing cell leakage and matrix disintegration.
The double-crosslinked network with Ca2+ shows better compatibility with a photosyn-
thetic environment in contrast to the possibility for crosslinking with citric acid, as the
latter may interfere with photosynthetic processes [280]. The high mechanical strength
of double-crosslinked PVA/Ca2+ CNF networks compared to Ca2+ alginate hydrogels in
wet conditions with immobilized cyanobacteria cells can be proven by large-deformation
testing or rheological characterization (Figure 18b) [279]: the critical stress characterized
as the starting point for weakening is higher for PVA/Ca2+ hydrogels with immobilized
cells (70 MPa) compared to Ca2+ alginate hydrogels with immobilized cells (20 MPa). The
presence of cyanobacteria cells causes significant weaking of the Ca2+ alginate gels as they
may compete for the Ca2+ complex formation and consequently disrupt the formation of a
polymer network in the alginate matrix. The better stability of the immobilized cells in the
PVA/Ca2+ favorably indicates the high specificity of the hydroxyl/carbonyl bonds in the
nanocellulose network, as the percolation structure of the fibrous nanocellulose network is
not hindered in presence of the immobilized cells.
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Figure 18. Concept for nanocellulose-based mechanically stable immobilization matrix for cyanobac-
teria as a photosynthetic solid-state cell factory used in ethylene-production: (a) schematic represen-
tation of the experimental approach for immobilizing photosynthesis cells within TEMPO-CNF and
alginate hydrogels cross-linked with polyvinyl alcohol (PVA)/Ca2+ (TEMPO-CNF) or Ca2+ (alginate);
Small deformation oscillatory rheology of matrix hydrogel films for (b) PVA-Ca2+/TEMPO-CNF,
and (c) Ca2+ alginate hydrogel films with (solid lines) and without (dotted lines) cyanobacterial cells,
showing elastic moduli (G′, black square), viscous moduli (G”, red square) and tan (δ) (blue circle).
The dashed vertical line marks the onset of critical stress, where the material starts to flow [279].

At present, the affinity between cyanobacteria filaments and CNF attributed to the
presence of cationic charges near the carboxylic groups at the fibrillar TEMPO-CNF surface
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and organizations has only been achieved through mixing of the cells into a hydrogel
template. However, this system is still referred to as a “passive” entrapment with random
cell distribution in the CNF matrix and there is no specific guidance towards controlled
deposition in gels with tailored porosity and architecture. In a further development, the
use of CNF gels with controlled pore size, water content, and dewatering characteristics
can be steered through dedicated surface modification and results in better light harvesting
and chemical production efficiency.

