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ABSTRACT: With the arising of global climate change and resource shortage, in recent
years, increased attention has been paid to environmentally friendly materials. Trees are
sustainable and renewable materials, which give us shelter and oxygen and remove
carbon dioxide from the atmosphere. Trees are a primary resource that human society
depends upon every day, for example, homes, heating, furniture, and aircraft. Wood from
trees gives us paper, cardboard, and medical supplies, thus impacting our homes, school,
work, and play. All of the above-mentioned applications have been well developed over
the past thousands of years. However, trees and wood have much more to offer us as
advanced materials, impacting emerging high-tech fields, such as bioengineering, flexible
electronics, and clean energy. Wood naturally has a hierarchical structure, composed of
well-oriented microfibers and tracheids for water, ion, and oxygen transportation during
metabolism. At higher magnification, the walls of fiber cells have an interesting
morphologya distinctly mesoporous structure. Moreover, the walls of fiber cells are composed of thousands of fibers (or
macrofibrils) oriented in a similar angle. Nanofibrils and nanocrystals can be further liberated from macrofibrils by mechanical,
chemical, and enzymatic methods. The obtained nanocellulose has unique optical, mechanical, and barrier properties and is an
excellent candidate for chemical modification and reconfiguration. Wood is naturally a composite material, comprised of
cellulose, hemicellulose, and lignin. Wood is sustainable, earth abundant, strong, biodegradable, biocompatible, and chemically
accessible for modification; more importantly, multiscale natural fibers from wood have unique optical properties applicable to
different kinds of optoelectronics and photonic devices. Today, the materials derived from wood are ready to be explored for
applications in new technology areas, such as electronics, biomedical devices, and energy. The goal of this study is to review the
fundamental structures and chemistries of wood and wood-derived materials, which are essential for a wide range of existing and
new enabling technologies. The scope of the review covers multiscale materials and assemblies of cellulose, hemicellulose, and
lignin as well as other biomaterials derived from wood, in regard to their major emerging applications. Structure−properties−
application relationships will be investigated in detail. Understanding the fundamental properties of these structures is crucial for
designing and manufacturing products for emerging applications. Today, a more holistic understanding of the interplay between
the structure, chemistry, and performance of wood and wood-derived materials is advancing historical applications of these
materials. This new level of understanding also enables a myriad of new and exciting applications, which motivate this review.
There are excellent reviews already on the classical topic of woody materials, and some recent reviews also cover new
understanding of these materials as well as potential applications. This review will focus on the uniqueness of woody materials for
three critical applications: green electronics, biological devices, and energy storage and bioenergy.
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Figure 1. Schematic visually summarizes the topical focus of this review, wherein we cover the current development and outlook for renewable energy,
green electronics, and biological devices using wood-derived biopolymers and nanomaterials. The chemistry, structure, materials properties, and rational
functionalization of cellulose, hemicellulose, and lignin associated with these key applications will be discussed and summarized.
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1. INTRODUCTION

With the arising of global climate change and resource shortage,
in recent years, increased attention has been paid to environ-
mentally friendly materials. Trees are sustainable and renewable
materials, which give us shelter and oxygen and remove carbon
dioxide from the atmosphere. Trees are a primary resource that
human society depends upon every day, for example, homes,
heating, furniture, and aircraft. Wood from trees gives us paper,
cardboard, and medical supplies, thus impacting our homes,
school, work, and play. All of the above-mentioned applications
have been well developed over the past thousands of years.

However, trees and wood have much more to offer us as
advanced materials, impacting emerging high-tech fields, such as
bioengineering, flexible electronics, and clean energy.
Wood naturally has a hierarchical structure, composed of well-

oriented microfibers and tracheids for water, ion, and oxygen
transportation during metabolism. At higher magnification, the
walls of fiber cells have an interesting morphologya distinctly
mesoporous structure. Moreover, the walls of fiber cells are
composed of thousands of fibers (or macrofibrils) oriented in a
similar angle. Nanofibrils and nanocrystals can be further
liberated from macrofibrils by mechanical, chemical, and
enzymatic methods. The obtained nanocellulose has unique
optical, mechanical, and barrier properties and is an excellent
candidate for chemical modification and reconfiguration. Wood
is naturally a composite material, comprised of cellulose,
hemicellulose, and lignin. Wood is sustainable, earth-abundant,
strong, biodegradable, biocompatible, and chemically accessible
for modification; more importantly, multiscale natural fibers
from wood have unique optical properties applicable to different
kinds of optoelectronics and photonic devices. Today, the
materials derived from wood are ready to be explored for
applications in new technology areas, such as electronics,
biomedical devices, and energy.
The goal of this study is to review the fundamental structures

and chemistries of wood and wood-derived materials, which are
essential for a wide range of existing and new enabling

Figure 2. Hierarchal structure of wood. (a) Coniferous tree. (b) Photograph of trunk section from a pine tree. (c) SEM image of the tissue structure
softwood (yellow pine). (d) TEM image showing the ultrastructure wood cell wall. CL, cell lumen; CML, compound middle lamella; S1, S2, and S3
denote layers of the secondary cell wall. (e) Schematic of the nanoscale architecture of lignocellulose. (f) Idealized depiction of an amorphous lignin
polymer and a cellulose elementary fibril decorated with hemicellulose (microfibril). Images and schematics courtesy of National Renewable Energy
Laboratory (NREL) Biomass Surface/Structure Characterization Lab, USA.
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technologies. As outlined in Figure 1, the scope of the review
covers multiscale materials and assemblies of cellulose, hemi-
cellulose, and lignin, as well as other biomaterials derived from
wood, in regard to their major emerging applications. Structure−
properties−application relationships will be investigated in
detail. Understanding the fundamental properties of these
structures is crucial for designing and manufacturing products
for emerging applications. Today, a more holistic understanding
of the interplay between the structure, the chemistry, and the
performance of wood and wood-derived materials is advancing
historical applications of these materials. This new level of
understanding also enables a myriad of new and exciting
applications, which motivate this review. There are excellent
reviews already on the classical topic of woody materials, and
some recent reviews also cover new understanding of these
materials as well as potential applications.1−5 This review will
focus on the uniqueness of woody materials for three critical
applications: green electronics, biological devices, and energy
storage and bioenergy.

2. WOOD STRUCTURE AND CHEMISTRY

2.1. Multiscale Structure and Morphology of Wood and
Wood-Derived Materials

Wood is a biopolymer composite that exhibits structural
complexity spanning many orders of magnitude in length.
Natural diversity further imparts substantial variability between
the structures of wood for different species. The hierarchical
structure of wood is visualized in Figure 2. At the macro-
organism scale, interspecies differences in wood structure
manifest as overall size and shape of the tree, branching patterns
and frequencies, and bulk materials properties, such as density,
thermal conductivity, strength, and elastic properties. The
visually observable “wood grain”, which results from the higher
order arrangement and directionality of various cell types, also
varies widely in appearance between species and contributes to
the decorative value of the wood. Microscopic investigation of
woody tissue reveals the highly ordered, interconnected network
of pores formed by the cells during the growth of the tree.
Interspecies differences in this microstructure are largely
responsible for observed variations in aforementioned bulk
thermal and mechanical properties. Wood cells generally
resemble high-aspect ratio cylinders that run parallel to the axis
of the trunk (axial tracheids and vessel cells) as well as cells that
run radially from the heartwood to the bark (ray cells) to form a
continuous network to transport and store water and nutrients
throughout the organism. Several significant differences exist
between the microstructure of hardwood and softwood species.
First, the axial tracheid cells, which are commonly termed “fiber
cells” or simply “fibers” in softwoods by the pulp and paper
industry, range from 3 to 5 mm in length, whereas those cells in
hardwoods are typically shorter and range from 0.75 to 1.5mm in
length.6 Second, hardwoods contain vessel elements, which are
an additional class of axially aligned cells with a significantly larger
diameter than the axial tracheids. Both hardwood and softwood
cells contain pits that connect adjacent cells. For example, axial
tracheids of Loblolly Pine sample (Figure 2a and 2b) can be seen
running vertically through the block in the scanning electron
microscope (SEM) image shown in Figure 2c, and portions of ray
cells can be seen on the left side of the block in the same image.
Unlike the microstructure of woody tissue, the ultrastructure

of the cell walls in wood is largely similar between species and cell
type. While the bulk density of wood can vary from ∼0.3 g/cm3

to greater than 1 g/cm3 at 12% moisture content7 (likely due to
differences in microstructure), the density of wood cell walls is
quite similar between species, ranging from ∼1.46 to 1.56 g/
cm3.8 Wood cell walls generally comprise three ultrastructural
domains: the middle lamella, the primary wall, and the secondary
wall. The middle lamella acts to adhere adjacent cells and is
heavily lignified. In many cases, it is difficult to precisely delineate
the primary cell wall from the middle lamella; thus, these two
regions are often collectively termed the “compound middle
lamella.” The secondary wall contains the majority of the mass of
wood and is typically composed of three distinct layers, denoted
S1, S2, and S3. These various layers are indicated in the
transmission electron microscopy (TEM) image of a Loblolly
Pine cell wall shown in cross section in Figure 2d.
The nanostructure of wood cell walls is a robust assembly of

three primary biopolymers: cellulose, which is present as
semicrystalline elementary fibrils; hemicellulose, which acts to
decorate and cross-link elementary fibrils and facilitate
interactions between other biopolymers; and lignin, which is
an amorphous polymer of phenylpropanoids that associates
closely with hemicellulose. The fully hemicellulose-sheathed
elementary fibrils are termed microfibrils. Microfibrils and higher
order bundles thereof often termed “macrofibrils” form networks
to physically support the cell wall. The molecular structure of
each of these biopolymers will be described in greater detail in
the following sections. A schematic depicting a cubic section of a
lignocellulosic cell wall is shown in Figure 2e and 2f.
Much work has been devoted to determining the precise

configuration of various biopolymers within plant cell walls.
Investigations of the primary cell wall have attracted much
attention from the plant biology community because of its
importance to cell wall biosynthesis, and this effort has provided
generally accepted models for primary wall nanostructure.9,10