6.3.3. Electrospun Cellulose Nanoyarns (CNY)

Porous fiber mats of cellulose nanoyarns (CNY) are obtained by electrospinning of
cellulose acetate (CA). They were previously used for immobilization of living cells of
Acinetobacter calcoaceticus, for the removal of ammonium from aquatic systems [281], or
bacteria were incorporated for removal of methylene blue dye [282]. The incorporation
of cells or micro-organisms within electrospun nanofibers has been demonstrated, but
the conditions used during electrospinning may limit the viability/stability of the biolog-
ically encapsulated products [283]. The incorporation of photosynthetic bacteria within
electrospun cellulose acetate nanofiber membranes has been realized through the weak
attachment (adherence) to the surface of the fibers or encapsulation (entrapment) inside
the nanofiber matrix [284] (Figure 19a). Following the adherence-incubation method, the
electrospinning of a BNC solution in combination with a PVA co-binder provided a suit-
able matrix of composite nanocellulose fibers for the adherence of the probiotic bacteria
Lactobacillus acidophilus (Figure 19b) [285], where good stability of the immobilized cells
is ensured by viability testing and high immobilization versus release ratio. The efficient
adherence of the photoreactive bacteria onto PVA nanofibers or binder was illustrated [286],
where the prepared nanofibers were submerged within the bacterial broth for favorable
attachment. For the other technique following direct electrospinning of cellulose acetate
CNY, the immobilization of Bacillus paramycoides bacteria by encapsulation in electrospun
cellulose acetate nanofibers resulted in nanofibrous membranes (Figure 19c), which are
appropriate for the photocatalytic removal of methylene blue from wastewaters [287].
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Figure 19. Encapsulation of photoreactive bacteria in electrospun CNY fiber mats: (a) schematic
electrospinning process with incorporation of bacteria through surface adhesion or matrix encapsula-
tion [284] (reproduced with permission from Elsevier B.V. ©2021), (b) scanning electron microscopy
of L. acidophilus incorporated in an electrospun BNC fiber mat with PVA co-polymers, using ad-
sorption method [285] (reproduced with permission from Elsevier B.V. ©2020), (c) scanning electron
microscopy of bacteria immobilized in a nanofibrous matrix of electrospun cellulose acetate used in
photosynthesis [287].
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Alternatively, the electrospinning is a well-controlled process where additional prop-
erties can be provided to the electrospun cellulose fiber mat, such as electrical conductivity
that improves the photosynthetic efficiency. The incorporation of thylakoid vesicles in
conductive nanofibers of PEDOT/PSS (poly(3,4-ethylenedioxythiophene)/poly(styrene
sulfonate) and PEO (polyethylene oxide) has been used to successfully encapsulate and
stabilize thylakoid membrane vesicles isolated from spinach [288]. Due to the electron-
generating photosynthetic reactions, the nanofibers with immobilized thylakoids show
higher electrical conductivity compared with nanofibers without thylakoids under white-
light conditions. The other methods of electrospinning of conductive nanocellulose scaf-
folds have already been developed as reviewed above [289], mainly including the core-
shell nanofibrous membraned with incorporated carbon nanotubes [290], or polypyrrole-
coated BNC scaffolds [291]. The incorporation of carbon nanomaterials in electrospun
nanocellulose membranes was beneficial for photosynthetic removal of dyes from wastew-
aters [292]. The electrically conductive PEDOT–PSS/CNF/PEO composite fibers (i.e.,
poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT–PSS) and
CNF) were fabricated by electrospinning (Figure 20a), in combination with crosslinking
in presence of poly(ethylene oxide) or PEO to improve the stability of the fibrous mats in
water [293]: in parallel, the biocompatibility of the composite fibers enabled the immobi-
lization of micro-algae and cyanobacteria (Figure 20b), while the resulting substrates could
be applied in a photosynthetic microbial electrochemical cell. In particular, compatibility of
the fibrous mats with Chlamydomonas and Synechocystis cells was demonstrated, where the
maximum quantum efficiency of photosystem II (Fv/Fm) was maintained for green algae
and cyanobacteria deposited on the PEDOT–PSS/CNF/PEO membranes, similar to that of
the control cells (deposited on ITO glass without PEDOT–PSS/CNF/PEO) for the dura-
tion of the experiment (72 h) (Figure 20c). The quantification of photosynthetic efficiency
for such systems is determined by the normalized ratio Fv/Fm, representing the ratio of
variable fluorescence to maximum fluorescence: it is about 0.75 to 0.85 for most optimum
conditions representing the number of reaction centers that can perform photochemistry.
The morphologies of the conductive nanoyarns should be elaborated depending on the
selection of suitable solvents, polymer concentrations, and electrospinning parameters.
However, further exploitation of tailored photosynthetic cells with tunable nanocellulose
membranes needs to be carried out, in particular because the change of electrospinning
parameters allows close control of the porosity of electrospun nanocellulose membranes, as
demonstrated for the construction of CNC composite membranes [294].

6.4. Photosynthetic Nanocellulose Cell Factories with Improved Light Interactions

The efficiency of photosynthetic membranes and electrodes for harvesting photonic
energy may be improved by broadening the spectrum for light adsorption. In nature, green
light penetrates further into the plant leaf compared to red or blue light components present
in strong white light, as any additional green light absorbed by the lower chloroplasts
would increase leaf photosynthesis to a greater extent than would additional red or blue
light [295]. Therefore, the harvesting of light for photosynthesis is usually concentrated
within the visible light wavelength region, while the infrared wavelengths of the solar
irradiation spectrum remain less involved. Contrarily, the yield of artificial photosynthesis
could be improved by better employment of the IR light. Enhanced light harvesting and
solar energy conversion has been achieved with dual-emissive carbon dots, which show
strong absorption in the UV light region and exhibit intense blue and red light in water
that exactly match the absorption spectrum of chloroplasts [296]. The improvements in
light capture through selection of light-harvesting pigments also contributed to a higher
photosynthesis efficiency [297].
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Figure 20. Electrospinning of composite cellulose nanoyarns (CNY) with electroconductive properties
in combination with PEDOT-PSS conductive polymer and PEO cross-linkers: (a) electrospinning
process, (b) morphology of conductive CNF composite nanofibers with PEO crosslinker, (c) photosyn-
thetic efficiency of encapsulated Chlamydomonas and Synechocystis cells in CNY composite nanofibrous
mats [293] (reproduced with permission from American Chemical Society ©2020).

Improved light capture has also been achieved by the construction of biohybrid pho-
tosynthetic cells that contain thylakoid membranes (TM) and redox mediators (RM) in
combination with an anode that is built from a composite of CNF blended with PEDOT:PSS
(i.e., poly(3,4-ethylenedioxythiophene):polystyrene sulfonate) as conductive polymer [298]:
as a result, the artificial irradiation of the conducting polymer in the electrode through
an IR-emitting diode and local heat absorption results in a sixfold increase in the har-
vested bio-photovoltaic power. According to the set-up of a bio-photoelectrochemical cell
(Figure 21), the diffusion of redox mediators (RM) is enhanced by heating the CNF/PEDOT:
PSS electrode and charge transfer between the bio-photocatalysts and anode is conse-
quently enhanced. As such, the designed system is compatible for incorporation with living
whole-cell systems, where additional control of porosity of the electrode through control of
the nanocellulose processing may further enhance its performance. The combination of
artificial photosynthesis with biocatalytic redox mediators is an expanding field of research
to further enhance the light interactions and photosynthesis efficiency [299].

6.5. Advanced Artificial Leaf Structures with Controlled Morphologies

Besides the incorporation of photosynthetic moieties, the advanced design of artificial
leaf structures should take into account the different features of a plant leaf including
the network of veins that is responsible for the supply of water and nutrients in order
to fulfil the metabolic activities. It is known that the creation of nanoarray structures
demonstrated improved solar energy conversion due to the nanosize dimensions and array
alignment [300]. The patterning of photosynthetic devices may improve photosynthesis
efficiency and capacity by mimicking the natural occurrence of patterns in natural leaves,
as the cell division during growth and development of the leaf determines the pattern
and volume of airspace in a leaf [301]. The fabrication of micro-photosynthetic devices
with different array configurations of series or parallel alignments of living photosynthetic
micro-organisms enhanced the light-harvesting efficiency and output [302].
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Figure 21. Principle of a bio-photoelectrochemical cell for photosynthetic conversion: (a) cell
based on thylakoid membranes and PEDOT:PSS-CNF nanocellulose electrodes and DCPIP (2,6-
dichlorophenolindophenol) redox mediators: DCPIPox, deep blue at the beginning of halogen lamp
illumination turns colorless upon reduction by TMs, (b) generated by TMs under halogen lamp
illumination with IR long-pass filters with cut-on wavelengths of 750 nm (220–420 s) and 700 nm
(800–1200 s). Complete exclusion of VIS light (220–420 s) generated no photocurrent because TMs
do not absorb radiation in the NIR range of spectrum, while partial transmission around 700 nm
(800–1200 s) generated low photocurrent [298] (reproduced with permission from WILEY-VCH Verlag
GmbH & Co. KGaA ©2020).