Furthermore, secondary cell walls have been the focus of the
forest products industry because of their importance to
engineering applications of wood.11 Similarly, the biofuels
community has also turned their attention to secondary cell
walls, because the majority of the biomass by weight is found in
these walls. Secondary cell walls are also more recalcitrant to
biochemical conversion processes, probably due to the increased
lignin content in these walls.12 For an excellent resource
regarding the structure and properties of many industrially
relevant wood species, the reader is directed to the Wood
Handbook: Wood as an Engineering Material, a publication of the
USDA Forest Products Laboratory.7 Great strides toward
elucidating the nanostructure of secondary walls have been
made using advanced imaging techniques. Transmission electron
tomography is a powerful imaging tool that has been used to
investigate the configuration of cellulose and lignin in wood
samples.13 Fernandes and co-workers used X-ray scattering to
provide fundamental insights into the structure of elementary
fibrils in spruce wood.14 Recently, Ding et al. used atomic force
microscopy (AFM) to visualize the arrangement of cellulose
microfibrils on the surface of both primary and secondary cell
walls.15 Ciesielski and co-workers combined electron tomog-
raphy, computational geometry, and atomic modeling to suggest
atomistic models for cellulose microfibrils that exhibit realistic
nanoscale architecture obtained from the volume reconstruc-
tions (Figure 3).16 While many of the models for the cell wall and
its biopolymer constituents found in the literature are essentially
conceptual and qualitative in nature, models that incorporate
quantitative structural parameters derived from imaging or other
experimental measurements into a simulation environment, such
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as those shown in Figure 3, facilitate additional utility because
they may be subjected to computational studies that probe the
thermodynamics of the proposed biopolymer configurations.
These more mathematically rigorous models will eventually
elucidate quantitative relationships between structural features at
multiple length scales and important process parameters, such as
biofuel product yield or mechanical properties of bulk material.
The inherent mesoporosity of cell walls that arises from the

assembly of their nanoscale constituents is of particular
significance to energy applications of wood and other biomass.
Applications such as energy storage, including capacitors and
batteries, rely on the mobility of ions throughout the material,17

whereas biofuels applications are based on liquid-phase, catalytic
conversion requiring effective penetration of catalysts into the
cell wall.18 Bulk transport at the tissue scale is facilitated by the
cellular network in wood (pores and pits), whereas the
intracellular wall mesoporosity facilitates transport of ions and
small molecules through the cell wall. This intracell wall porosity
is visualized in Figure 4 by volume rendition (left) and isosurface
rendition (right) of tomographic reconstruction of a native cell
wall. The micro- and mesoporosity of the cell walls of various
plant species have been measured by various techniques,

including solvent exclusion,19,20 cytochemical staining,21 direct
visualization by electron microscopy,22 and mercury intrusion
porosimetry.23 The physiochemical mechanisms by which ions
move through the cell wall have also come under study recently.
Jakes and co-workers theorized that the onset of ionic mobility
occurs when the hemicellulose undergoes a moisture-induced
glass transition.24 Subsequently, the same group has produced
perhaps the best direct observation of intracell wall ionic
transport to date using X-ray fluorescence spectroscopy of wood
samples over a range of moisture contents.25 These studies
clearly highlight the importance of water within the cell wall to
enable effective diffusion, and this should be an important
consideration when designing wood- or biomass-based devices
that rely on the transport of ions or small molecules.
Wood has long provided humans with many useful materials

and chemicals. Historically, bulk wood has found utility as source
materials for construction, papermaking, and fuels. Each of these
applications of wood has experienced significant technological
advances since their inception. Advances in wood treatment have
improved the longevity of wood used in construction
applications and allowed its utilization in more extreme
environments.11,12 Progress in biochemical and thermochemical
deconstruction of wood has resulted in processes that produce
sustainable, renewable liquid biofuels, which will be described
later in this work. Papermaking is an ancient process; however,
recent advances in processes by which wood may be selectively
deconstructed to finer scales have given rise to a new class of
nanomaterials derived from wood. Images of wood-derived
products that range in size from millimeters to nanometers are
shown in Figure 5. The majority of the processes that produce
these materials begin with pulping of wood chips (Figure 5a) to
remove lignin and liberate intact fiber cells (Figure 5b). At
present, the most common industrial pulping processes are
variations of kraft pulping, which employ alkaline thermochem-
ical conditions to extract lignin from the wood tissue to facilitate
its fiberization.26 Wood pulp may then be subjected to additional
chemical and mechanical treatments to produce cellulose
microfibrils (Figure 5c).27,28 Controlled hydrolysis of cellulosic
fibers may be used to produce yet another class of cellulosic
nanomaterials, termed cellulose nanocrystals (Figure 5d).29

Note that cellulose nanofibrils and nanocrystals are terms used to
describe cellulosic wall structures produced by chemical/
mechanical processes. These materials are beginning to enable

Figure 3. Atomic models of cellulose elementary fibrils exhibiting the
nanostructural geometry obtained by computational analysis of
transmission electron tomographic reconstructions. Blue black color
indicates cellulose, and gray color indicates lignin. This model was
constructed using methods adapted from Ciesielski et al.

Figure 4. Tomographic reconstruction of a phloem cell wall in maize. (Left) Volumetric rendition reveals nanoscale variations in the density of the
secondary wall and compound middle lamella. (Right) Isosurface rendition of the tomographic volume visualizing intracell wall mesoporosity.
Tomographic data and visualization images courtesy of NREL Biomass Surface/Structure Characterization Lab.
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more concise control over the properties of cellulosic assemblies
that are finding utility in many new and exciting applications
described in this review.

2.2. Wood Chemistry: Molecular and Macromolecular
Structure of Cell Wall Biopolymers

2.2.1. Cellulose and Nanocellulose. Cellulose is the major
component in lignocellulosic plant biomass and is approximately
40−45% of wood by weight,30,31 depending onwood species. It is
the most abundant natural polymer on earth. Approximately 75−
100 billion tons of cellulose can be produced annually
worldwide.32,33 Cellulose was first isolated by Anselme Payen
in 1938 when he treated wood with nitric acid.34 Cellulose
consists of chains of thousands of D-glucan units connected by
the β-1−4 linkage (Figure 6a). An elementary cellulose fibril in
plant biomass consists of multiple (16−36) cellulose chains.35−37
The chain length or degree of polymerization of cellulose is on
the order of 10 000 in wood cellulose.38 As described in

textbooks and reviews,2,38 cellulose chains are well organized and
interconnected by hydrogen bonding, i.e., from O(6) to O(2)H
and from O(3)H to the ring O(5) (Figure 6b). Hydrogen
bonding also exists between cellulose chains, such as from O(3)
to O(6)H (Figure 6b). These internal hydrogen bonds provide
cellulose with a stable structure and impart poor solubility in
water as well as many common solvents. The degree of hydrogen
bonding and the local conformation of the C(6)H2OH group
vary with the state of cellulose (Figure 6c). In wood, the natural
state of cellulose, called cellulose I, is less strongly hydrogen
bonded and may not be locally highly ordered. In contrast,
regenerated cellulose (cellulose II) derived from chemical
dissolution and redeposition or in a process called mercerization
exhibits a modified hydrogen-bonding pattern and is usually
more stable compared with cellulose I.39,40 The proportion of
ordered and disordered cellulose depends on the origin of the
samples and the chemical processes used to prepare them. The

Figure 5.Wood-derived materials at multiple length scales. (a)Wood chips are the typical feedstock to downstream processes such as pulping. (b) SEM
image of bleached kraft wood pulp showing individual fiber cells (c) AFM image of cellulose macro- and microfibrils. Individual microfibrils can be seen
separating from larger bundles. (d) AFM image of cellulose nanocrystals produced by controlled acid hydrolysis. CNF and CNC were produced by the
USDA Forest Products Lab. Images courtesy of NREL Biomass Surface/Structure Characterization Lab.

Figure 6. Schematics of cellulose molecular structure. (a) Cellobiose: basic cellulose chain unit. (b) Intra- and interchain hydrogen bonding. Reprinted
with permission from ref 44. Copyright 1974 from Elsevier. (c) Local conformations of the cellulose C(6)H2OH group. (d) Conversion of H−CNC to
Na−CNC to improve thermal stability.
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term, cellulose allomorph, refers to cellulose materials with
different crystalline structures.
Although cellulose was discovered more than 175 years ago,

the detailed cellulose supermolecular or ultramolecular structure
is still a subject of debate. The penetration depth of water
through the various structural levels of cellulose fibrils is still an
open question without definitive answers. Different models
describing cellulose organization within a microfibril have been
proposed. Of the two commonly accepted models, one is a
disordered (amorphous, or para-crystalline, or water accessible)
region of cellulose that exists between two regions of highly
ordered (crystalline or water inaccessible) cellulose35,41 (Figure
7). The structural size of the region described in this model is on

the order of elementary fibrils, i.e., water is only accessible to the
surface of elementary fibrils.36 Using controlled acid hydrolysis,
one can isolate crystallites from natural cellulose (or cellulose I)
with dimensions speculated to be reflective of crystalline
domains within elementary fibrils by selectively hydrolyzing
the water-accessible crystal defects and disordered regions.
However, the concept of isolating pre-existing crystallites in
natural cellulose microfibrils was recently challenged by the
hypothesis that water penetrates wood at the cellulose chain
level,42 and therefore, the elemental crystallite structure35 may
not exist in wood. This new model is supported by the
observation that cellulose nanocrystals (CNCs) could not be
isolated from untreated wood and of water accessibility in wood
cellulose samples as measured by D2O exchange detected by
Raman scattering at 1380 cm−1. The Raman band at 1380 cm−1 is
due to C(6)H2OH bending modes. Furthermore, the crystal-
linities of CNC samples produced from bleached pulp fibers
using strong acid hydrolysis were not substantially greater than
that of the original fibers.43 The observed increase in crystallinity
measured by X-ray diffraction (XRD) may well be due to the
cellulose enrichment in the CNC samples after hydrolyzing
amorphous hemicelluloses in the fibers.
In spite of this debate, isolation or production of cellulose

nanomaterials from plant biomass is important because cellulose
is a very strongmaterial. As shown in Table 1, crystalline cellulose

tensile strength and modulus are 140 and 7.5 GPa, respectively,
or approximately 10−100 times that of wood, respectively.
Cellulose is stronger than steel when density difference is
factored in and comparable to carbon nanotubes (CNT).
However, the strength of wood is substantially reduced
compared to cellulose, because its structure is a polymeric
composite of cellulose, hemicelluloses, and lignin. In the
following section, we will describe the production of two types
of cellulose nanomaterials, CNCs and cellulose nanofibrils,
which are useful as building blocks for a variety of applications
using renewable plant biomass.

2.2.1.1. Cellulose Nanocrystals (CNCs). The term CNC
generally refers to a type of cellulose nanomaterial with a typical
length of 50−500 nm or a DP between 100 and 30048−50 and a
3−10 nm diameter with a certain degree of crystallinity. CNC
should be highly crystalline by definition. However, the term
CNC is not scientifically defined; for example, the range of
crystallinity of CNC has not been specified. In some literature,
the rod-like cellulose nanomaterials produced by enzymatic
hydrolysis51 or oxidation52−54 were termed crystalline cellulose.
For example, the rod-like cellulose micromaterials (bioplus,
American Process Inc., Atlanta, GA) produced by a dissolving
pulping process were also called CNC. The limited accuracy in
crystallinity measurements of CNC using the traditional XRD
technique55,56 added more ambiguity to the definition of CNC.
Furthermore, all crystallinity measurement techniques, including
XRD55 and Raman,57 are ensemble measurements taken from a
small volume of cellulose sample and spatially averaged rather
than resolved to the cellulose surface. If the crystallite model of
natural cellulose (cellulose I) structure35,36 is accurate then CNC
represents isolated crystallites and have the diameter of
elementary fibrils with the lengths of crystallites. It should be
noted that almost all of the reported studies on CNC production
used cellulosic materials that went through chemical processes,
such as pulping, that consolidated or hornified fibers to certain
degrees to be more ordered. Therefore, strictly speaking and as
mentioned above, CNC should be described as a material that is
produced rather than extracted and the terms “extracted” or
“isolated” which are used in some key literature2,58 are not
accurate descriptions of these process. Only when crystalline
cellulose occurs and is used in its natural form, such as in the case
of cotton, can the term “isolated” or “isolation” be used.
Despite the published ambiguity in the definition of CNC,

here we will use the term CNC to broadly represent crystalline
rod-like cellulose nanomaterials. CNC is primarily produced
from cellulosic fibers through acid hydrolysis. The production of
CNC was first reported in the late 1940s and early 1950s48,59−61

and remains the dominant process today.29,62−69 Reported
studies on CNC production are limited to the use of mineral
acids. Hydrochloric acid was used with typical acid concentration
between 2.5 and 6.0 N.70,71 Phosphoric acid was also used for

Figure 7. Schematic representation of cotton cellulose fibril structure
according to Rowland and Roberts.35 (a) Coalesced surfaces of high
order. (b) Readily accessible slightly disordered surfaces. (c) Readily
accessible surfaces of strain-distorted tilt and twist regions. Reproduced
with permission from ref 35. Copyright 1972 WILEY-VCH.

Table 1. Comparisons of Mechanical Properties of Cellulose
with Those of Other Materials

material modulus (GPa)
density
(g/cm3) tensile (GPa)

cellulose 14045 1.5 7.546

wood 16 0.6 0.008
aluminum 70 2.7 0.3
steel (AISI 4130) 207 7.8 1.1
glass fiber 85 2.5 4.8
carbon nanotube
(CNT)47

270−950 (18−68) 1.5−1.7 11−63 (1.4−2.9)
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CNC production.72 However, high sulfuric acid concentrations
(approximately 64 wt %) are commonly used, including at the
first commercial facility and two pilot-scale operations in North
America. This is due in part to the formation of sulfate groups
(see Figure 6d) that impart electrostatic stability to CNC to
facilitate aqueous processing. There have been several recent
review papers2,33,58,73,74 that provide a great deal of information
about the production of CNC through strong acid hydrolysis and
the potential of CNC for a variety of applications. Here, we focus
on progress made in the last 5 years in this field, with emphasis on
improving CNC yield and tailoring CNC properties, especially a
recent study that used dicarboxylic acids to achieve integrated
productions of thermal stable and carboxylated CNC with CNF
with fully recovery of chemicals (acid).75 Because sustainable and
economic CNC production is one of the key factors dictating
future commercial success in the utilization of cellulose
nanomaterials, the importance of these recent advances cannot
be overemphasized.
Low CNC yields (approximately 30 wt %) have been the main

drawback as reported in the literature.62,65,68 Optimization
studies for CNC production using traditional statistical
experimental designs have been carried out, but all resulted in
low CNC yields of approximately 35%. These studies used large
acid steps in experimental designs that were unable to resolve the
rapid cellulose hydrolysis and degradation reactions. DP
reduction, cellulosic solids sulfation, and the production of
CNCoccurred abruptly and simultaneously when acid hydrolysis
parameters were varied,68 which leads to the common belief that
the coexistence of CNC and non-CNC cellulosic solids is not
possible. As a result, simultaneous recoveries of CNC and any
remaining cellulosic solids were not attempted in almost all
reported studies on CNC production.
Battista48 mentioned the potential to reduce CNC yield loses

using a mild acid hydrolysis. However, the idea was never
attempted. Recently, Wang et al.29 used a slightly lower sulfuric
acid concentration (58 wt %) with simultaneous recovery of
CNC and partially hydrolyzed fibers, which they termed “fibrous
cellulosic solids residues” (CSR). They achieved near zero loss of
cellulose to sugars and created the possibility to substantially

improve CNC yield. The authors later proposed a reaction
kinetics model (Figure 8) and conducted an experimental kinetic
study66 which discovered the abrupt CNC production
phenomenon at acid concentrations of between 56 and 58 wt
% (Figure 9). This work demonstrated that acid concentration is

the key parameter to control CNC production yield. Below 58 wt
%, only a very small amount of CNC can be produced due to
insufficient cellulose depolymerization, which was also reported
previously,62,68 whereas above 62 wt % the CNC were rapidly
hydrolyzed to glucose, also resulting in low yield. Furthermore,
hydrolysis temperature and reaction time in the range studied
(35 °C ≤ T ≤ 80 °C; 15 min ≤ t ≤ 240 min) had no substantial
effects on CNC yield. This finding provides a mechanism for
controlling CNC yield by simply controlling acid concentration.

Figure 8. Reaction kinetic model for concentrated acid hydrolysis of bleached fibers only containing cellulose and hemicelluloses.66 Reproduced with
permission from ref 66. Copyright 2014 American Chemical Society.

Figure 9. Effects of acid concentration on maximal CNC yield and
morphology. Here maximal CNC yield represents the highest yield
obtainable in ranges of reaction temperatures and durations at a given
acid concentration.43 All scales in TEM images are 200 nm. Reproduced
with permission from ref 43. Copyright 2015 Springer.
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Laboratory bench-scale experiments verified that CNC yield of
over 70 wt % was achievable using a bleached kraft pulp with
cellulose content of only approximately 80 wt %.66 This study
substantially improves the economics of CNC production for
commercial applications.
CNC from mineral acid, especially sulfuric acid, have poor

thermal stability due to the sulfate group which poses a significant
barrier for thermal processing in composites. The thermal
stability of the hydrogen form of CNC (H−CNC) can be
improved by exchanging a hydrogen atom with sodium to obtain
the sodium form (Na−CNC) through neutralization,71,76,77 as
shown in Figure 6d. Thermal stability as represented by the
temperature of onset degradation can be improved to slightly
below that of the pulp fibers used to produce the CNC.71,77

Increasing the degree of sodium substitution to a 20-fold NaOH
dosage can further improve thermal stability.76