Besides the incorporation of microalgae into a nanocellulose hydrogel, therefore, the
additional patterning with formation of microfluidic channels in the hydrogel allows
the integration of the living cells in combination with a system for continuous supply
of nutrients [303]. The latter structures enable the growth and proliferation of the micro-
organisms, resulting in a longer lifetime and more efficient metabolic activity in comparison
with a reference flat hydrogel sheet that is cultivated in a bulk solution. Moreover, the
photosynthetically produced species can be evacuated in a controlled way and do not
accumulate within the hydrogel, which could eventually lead to damage by mechanical
stress or chemical oxidation potential. Such advanced artificial leaf structures enabling
multiple functionalities were recently fabricated through the incorporation of green algae
(e.g., Chlorella vulgaris) into a crosslinked CNF/alginate hydrogel, where the presence
of alginate improves the porosity of the hydrogel and Ca2+ crosslinking provides better
mechanical stability. Therefore, the carboxymethylation process of CNF is favorable to
introduce negative charges at the surface of cellulose nanofibrils, which also enable to
control the crosslinking density. The patterning of a CNF hydrogel was accomplished
through a 3D imprint stamp with various pattern designs and channel depths to control
the diffusion rate of nutrients and gasses as metabolic products through the hydrogel.
Therefore, the optimized patterns for efficient photosynthesis corresponded with the largest
cell growth and proliferation, and were selected in parallel with appropriate capillary
flow and molecular diffusion profiles. The resulting structures of patterned CNF/alginate
hydrogels with incorporated algae are illustrated (Figure 22), providing a structure with
microfluidic channels for continuous water flow under capillary action after coverage
with a transparent glass cover [303]. The controlled patterning of nanocellulose hydrogels
with anisotropic microstructures has frequently been applied in biomedical sciences, e.g.,
involving the combination of 3D printing of a nanocellulose-based polymer ink and post-
treatment for controlled curing [304].
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Figure 22. Advanced artificial plant leaf devices obtained through bio-mimicry using a living
hydrogel sheet of alginate (Alg) and carboxymethylated cellulose nanofibers (CMCNF): (a) schematic
of the Alg/CNF hydrogel with imprinted channels using a 3D printing stamp and incorporation
in a device enabling capillary flow through the channels, (b) chemical structure of the Alg/CNF
composite crosslinked with Ca2+, (c) optical microscopic images of the Alg/CNF hydrogel with
fluidic channels of different geometry, (d) vein-imprinting of artificial maple and hydrangea leaves:
the channel structure was formed by covering the groove patterns with a transparent glass [303]
(reproduced with permission from Elsevier B.V. ©2022).

7. Challenges and Outlook

As the opportunities for nanocellulose in light harvesting and artificial photosynthesis
were demonstrated in this review through the intense activity of academic research during
the last decade, further breakthroughs are particularly expected in the near future if some of
the main issues can be addressed in respect to both production of artificial photosynthesis
devices and improving their photosynthesis efficiency. Therefore, closer interdisciplinary
collaboration will be required between biologists (understanding the fundamental aspects
of photosynthesis in nature), materials engineers (designing novel photosynthetic devices),
and physicists (understanding photonic interactions within complex structures).

After decades of academic trials and upscaling efforts, few types and morphologies
of nanocellulose have become available in recent years in either semi-industrial batches
or a number of limited industrial grades. The high energy requirements in production
of nanocellulose are still a cost-dominating factor that needs to be lowered in combina-
tion with development of scalable pre-treatment conditions. The latter, however, remain
mainly limited to batch-scale production sites rather than continuous processing. The
tuning of nanocellulose morphologies may be well controlled for traditional wood-based
resources, but production from alternative biomass streams at industrial scale still needs
to be established. In particular, for production of photosynthetic nanocellulose applica-
tions, industrial extraction of nanocellulose from algae is a promising route [305], which
is compatible with the extraction of photosynthetic cells from algae: the latter provides
a pure nanocellulose structure with low requirements for purification or post-processing.
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However, algae-derived nanocellulose has not yet been explored in combination with
photosynthetic nanocellulose structures. In parallel, the upscaling of appropriate produc-
tion technologies for photosynthetic membranes is not developed yet. In particular, the
control of the membrane morphologies with definition of the most appropriate porosity
and adaptable porosities for photosynthesis devices needs to be further established in order
to improve the efficiency of artificial photosynthetic processes. The processing of nanocel-
luloses in porous membranes or foams is a major technological and economic challenge
that needs to be further developed to ensure long lifetime of the membranes or foams, in
combination with appropriate mechanical stability. The additional surface modification
of nanocellulose membranes with photosensitive nanoparticles has been mentioned in
this review, but this still requires an additional processing step that is often performed
in the presence of organic chemicals/solvents and/or elaborated at laboratory scale. In
future, efficiency for surface modification should be improved by developing an in-line
process in the presence of renewable or recyclable solvents such as ionic liquids. The dura-
bility of the latter photosynthetic membranes in different environments (e.g., long-term
water-submersed conditions) should also be further documented, as the membranes are
intrinsically biodegradable and strongly hygroscopic, which may change their properties
and conversion efficiencies over time due to swelling of the nanofibers or disintegration.
Resolving some of the above-mentioned issue related to production would enable the faster
commercialization of nanocellulose-based photosynthetic devices.