CNC has interesting optical properties, such as forming a
chiral nematic phase in suspension as revealed by many
studies.78−85 Different birefringent patterns were observed
from CNC suspensions as well as CNC film and hydrogels as
shown in Figure 10a−c. These optical properties are affected by
the CNC characteristics, such as morphology. For example, the
polydispersity of the size distribution of CNC was found to
dictate the iridescent colors and the ordering of the nematic
layers from a CNC film.79 Therefore, tailoring the CNC
chemical, optical, and morphological properties is of vital
importance for a variety of applications. CNC with large aspect
ratio may be more suitable as polymer reinforcement for
composites, for example. An early study found that the properties
of wood CNC were not much affected by varying other
hydrolytic conditions, including temperature and reaction times,
at the standard acid concentration of 64 wt %.69 When
microcrystalline cellulose was hydrolyzed using 6 N HCl under
varied hydrolytic conditions, different crystal lengths of CNC
were reported.71 A recent study by Chen et al. revealed that
proper control of sulfuric acid concentration can not only
improve CNC yield66 but also produce CNC with desired
morphology43as clearly shown in Figure 9. The average CNC
length increased from approximately 100 to over 200 nm when
acid concentration was decreased within the small range of 64−
58 wt %. The effects of other reaction conditions (i.e.,
temperature and reaction time) were insignificant, in agreement

with an early study.69 CNC crystallinity and sulfate group
content also can be tailored by properly controlled acid
hydrolysis conditions.43 Using acid concentration to control
CNC yield while tailoring CNC morphology and surface
properties is probably one of the most important discoveries in
the last 70 years on the subject of CNC production. This new
understanding provides an effective tool for application-specific
optimization of CNC production.
One of the main drawbacks of using mineral acids for CNC

production is difficulties in economic recovery of acids. Because
of the large amount of acid that has to be used when conducting
hydrolysis at high acid concentrations, e.g., approximately 9 kg of
sulfuric acid per kg of CNC based on current pilot plant
operating data, in addition to the requirement of disposal a large
amount of sulfate, e.g., 13 kg per kg CNC, current CNC
production practice is environmentally unsustainable, expensive,
and economically out of reach for most product development.
There is a strong need to develop green and low-cost CNC
production technologies.
Recently, organic dicarboxylic acids were used for CNC

production.75 However, organic acids are weak acids, which
resulted in low CNC yield due to insufficient cellulose
depolymerization. Moreover, the partially hydrolyzed fibers, or
CSR, can be easily recovered and used for producing CNF
through subsequent mechanical fibrillation to achieve integrated
production of CNC with CNF as will be discussed later. The key
advantages of using dicarboxylic acids are (1) the resultant CNC
and CNF are carboxylyzed, as polycarboxylic acids can react with
cellulose to form semiester (carboxylation) that is not cross-
linked,86 (2) full chemical (catalyst) recovery can be easily
realized through commercially proven crystallization technology
when using solid carboxylic acid such as maleic or oxalic acids,
(3) the resultant CNC and CNF are thermally stable, critically
important for composite applications under elevated processing
temperatures; and (4) the morphology and surface chemical
properties of the resultant CNC and CNF can be controlled by
control the acid hydrolysis conditions as discussed belowOverall,
concentrated dicarboxylic acid hydrolysis addressed all the
problems associated with using mineral acids for CNC
production. It is expected that this process will attract
commercial and academic interests.

Figure 10. Chiral nematic properties of CNC-produced birefringent patterns from (a) fingerprint pattern in the chiral nematic phase of the directly
sulfuric acid hydrolyzed CNC suspension of solid content 5.4%.78 Reproduced with permission from ref 78. Copyright 2000 American Chemical
Society. (b) Polarization optical micrographs at the center of a CNC film showing reflected left-handed circularly polarized light.79 Reproduced with
permission from ref 79. Copyright 2014 American Chemical Society. (c) Iridescent PAAm nanocomposite hydrogels (66 wt % CNC) and varying
amounts of sodium chloride; increasing the ionic strength blue shifts the reflectance across the visible region.84 Reproduced with permission from ref 84.
Copyright 2013 WILEY-VCH.
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Maleic acid may be preferred more than oxalic acid due to
equipment corrosion by oxalate with metals in woody materials.
Typical hydrolysis conditions are at concentrations of 50−80 wt
% and 100 °C for approximately 45−90 min. The resultant CNC
typically have a longer length of around 300 nm with thicker
diameters between 10 and 30 nm, especially at milder conditions
than CNC produced using sulfuric acid. They also have a higher
crystallinity than sulfuric CNC produced from the same feed
fibers, which explains the improved thermal stability. Typical
carboxyl groups contents were between 0.1 and 0.4 mmol/g
CNC with a zeta potential of 40−45 mV that provides good
dispersion for aqueous processing. Carboxylation can be
improved by using acid catalyst or solvent processing.
CNC production by oxidation was also reported in several

recent studies, even when using a lignin-containing feedstock.
Ammonia persulfate as an oxidant has the advantage of low cost
and low long-term toxicity. It can oxidize cellulose to CNC at 60
°C for 16 h with a chemical loading of 0.1 mol per gram cellulose
and relatively good yield.52 The produced CNC are carboxylated
and can be easily separated through membrane filtration.
However, reaction time of 16 h is very long which can create
capacity problem. Oxidation using TEMPO was also carried out
for CNC production.54,87,88 However, TEMPO was not as
effective as ammonia persulfate in cellulose oxidation; only a
small portion of the cellulose was oxidized to CNC. The
remaining partially oxidized cellulose has much larger
dimensions, and its properties depend on the chemical loading.
It was found that the CNC from TEMPO oxidation are highly
carboxylated,53,89 which provides the opportunity for function-
alization.90,91 Overall, oxidation reactions for CNC production
were often conducted at low solids loading of 2%, which requires
a substantial amount of water. Oxidants are consumed and
cannot be recovered. The resultant CNC like classical CNC from
mineral acid hydrolysis suffer from the problem of low thermal
stability,92 a major disadvantage for composite applications.
2.2.1.2. Cellulose Nanofibrils (CNF). The term CNF is loosely

defined as cellulosic fibrils with a diameter on the order of 100
nm or less and length of 500 nm or longer. The only criterion to
fit to the CNF definition is the physical dimensions. Indeed, CNF
was first produced through mechanical fibrillation93 and was
termed as microfibrillated cellulose, because most of the fibrils
had diameters in the submicrometer range. The separation of
cellulose microfibrils and nanofibrils by mechanical fibrillation
can be clearly seen from SEM (Figure 11a). However, the
fibrillated cellulose are mostly entangled fibril networks as shown
in the literature94,95 and in Figure 11b. Depending on the scale
level of observation and the degree of fibrillation, the

morphology of the resultant fibrils varies significantly and can
be very diverse. When bleached hardwood pulp was fibrillated95

structures resembling trees with distinct kinks as well as soft
looking structures were clearly observed (Figure 12a and 12b).

Interconnected fibril bundles with diameter from 5 to 250 nm
were also observed (see Figure 12c and 12d). A twisting of
cellulose fibrils was clearly visible from the TEM images in Figure
12a−d. “Whiskerization” of the fibrils was also observed with
extended fibrillation (Figure 12e). Individual whiskers of about
100 nm can be produced (Figure 12f).
Mechanical fibrillation for CNF production is very energy

intensive. Although the entangled network structure of
mechanical CNF can be advantageous for producing strong
pure CNF films or composites through direct mixing,96 it can
cause difficulties for producing high-grade products through
alignment or electrospinning.97 Chemical pretreatment has been
extensively used to reduce energy consumption in refining for
producing chemical−thermomechanical pulps in the pulp and
paper industry or for producing fine substrates to improve cell
wall accessibility to cellulose for sugar production through
enzymatic scarification.98 Similarly, chemical treatment can be
used to produce CNF with reduced energy input. TEMPO-
mediated oxidation is one of the most studied chemical
treatments for CNF production.99−102 Mechanical energy
consumption is minimal after TEMPO oxidation for producing
uniform cellulose nanofibrils (Figure 13). Furthermore, large
fibrils may be present when incomplete oxidation occurs, as
shown in Figure 13. The CNF are long fibrils that facilitate the
production of films with good mechanical properties. The very
small CNF diameter of approximately 5−10 nm ensured
excellent optical transparency (Figure 13). TEMPO/NaBr/
NaClO treatment was very selective and efficient in converting
the C6-primary hydroxyl group to C6-carboxyl group under
aqueous alkaline conditions.103,104,102 As a result, TEMPO-
mediated oxidation produced highly carboxylated CNF (Figure
13). Also, as for CNC, the charged carboxyl group facilitated
dispersion for aqueous processing and functionalization.90,91

Because TEMPO is an expensive chemical, recovery of TEMPO
is the key to commercial success of this technology.
Enzymatic treatment has also been employed to reduce energy

consumption in mechanical fibrillation.105−109 Both commercial
and laboratory endoglucanase or purified exoglucanase were

Figure 11. (a, b) TEM images show the fibril structure and breakdown
of fibrils of a bleached wood pulp microfiber.95 Reproduced with
permission from ref 95. Copyright 2012 Springer.

Figure 12. (a−f) TEM images show different CNF morphologies from
pure mechanical fibrillation of a bleached eucalyptus pulp.95

Reproduced with permission from ref 95. Copyright 2012 Springer.
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used with very limited carbohydrate loss to sugars.109

Commercial endoglucanase is very effective even at very low
enzyme loadings.109 Enzyme cost should be minimal as loading is
substantially lower than the amount used for sugar produc-
tion.106,109,110 Xylanase treatment was also used to produce CNF

with different water interaction properties from hardwood or
nonwoody fibers that contain a significant amount xylan.111

Some level of energy savings can be achieved based on the
authors own laboratory study because xylan is one of the main
polymers that connects cellulose microfibrils.112 However, the

Figure 13. TEMPO-mediated oxidation of wood pulp into CNF after gentle mechanical disintegration showing carboxylation of surface cellulose.104

Reproduced with permission from ref 104. Copyright 2013 Springer.

Figure 14. Enzymatic fractionation of wood fibers for the integrated production of sugars and CNF.108 Reproduced from ref 108 with permission from
The Royal Society of Chemistry. Copyright 2011.
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amount of energy savings are limited, because maximal xylan
removal is only approximately 30% by most xylanase treat-
ment.113 This result is due, in part, to the chemical complexity of
plant hemicelluloses, where breaking the β-(1−4) bond in xylan
does not fully deconstruct cell wall hemicellulose.
A recent study for the first time demonstrated an interesting

approach that integrated two major research areas in wood fiber
utilization science, i.e., sugar and cellulose nanomaterials
production. The study used a mixture of endoglucanase and
exoglucanase to purposely fractionate an easy sugar stream and a
recalcitrant cellulose fraction that can be used for CNF
production through subsequent mechanical fibrillation (Figure
14). The sugar stream is very clean and can be used for producing
high-value chemicals. The CNF produced are less aggregated
than those from purely mechanical fibrillation (Figure 14).
2.2.1.3. Integrated Production of Thermal Stable and

Carboxylated CNF with CNC. The production of CNF can be
integrated with CNC using acid hydrolysis as demonstrated
recently.29,114 When using solid dicarboxylic acids, the resultant
CNC and CNF are carboxylated as discussed previously. Only a
portion of the cellulosic fibers can be hydrolyzed to CNC with
the remaining partially hydrolyzed fibrous cellulosic solid residue
(CSR). The CSR can be further mechanically fibrillated to
carboxylated CNF with only a small amount of energy input as
shown in Figure 15. Depending on the acid hydrolysis severity,

the yield ratio between CNC and CNF can be tailored.29,66,75

Furthermore, the morphology of the resultant CNF also varies
with hydrolysis severity and the degree of mechanical fibrillation.
Typical CNF were individual straight fibrils with a uniform
diameter of approximately 10 nm and can form mechanically
strong and highly transparent films.114,75 This integrated
production using dicarboxylic acids can achieve near zero
cellulose loss to produce carboxylated CNC with full acid
recovery simply through crystallization. It also provided the
flexibility to meet market needs in cellulose nanomaterial
production.
Most existing processes for CNC and CNF production are

expensive. Many are not environmentally sustainable due to
difficulties in economic recovery of chemicals such as

concentrated mineral acid hydrolysis for producing CNC.
Despite these difficulties, precommercial production was
pursued by a few companies throughout the world using some
of the processes described in this review. Using concentrated
dicarboxylic acid hydrolysis to produce CNC and CNF appears
very attractive in terms of ease chemical recovery, surface
carboxylation, along with high thermal stability of the resultant
CNC and CNF.75 Furthermore, reactions can be conducted at
ambient pressure, and weak acid allows less expensive metallurgy,
both of which can reduce capital cost. The process however is
new and yet needs to be further evaluated.

2.2.2. Hemiscellulose. It is rare that cellulose in nature is
present without other types of polysaccharides, although seed
hairs of cotton and “bacterial cellulose” produced by the bacteria
Acetobacter xylonium and some other species are almost pure
cellulose in natural form. Generally, cellulose as a component in
plant cell walls occurs together with other polysaccharides.
Interestingly, nonplant celluloses, as in the tunic of tunicates, in a
corresponding way can occur together with proteins. The
noncellulosic polymers are known as hemicelluloses and
pectinscell wall polymers that were historically distinguished
from cellulose by order of purification and later by discrete
structural and physical/chemical properties. Pectins are more
easily extracted with chelating compounds and generally more
rapidly degraded in hot alkali than hemicelluloses. Pectins also
have molecular structures that differ from most hemicelluloses,
such as a main chain that is connected by other types of bonds. In
hemicellulose, the main chain in most cases is connected with β-
(1,4) glycosidic bonds, whereas in pectin the main chain is
connected with α-(1,4) or α-(1,2) glycosidic bonds. Further-
more, the side chains are often much longer and complex in
pectin than in hemicelluloses. For details in pectin structure see
the review by Yapo (2011).115

Whereas the molecular structure of cellulose is the same in all
plants, the structure and monosaccharide composition of
hemicelluloses varies highly between different phylogenic groups
of plants. Still, the details of the hemicellulose structures are not
well understood, especially for phylogenic groups with little
commercial value, such as vascular cryptogams, etc. However,
there are some common structural properties of hemicelluloses;
one is as mentioned above, that the main chain consists of
monosaccharide connected with β-(1,4) glycosidic bonds in
similarity to cellulose, although some other bonds can occur in
lower amounts.116 However, there are also differences from
cellulose: hemicelluloses have a relatively low degree of
polymerization (DP ≈ 200 residues), which can be contrasted
to cellulose (DP > 10 000); hemicelluloses are generally
heteropolysaccharides, consisting of two or more types of
hexoses and pentoses, whereas cellulose is a homopolysaccharide
of glucose. A few exceptions, such as the mixed linkage glucan,
exist in plants; however, hemicelluloses contain varied and
modified backbone and branching residues, such as deoxy sugars,
uronic acids, acetylations, and methylations. Cellulose in its
natural form is unmodified. It is important to note that the
glycosidic bonds in hemicellulose main chains are less stabilized
by hydrogen bonds than are the glycosidic bonds in cellulose
(Figure 16). Exceptions are the glycosidic bonds of the
hemicellulose xyloglucan and some of the glycosidic bonds in
glucomannan.
Due to all these differences, the physical properties of

hemicelluloses are rather different from those of cellulose.117

First, cellulose has a rigid and crystalline structure due to its
molecular homogeneity, whereas hemicelluloses are more

Figure 15. Integrating the production of CNC with CNF through acid
hydrolysis. Reproduced from ref 75 with permission from The Royal
Society of Chemistry. Copyright 2016.
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flexible and amorphous; second, hemicelluloses generally are
more soluble than cellulose, although it varies highly between
different kinds of hemicelluloses; third, hemicellulose is generally
more chemically reactive than cellulose, for example, more rapid
degradation by alkali.
The differences between cellulose and hemicellulose have

large technical significance. Whereas hemicellulose often can be
extracted from biomass (wood, chemical pulp, etc.), cellulose
remains insoluble. During chemical pulping, hemicelluloses are
degraded to a much larger extent than cellulose; however,
hemicelluloses deposited on the fiber surface most likely play an
important role in the fiber−fiber interactions in paper.118 Yet,
what do the differences in properties between cellulose and
hemicelluloses mean for biological function? There have been
several suggestions for the biological role of hemicellulose, but
perhaps the most interesting idea is that hemicelluloses directly
play a role in the mechanical properties of plant cell walls. One
possibility is that the plant cell wall can be seen as a composite
material, where the crystalline cellulose fibrils act as enforcing
fibers and the amorphous hemicelluloses (and lignins) establish a
flexible matrix (Figure 17).119 In other words, the role of
hemicelluloses should be to connect the cellulose fibrils together
and at the same time contribute with some flexibility to the
overall material. The fact that rather large amounts of the plant
cell wall (normally 20−35%) consists of hemicellulose fits well
with this idea. There are also other possibilities for the function of
hemicellulose, such as they might form covalent bonds to lignin
and also influence the structure of lignin (discussed below).
However, since hemicelluloses exist also among mosses (that do

not synthesize lignin), it is doubtful that this was the original
function of hemicellulose.120

Hemicelluloses can be divided into several classes, i.e.,
arabinoxylans, glucomannans, noncellulose glucans, and galactans.
As mentioned above, the structure, occurrence, and properties of
the most important hemicellulose varies much between different
phylogenic groups, both in the hemicellulose type which
dominates and in the number of different hemicelluloses present.
For example, the most common hemicellulose in softwood (i.e.,
xylem of conifers) is glucomannans, whereas the dominant
hemicellulose in hardwood (xylem of woody eudicotyedons) is
arabinoxylan.121

Furthermore, the composition of hemicellulose/pectin often
varies between the different cell wall layers in plant cell walls. For
example, xyloglucan is present in larger amounts in the primary
cell walls, whereas arabinoxylan often is a dominating hemi-
cellulose in the secondary cell wall. Since secondary cell walls are
much thicker than primary cell walls in wood, arabinoxylans
often dominate composition. Table 2 summarizes the character-
istics of the most common classes of hemicelluloses.
The fact that monosaccharide composition and properties of

different hemicellulose varies hasnot unexpectedlyboth
biological and technical significance. Biologically, xyloglucan,
glucomannan, and arabinoxylan have been suggested to play
somewhat different roles:
Xyloglucan, in spite of having a high solubility in water, has a

strong affinity for cellulose; this is explained by the two
conformations of xyloglucan, one helical with high solubility
and one “plain” with a conformation of the main chain that is
similar to the one cellulose chains. It is probably the latter

Figure 16.Comparison between the typical β-(1,4-glucosidic) bond in cellulose and the same bond in hemicelluloses. (a) C-type, the glycosidic bond in
cellulose, xyloglucan, mixed structure glucan, and after glucose in glucomannan. The covalent bond is stabilized by two hydrogen bonds. (b)M-type, the
glycosidic bond in glucomannan after mannose. This type is stabilized by two hydrogen bonds, but they cannot be fully active on the same time. Maybe it
has two main conformations as indicated in the picture. (c) X-type, the glycosidic bond in arabinoxylans. This bond is stabilized only by one hydrogen
bond.

Figure 17. Depiction of the suggested role of hemicellulose in plant cell wall seen as a composite material.
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structure that has strong affinity for cellulose, possibly by
cocrystallization on the cellulose structure. Thus, xyloglucan has
been suggested to cross-link cellulose fibrils with alternating
“plain” and “helical structures”. Furthermore, in the primary cell
wall, xyloglucan can interact with xyloglucan endotransglucosi-
dase, which cleaves and relegates the xyloglucan chains,
something that may have importance in the expansion of the
primary cell wall.116,122,123

Glucomannan has, in a study by Sahlmeń and co-workers,
been suggested to have a closer interaction with cellulose than
with xylans. This should be the case for both hardwoods and
softwoods.124 In many softwoods, the glucomannan appears to
occur in two forms (Table 2) with high and low content of
galactose side groups, where the former is more soluble.121

Arabinoxylan has, according to the studies by Sahlmeń and co-
workers, a less tight interaction with cellulose than glucomannan
(Figure 18).124 Arabinoxylan also differs from other hemi-
celluloses in the aspect that it carries charges. Structural studies
indicate that lignin bound to arabinoxylan is more linear and has
less structure than glucomannan-bound lignin.125

Hemicelluloses in woody tissues also undergo an additional
chemical modification. During lignification, covalent bonds to
lignin are formed that can be ethers, esters, and phenyl glycoside
bonds. By these covalent bonds, different hemicellulose
molecules are cross-linked to lignin and entire networks are
created. In this way, hybrid molecules that carry both lignin and
hemicellulose functionality are created.126 Also, bonds to pectin
and cellulose can occur in these networks. Knowledge about the
structure of these hybrid molecules is incomplete, but it appears
that many of the covalent bonds between lignins and
polysaccharides are located on hemicellulose side groups.127

We also note that there exist polysaccharides that are produced
in seeds or intracellular in roots and other storage tissues that
have very similar structure to those hemicelluloses described
above. For example, there are mannans in the corm of konjac
(Devils tongue) and in locust beans and xyloglucan in tamarind
seed. However, these polysaccharides generally have a much
higher degree of polymerization, and there might also be
structural differences. They also carry out other biological
functions, i.e., in most cases nutrition/energy storage, and should
not be regarded as structural hemicelluloses.