Otherwise, the continuous striving for increasing photosynthesis efficiency should
be combined with possibilities for incorporation in nanocellulose-based devices. Artificial
photosynthetic cycles may occur at higher intrinsic efficiencies, but they typically terminate
at hydrogen, with a limited number of processes installed to complete the cycle for car-
bon fixation. The major challenges in improving photosynthesis require multidisciplinary
efforts for the implementation of new technologies at molecular to supramolecular scale,
in combination with the characterization of natural photosynthetic systems [306]. Hybrid
biological–inorganic structures have therefore been created to use sunlight, air, and water
as the only starting materials to accomplish carbon fixation in the form of biomass and
liquid fuels [307]. Therefore, both the processes of light harvesting and downstream con-
version into chemicals should be incorporated into nanocellulose-based photosynthetic
cells. Although the most efficient plants do not exceed solar storage efficiencies of 1% due
to energy-conversion bottlenecks in natural systems, artificial photosynthetic systems are
continuously further engineered to improve conversion efficiency. The design of hybrid
(organic–inorganic) nanocellulose devices allows the incorporation of photoreactive sites
or biocatalysts to advance the conversion process of solar light into energy or chemicals.
In particular, the combination of NC with metal-organic frameworks as quantum dots is
promising, but the practical applicability of those devices should be further exploited in
improving the efficiency of artificial photosynthesis. As such, novel platforms of nanocellu-
lose for both improved light harvesting and photosynthetic conversion can be developed
in future.

8. Conclusions

The favorable attributes and application of engineered nanocellulose structures for
artificial photosynthesis have been described in this review. The versatility of nanocellulose
processing in films, hydrogels, foams and membranes allows one to tune their mechan-
ical, physical and chemical properties, in order to create an appropriate host matrix for
artificial photosynthesis. The combination of properties such as affinity for water, high
porosity and high surface area, good mechanical stability in aqueous media, flexibility,
and barrier properties are intrinsic nanocellulose features that make them applicable. The
foams and membranes possess higher porosity than hydrogels and films, and intense re-
search is ongoing to further optimize the porosity in combination with appropriate surface
modification. In particular, gradual increases in haze and transparency depending on
the nanocellulose types increase light-scattering interactions and are important features
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for a better light harvesting. The conventional routes for efficient light harvesting mostly
rely on surface texturing, and low-temperature processes can be adopted for nanopapers,
including assembly of plasmonic nano-colloids, colloidal lithography, or templating of wet
coatings. Furthermore, the enhancement of photosynthetic systems relies on the fabrication
of hybrid nanocellulose composites with metal nanoparticles. Alternative concepts for
nanocellulose composites using metal organic frameworks or quantum dots have proven
potential to increase the photosynthetic efficiency and separate studies are available on the
functionalization of nanocellulose with these substances. However, their combination in
order to improve photosynthesis still has to be further developed.

The nanocellulose structures provide excellent opportunities to encapsulate either
extracted photosynthetic reaction centers, pigments, chromophores, or entire cyanobacteria
and algae cells in various configurations functioning as photoelectrochemical cells. As
such, artificial leaf structures can be designed starting from the original biological materials
present in green plant leaves, or fabrication of mesoporous fiber structures. Cell immo-
bilization has been demonstrated on four different nanocellulose materials (BNC, CNF,
CNC, or CNY), where efforts were made to improve the light interactions by enlarging
the spectrum for light adsorption, by enhancing conductive properties, or by additional
patterning of microfluidic channels. The main challenges include upscaling of the pre-
sented technologies and the further increase in efficiency in photosynthetic conversions.
In conclusion, the NCs can be used as natural materials from plants, algae or bacteria in
combination with photoreactive moieties extracted from same natural resources, which
provide sustainable media for future development of artificial photosynthetic devices that
can optimize the adsorption and utilization of light energy and convert this light energy
into valuable chemical energy to produce renewable fuels and chemicals without using
fossil or non-renewable sources.
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