2.2.3. Lignin. Figure 19 shows a suggested lignin structure
from softwood. As can be seen, lignin is a very complex structure
and in many ways an oddity among biopolymers, possessing
unusual properties for being a biologically synthesized
molecule.128 Its monomers (monolignols) are connected with
several types of covalent bonds, i.e., different ethers and carbon−
carbon bonds. The lignin polymer is neither unbranched linear,
linear with side chains, nor cross-linked but can probably rather
be described as a “chemical web”. It does not have a well-defined
primary structure.
In contrast to most other biopolymers, lignin is not

synthesized by a controlled condensation inside the active site
of an enzyme or enzyme complex but by a radical polymerization
process129 that is widely considered to be uncatalyzed. Others
have, however, suggested that special direction sites, or
templates, in the cell wall could catalyze the coupling,130 and
there are also indications that the hemicellulose might affect the
coupling pattern. The issue has been a matter of intensive debate.
The monomers of lignin, monolignols, involved in this process
that consist of phenyl propanoids, with a double bond
conjugated with the aromatic rings, occur in three main forms
with varying numbers of methoxy groups attached to theT
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aromatic ring (Table 3). The composition of monolignols in the
lignin varies between different types of plants (Table 3).131

Lignin biopolymerization from the monolignols occurs
entirely in the cell wall and takes place in several stages (Figure
20).133 Monolignols are oxidized by laccase and peroxidases,
possibly via electron shuttles to radicals that are very stable due to
the conjugated structure, i.e., resonance stabilization. In a similar
way, phenolic groups on lignin are oxidized to stable radicals. The
lifetimes of such radicals can be very long under suitable
conditions.
Covalent bonds can be formed by the combination of two

radicals. Specifically, it appears that covalent bonds are formed by
a monolignol radical and by a radical on a lignin phenol or by two
lignin phenol radicals. Since the unpaired electron is located on
4-O-, 1-, 3-, 5-, and β-positions (Figure 19 for explanation of the
nomenclature system), principally all combinations of these
could be possible, i.e., ethers and carbon−carbon bonds.
However, in the case of coupling of two 4-O-radicals, the
coupling product will be a peroxide (4-O-O-4′) that most likely is
instable and will decouple. Sterical hindrance of substituents on
the aromatic ring will also influence the coupling pattern;
coupling involving the 1-position rarely occurs in wood, whereas
methoxy groups on 3- and 5-positions efficiently block formation
of covalent bonds. Thus, lignin-derived sinnapyl alcohol has a

low content of condensed bonds and a high content of β-O-4
ethers.
The intermediate coupling product will undergo rearrange-

ment that leads to stable products, i.e., aromatics, and in the case
of coupling involving the β-positions, a reactive quinomethide
intermediate will be formed. This can be attacked by water giving
a hydroxylation of the α-position. If alcohols or carboxylic acid
functionalities of cell wall carbohydrates perform the attack,
covalent bonds between lignin and polysaccharides will be
created (Figure 18).
Since the polymerization reaction of the enzymatic-generated

radicals is uncatalyzed, lignin will have a racemic structure and an
unordered distribution of the different bond types.133 This does
not mean that the lignin structure is totally random; most likely
the pH and polymerization rate will affect the frequency of the
different bonds. Most studies indicate that the β-O-4 bond is the
by far most common and that this bond type dominates in all
lignins, although the content is lower in softwoods than in
hardwoods. This outcome is most likely due to the fact that
monolignol composition varies with wood type; for example,
hardwoods contain a significant amount of sinapyl alcohol
residues which contain two methoxy groups (Table 3), thereby
blocking coupling in the 5-position. This background gives an
explanation as to why hardwoods generally are delignified faster

Figure 18. (a) Suggested structural organization of hemicelluloses and cellulose in hardwood and softwood by Sahlmeń et al.124 (b) Three different
types of covalent bonds between lignin and polysaccharides. (c) Schematic presentation of how lignin cross-links hemicelluloses in wood.
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than softwoods in kraft pulping.118 The monolignol composition
and frequency of different bonds are, however, not homogeneous
over the different cell wall layers. Generally, the contents of
condensed bonds are higher in the middle lamella and in the
primary cell wall, where the content of β-O-4 bonds is higher
these differences are larger in hardwoods than in softwoods.134 A
consequence of this is that hardwoods need to be pulped to lower
lignin content than softwoods to obtain fiber separation.

Also, between different types of cells there are differences in
lignin structure. In hardwoods, vessel cells generally have a higher
content of coniferyl alcohol and more condensed bonds than
libriform fibers. In softwoods, the compression wood lignins
contain considerable amounts of p-hydroxycoumaryl alcohol, are
more condensed, and therefore are a more resistant structure.
Both these inhomogeneities have consequences for chemical
pulping, where vessel cells might be incompletely delignified and

Figure 19. Suggested softwood lignin structure.128 Reproduced with permission from ref 128. Copyright 2008 Elsevier. Structure of the monolignol
(coniferyl alcohol) and the most important intermonolignol bonds are shown with the nomenclature system explained. “Condensed bonds” is a
common notification for other bonds than the β-O-4′ether, and they are generally more stable in chemical pulping.

Table 3. Monolignol Composition in Different Types of Plants
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compression woodoften found in branchesare incompletely
defiberized.135

The molecular weights of lignin in Nature are still a matter of
debate. Theoretically, lignin in wood can obtain very high
molecular weights, but molecular weights determined from
isolated lignin had indicated a low degree of polymerization and
are thus better described as oligomers rather than polymers.136

However, these molecular weights were obtained from lignin
extracted from milled wood in far from quantitative yields. Thus,
lignin in intact wood can still have a higher degree of
polymerization. Furthermore, the covalent bonds between lignin
and polysaccharides (LCC) discussed above allow the creation of
“hybrid molecules” carrying both lignin and polysaccharide
functionality126 (Figure 18). Such bonds seem to exist in at least
three forms: esters and ethers to the α-position in lignin and
phenyl glycosides. The bonds to the α-carbonmight be explained
by the mechanisms described above, but the origin for the phenyl
glycosides is more unclear; one possible explanation is that they
are created by transglycosylation activities.137 Under all circum-
stances it was demonstrated that lignin covalently cross-links
different polysaccharide molecules and that one hemicellulose
molecule can carry several lignin functionalities.127 Thus, the
formation of large covalent networks in wood seems likely,
consisting of altering lignin and hemicellulose structures.
Back to the question asked in the beginning of the lignin

section, why is lignin so different from other biopolymers? One
explanation might be that lignin, by its random structure,
becomes a physical and chemical obstacle for biological
degradation.138 It appears also that the monolignin structures
are “designed” to stimulate the formation of covalent bonds to
polysaccharides,139 thereby suggesting a central role for the

lignin−carbohydrate networks in the biological function of
lignin.

2.3. Biopolymer Extraction

Extraction of biopolymers for technical purposes can be made for
two main reasons: (i) To purify a valuable soluble product. One
example here is the cold extraction of prehydrolysis dissolving
kraft pulp, where mainly hemicellulose is removed for producing
a relatively pure cellulose, that can be used for manufacturing
cellulose derivative, etc. (ii) To obtain a valuable soluble product.
One example here is the extraction of lignosulfonate from sulfite
process liquors. Thus, for the development of more advanced
biorefinery projects based on wood, extractions will likely be of
elevated importance, since it allows the production of purer
substances, either by selective extraction or by postextraction
fractionation. Economic and environmental aspects are of course
central for extractions at the industrial scale; this means that if
chemicals or solvents other than water and cheap chemicals, such
as sulfuric acid and sodium hydroxide, are to be used, efficient,
and often costly, chemical recovery systems are likely to be
needed. Thus, water is the first choice for extraction solvents.
Cellulose is insoluble in water, except for conditions using high
pH, low temperature, and zinc salts or urea.140 However,
although cellulose dissolution is interesting for making
regenerated cellulose, extraction in biorefinery concepts mostly
leaves the cellulose intact as valuable fibers. Thus, the discussion
here will focus on extraction of lignin and hemicelluloses.
Lignin in its natural form is soluble in certain mixtures of water

and organic solvents such as water/dioxin, whereas technical
lignins, such as black liqueur lignin, that have been fragmented
and chemically modified is soluble in water at high pH but
generally not at low or neutral pH. Nonpolar organic solvents,
such as hexane, are generally poor solvents for lignin, whereas
“half-polar” solvents, such as those based on alcohols (methanol,
ethanol, and propanol), and general solvents, such as furfural,
dimethyl sulfoxide, tetrahydrofuran, and acetic acid, are best for
lignins. This finding is in line with the structure of lignin itself
(Figure 19) with altered hydrophilic and hydrophobic structures.
Not unexpectedly, lignin with lower molecular weight typically
has higher solubility.141 The solubility of hemicellulose varies
very much upon its chemical structure. Arabinoxylan that carries
a large amount of charged groups at neutral and alkaline pH have
rather good solubility in water, especially at higher pH. Also,
galactoglucomannan with a high content of galactose side groups
has good solubility in water as well, whereas glucomannan, with
its low galactose content, has poor solubility properties in water,
although it is soluble in alkali with barium salts present.
Except for pH, temperature is an important parameter for

extraction. Both low and high temperature can provide increased
extractions. At lower temperature, the entropy effects become
weaker and it is therefore a way to lower σ-interaction
(hydrophobic interaction).142 Low temperatures can be used,
for example, for extracting hemicellulose from dissolving pulps
under alkaline conditions (as mentioned above). Higher
temperatures are useful when the entropy favors dissolution
and enthalpy disfavors it, but there are also other effects. At high
temperatures (under overpressure) of 180 °C and above, the
properties of water as a solvent are changed and it starts to behave
like a less polar solvent and can, in this way, dissolve
hemicelluloses at high yield from wood even at neutral pH.
However, in such hot water extractions, wood polymers are
partly degraded. This can be due to autohydrolysis, i.e., that
acetic acid is created by deacetylation of hemicelluloses, and

Figure 20. Depicted are the polymerization of monolignols into lignin
and the most important bond types. R = H or polysaccharide
(hemicellulose, etc.). Enzymatic oxidation can be either direct or
mediated by a radical shuttle.132 Similar reactions are also carried out on
phenolic end groups on lignin polymer, which thereby can couple to
monolignols.
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thereby lowers the pH. This effect can be compensated by
addition of buffering substances, but degradation occurs to some
extent nevertheless, which indicates that other mechanisms, such
as hemolysis, might be involved.143

Also, mechanical treatment in water can lead to extraction of
material from wood. Much interest has been focused on the
materials obtained in water solution after mechanical pulping,
which have been shown to be rich in glucomannans and also
some lignins.144 As described above, wood is a cross-linked
structure, and direct extraction from wood without any
pretreatment or breaking of covalent bonds is difficult.
Furthermore, the morphology of wood itself is an obstacle, and
extractions are easier from sawdust than from wood chips due to
mass transport limitations. One way to enhance extraction of
hemicellulose from wood is to degrade and solubilize at least part
of the lignin. A problem here is that the most important chemical
pulping process, kraft pulping, rapidly degrades glucomannans.
One way to overcome this problem is to reduce or oxidize the
end groups of polysaccharides. To further enhance extractability,
the partially pulped wood can be treated with xylanase enzymes
that selectively cleave bonds in the covalent networks. The
concept has been tested, and both yield of extraction and
molecular mass increased after enzymatic treatment.145 If more
selective enzymes can be available in large amounts, the results
can probably be further improved. Hot water extraction as
described above has the advantage that acetyl groups remain on
the polysaccharides, which have positive effects on solubility.
However, degradation also occurs here even if buffer systems are
included.143 In this case, the lower molecular mass of extracted
hemicelluloses might be an obstacle for some applications.
However, a large fraction of extracted hemicelluloses carry

covalently bonded lignin oligomers, a bit like the lignin

carbohydrate complexes (LCC) networks in wood. If such
material is treated with the laccase, phenols on the lignin
functionalities will be oxidized to radicals that undergo radical
couplings, i.e., hemicellulose molecules are cross-linked by the
lignin functionalities and the molecular weight is increased
(Figure 21). Such treatments have been shown to improve the
properties of the hemicellulose in various applications,146 and
similar techniques can also increase the molecular mass of
technical lignin.147,148

Technically, the solubility of lignin and hemicelluloses has
been utilized in different ways; in chemical pulping, water can be
partially exchanged with good solvents for lignin, such as ethanol,
methanol, acetone, and organic acids. Subsequently, larger and
more hydrophobic lignin molecules can be extracted than is
possible during water-based pulping. This concept is important
for different biorefinery concepts, partly due to the production of
lignin with different properties, such as enhanced hydrophobicity
because this property may open up new applications in
composites. Organosolv pulping can be integrated with
enzymatic hydrolysis of the cellulose and fermentation to
ethanol, and separation of sugars, furfural, and other molecules
from the solubilized lignin is possible.149 An interesting version
of integrated hydrolysis and extraction was presented by
Luterbacher et al., which used a mixture of water, sulfuric acid,
and γ-valerolactone, obtaining high-yield extraction and
hydrolysis of both softwood and hardwood. Interestingly, the
chemical used could be manufactured from the biomass.150

Carbon fiber is intensively used today in large-scale engineer-
ing, including aerospace, wind turbine blade, and automotive
industries, comfort fabrics, special sport textiles, and various
commercial membranes, as well as the emerging markets for
wearable batteries, sensors, and electronics.151−160 Continuous

Figure 21. Increase of molecular weight of extracted hemicellulose by laccase treatment. (a) Hemicellulose molecules that carry covalently bound lignin
functionality can be covalently cross-linked by treatment with the enzyme, laccase. (b) This is done when phenolic end groups of the lignin moiety of
these molecules are oxidized to resonance-stabilized radicals that undergo uncatalyzed radical−radical couplings which covalently cross-link the
molecules.
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carbon fibers are conventionally produced from solutions of
polyacrylonitrile (PAN) spun into a coagulation with a good
mechanical strength and high yield. However, the PAN precursor
is expensive. Fiber with cellulosic material as precursor is much
less costly than PAN; also this resource is sustainable. Moreover,
cellulosic precursor-derived fibers have unique optical properties
as well as excellent biocompatibility and biodegradability.

3. ONE-, TWO-, AND THREE-DIMENSIONAL
NANOSTRUCTURES FROM WOOD BIOMATERIALS:
SYNTHESIS AND CHARACTERIZATION

3.1. Multifunctional Fibers

Fibers play an important role in several industries, including
aerospace, textiles, membranes, wearable electronics, and
reinforcing materials because of their lightweight, mechanical
flexibility, versatility, high tensile strength, and other function-
alized electrical, optical, and magnetic properties.161−167 In
Nature, there are a variety of organisms containing fibers, such as
trees, animals (muscle tissue), lower eukaryotes, and bacteria.
The development of a cost-efficient natural fiber with unique
biocompatibility has been the subject of keen interest.168,169 In
this section, we will discuss multifunctional fibers based on
materials derived from wood.

3.1.1. Mechanically Strong Fibers. The CNF and CNCs
are well known for their excellent mechanical strength. Naturally
derived nanocellulose is a remarkable emerging nanomaterial
because of its extraordinary mechanical properties, combining a
high stiffness of up to 140 GPa and expected tensile strength on
the order of GPa with a low density of 1.5 g/cm3. Fibers with only
cellulose fibers or with nanocomposites containing poly(vinyl
alcohol) (PVA), poly(ethylene oxide) (PEO), poly(methyl
methacrylate) (PMMA), PAN, and alginate have been
developed, which can be produced by wet spinning and
electrospinning methods.170−178

Figure 22a outlines the preparation of microfibers by drying a
CNF hydrogel strand extruded into a coagulation bath of
ethanol, dioxane, or tetrahydrofuran. Figure 22b is a scanning
probe microscope (SPM) image of the CNF with a height profile
along the red line included in the inset. The fibers have a high
aspect ratio and asymmetrical rectangular sections.171 The
obtained fibers have stiffness values of 0.4 GPa and an ultimate
tensile strength of 275 ± 14.7 MPa (Figure 22c). Higher values
are expected when the alignment of cellulose nanofibers in the
axial direction is improved by post drawing.
Nanocomposite fibers containing nanocellulose crystals or

nanofibers as reinforcing material components have also been
demonstrated.170,179,180 Figure 22d and 22e shows optical

Figure 22. (a) Schematic of preparation NFCmacrofibers by extrusion of NFC gel into a coagulation bath. (b) SPM image of NFC. (c) Representative
stress−strain curve of a macrofiber of ca. 0.17 mm diameter.171 Reproduced with permission from ref 171. Copyright 2011 WILEY-VCH. Optical
microscopic images of the (d) neat PVA and (e) PVA-CNC 5% fibers. (f) Stress−strain curve of fibers made with different CNC loading. Structure of
knotted (g) neat PVA and (h) PVA-CNC 5 wt % fibers.170 Reproduced with permission from ref 170. Copyright 2011 American Chemical Society.
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microscope images of a pure PVA fiber and a PVA fiber
hybridized with 5%CNC. The existence of voids in the neat PVA
fiber in Figure 22d decreases optical transparency and reduces
the ductility of the fiber. With the introduction of only 5 wt %
CNC, the optical transparency of fibers increases due to the
suppression of void generation. Additionally, the tensile strength
of the fiber increases to 1.89 GPa (Figure 22f). The Young’s
modulus continues to increase with CNC loading, but the
elongation at break decreases. Extreme slippage and inhomoge-
neous shearing occur on highly localized fibrils separated by
voids, which induces the deformation of neat PVA fiber. The
dilapidated knot structure results in poor knot-pull strength.
Conversely, the PVA/CNC 5% fiber maintains its original
structure well when bent and has a high knot strength, which is
attributed to the lack of voids and the interaction between PVA
and CNC leading to a more homogeneous shear force and
smoother chain slippage (Figure 22g and 22h). In summary,
earth-abundant nanocellulose is a promising component toward
super strong fibers, which can be produced via scalable wet
drawing and gel-spinning processes.
3.1.2. Electrically Conductive Carbon Fibers. Electrically

conductive fibers are essential for flexible electronics, particularly
for wearable electronics. The low-cost, earth-abundant woody
materials are attractive as precursors making high-performance
fibers.181−186 The cellulosic precursor fiber was first used by
Thomas Edison in the 1880s as the basis for his revolutionary
electric lamp filament.187 Figure 23a is an SEM image of a carbon
nanofiber electrospun from cellulose acetate and treated at 2200
°C.188 The fiber maintains the same morphology and macro-
scopic alignment after carbonization. There is no skin-core
structure observed in Figure 23b, in contrast to the structure of
conventional polyacrylonitrile (PAN)- and cellulose-based
carbon fibers.189 The reason for this observation is that the

nanoscale precursor overcomes the issues of incomplete
oxidation of the core region during stabilization and the radial
temperature gradient in the fiber during carbonization. Graphitic
carbon is formed under 2200 °C (see Figure 23c). In addition to
using pure cellulose as a precursor for carbon fiber, nanocellulose
is also used in the hybrid nanocomposites to improve the
electrical conductivity of carbon fiber. Microcarbon fibers are
produced through the carbonization of well-aligned graphene
oxide (GO)−nanocellulose hybrid fibers.190 Without GO, the
morphology of carbon derived from nanocellulose is micro-
spherical; with the GO as template; however, the carbonized
nanocellulose repairs defects in the reduced GO (rGO) and links
the rGO together. Figure 23d shows the surface morphology of
the microfiber, in which there are no microspheres observed.
Figure 23e presents the cross section of the carbon fiber. The
building blocks of the fiber after carbonization have excellent
alignment. The GO-templated carbonization as well as the high
alignment of building blocks along the fiber direction lead to a
high electrical conductivity of 649 ± 60 S/cm (see Figure 23f).
The conductive fiber was further evaluated for use as an anode in
lithium-ion batteries. The conductive flexible fiber has great
potential applications in wearable electronics and smart textiles.
Replacing the expensive PAN precursor with abundant wood-
derived biomaterials opens a broad avenue for low-cost
conductive carbon fiber manufacturing.191

3.1.3. Other Functional Fibers.Optically transparent fibers
have broad applications in optical transfer and biobased
waveguides. The colloidal NFC gel can be used to fabricate
fibers that are highly transparent; a property that is difficult to
achieve in regular carbon fibers. Additionally, the mechanically
robust macrofibers produced from nanocellulose precursors can
be further functionalized by entrapping and immobilizing a
multitude of functional molecules and fillers, polymers, or even

Figure 23. (a) SEM image of electrospun carbon nanofibers treated at 2200 °C. (b and c) TEM image of a carbon nanofiber treated at 2200 °C.188

Reproduced with permission from ref 188. Copyright 2013 Elsevier. (d and e) SEM images of carbonized GO/NFCmicrofiber. (f) Typical I−V curve of
a carbonized GO/NFCmicrofiber with a fiber length of 35 mm and average diameter of 18 μm.190 Reproduced with permission from ref 190. Copyright
2014 WILEY-VCH.
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inorganic nanoparticles.171 Figure 24a shows that the trans-
parency of pure NFC microfibers increases with the infiltration
with resin.171 The refractive index of resin (1.53) is close to NFC
(1.54−1.62), which effectively reduces the refraction index
difference between the NFC and air within the cavities. As a
result, light scattering at the air/cellulose interface is dramatically
suppressed, leading to high fiber optical transmittance.
Methods to functionalize the microfiber generally include

chemical modification and physical entrapment before or after
fiber fabrication. Figure 24b shows a schematic of an inorganic/
organic hybrid magnetic fiber obtained by attaching ferromag-
netic cobalt ferrite nanoparticles to the fiber surface. The
CoFe2O4 particles were synthesized by a simple aqueous
coprecipitation reaction of FeSO4 and CoCl2 in the presence
of an already prepared macrofiber. The addition of the CoFe2O4
particles causes the fiber to turn dark brown, as seen in the inset
picture. SEM analysis reveals that the magnetic particles of
average particle size 50−90 nm cluster on the fiber surface. The
magnetization loop in Figure 24c shows that the modified fiber
has a saturation moment of 6.5 emu/g. The magnetic fiber can be
easily manipulated with a fingertip-sized magnet (see Figure
24d). The magnetic fiber is flexible and has great potential
applications in intelligent textiles for magnetic shielding,
magnetically actuated biocomposites, microwave technology,
etc.

3.2. Multifunctional Membranes, Films, and Paper

3.2.1. Optically Transparent Paper and Its Modifica-
tions. Optically transparent paper exhibits better visual

appearance, stronger mechanical strength, as well as higher
barrier properties compared to common paper.192,193 These
unique properties enable the application of transparent paper in a
variety of fields ranging from architecture and packaging to
flexible electronics and energy-storage devices. Theoretically,
paper made out of cellulose fibers should be optically transparent
due to the colorless cellulose. In fact, most papers, such as graphic
paper, art paper, rice paper, and copy paper, are apparently
opaque. This phenomenon can be ascribed to the porous
structure of paper that invokes light scattering at the fiber/air
interface due to the mismatch refractive index between cellulose
(1.5) and air (1.0).194,195 To bring optical transmission to paper,
the air existing in the porous configuration of paper must be
removed as much as possible by mechanical or/and chemical
approaches.
Cellulose fibers with various fiber dimensions are able to

fabricate transparent papers by careful structure designs (Figure
52a).58,196,197,17 Transparent paper can be developed by
impregnating opaque paper into transparent materials (for
example, oil, resin, wax), partially dissolving fiber surface,
employing cellulose solution, or using intensively mechanically
treated wood fibers followed by a process of supercalendering or
impregnation to further improve the light transmission.198−203

Here, we focus on three types of transparent papers: transparent
paper with microsized wood fibers, transparent paper with
nanoscale fibers, and transparent paper with dissolved cellulose.
Transparent paper fabricated by microsized wood fibers has

been developed for over 150 years, and many manufacturing

Figure 24. (a) Opaque macrofibers are made transparent by infiltration of a resin with a refraction index similar to the component nanocellulose. (b)
Schematic of a magnetic hybrid fiber and SEM image of the fiber and magnetic particle morphology. (c) SQUID magnetization loop of the magnetic
hybrid filaments. (d) External manipulation the magnetic filament with a small household magnet.171 Reproduced with permission from ref 171.
Copyright 2011 WILEY-VCH.
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techniques were used on an industrial scale. Unfortunately, these
transparent papers demonstrated a light transmission of <80%.
Yousefi et al. proposed a welding method to prepare transparent
paper made of cellulose microfibers. Filter paper with an optical
transmittance of 0.3% at a wavelength of 800 nm was immersed
into ionic liquid 1-butyl-3-methylimidazolium chloride (BMIM-
CI) at a temperature of 85 °C for diverse times spanning from 5
min to 8 h, followed by a step of extracting BMIMCI using
methanol and then drying.201 The obtained paper exhibited a
maximum transparency of 76% at 800 nm (see Figure 25b).
However, the optical transmittance is still unsatisfied for
optoelectronic applications. Fang and colleagues illustrated a
transparent paper with a total optical transmittance of >90% by
using cellulose nanofibers to fill the voids of paper made of
cellulose microfibers.195 Through this method the paper
achieved a desirable transparency. However, the fabrication
process is time consuming. Hence, Fang et al. made a further step
toward efficient manufacturing of transparent paper.204 Wood
pulp was first pretreated to modulate the fiber morphologies by
TEMPOoxidation system in aqueous solution, and the TEMPO-
oxidized wood fibers tend to display a higher fine content, shorter
fiber length, yet easier collapse of fiber hollow structure than
original wood fibers, thereby facilitating the follow-up sheet
forming of dense fibrous network that suppresses backward light
scattering. As a consequence, transparent paper with a light
transmittance of >90% was prepared in less than 1 h (see Figure
25c).204

As the disintegration of cellulose nanofibers from wood fiber
by mechanical treatments was achieved in the 1980s,205,206

transparent paper made of CNFs has garnered particular
attention over the past decade due to its excellent flexibility,

superior surface smoothness, outstanding optical transparency,
strong tensile strength, prominent gas barrier properties in dry
conditions, and low coefficient of thermal expansion
(CTE).207−214 These unique properties enable nanopaper to
be a promising substrate candidate for “green” optoelectronics.
CNC and CNF are two types of cellulose nanofibers widely used
to prepare nanopaper.215,193 Nanopaper made of pure CNC is
highly transparent but brittle due to the rod-like shape and high
crystallinity; hence, plasticizing agents, such as glycerol, were
added into CNC dispersion.216 In comparison with CNC, CNF
is much more suitable to prepare nanopaper with desirable
properties because it has a higher aspect ratio, relatively lower
crystallinity, and more flexibility.
Nogi et al. first reported the fabrication of nanopaper using

CNF by vacuum filtration, which has a maximum transmittance
of 71.6% at 600 nm.208 A variety of literature reports regarding
nanopaper have since been reported in the scientific
community.217−221 Figure 25d is an image of a free-standing
CNF film built from a PVAm (cationic poly(vinyl amine))
solution at pH 10.5 by “layer-by-layer” assembly; this nanopaper
has an optical transmittance of over 85% in the visible spectra and
outstanding flexibility.222 To enhance the optical transmittance,
TEMPO-oxidized CNF was used to prepare nanopaper,
demonstrating an excellent light transmittance up to 90% (see
Figure 25e). This enhanced transparency can be contributed to
the smaller fiber width and narrower fiber width distribution of
TEMPO-oxidized CNF compared to other CNFs. Despite the
unique properties of nanopaper, the low dewatering performance
of CNF suspension restricts its industrial application. VTT in
Finland and Oji Holding Corp. in Japan have separately set up a
pilot line to produce nanopaper in large scale; although a small

Figure 25. Various transparent papers made of cellulose materials with dimensions from the macro- to the molecular level. (a) Hierarchical
configuration of wood fiber.17 Reproduced with permission from ref 17. Copyright 2013 American Chemical Society. (b) Transparent paper prepared
by using welding of woodmicrofibers.201 Reproduced with permission from ref 201. Copyright 2011 American Chemical Society. (c) Transparent paper
made of TEMPO-oxidized microscopic wood fibers by vacuum filtration.204 Reproduced with permission from ref 204. Copyright 2014 American
Chemical Society. (d) Transparent paper obtained by layer-by-layer assembly of NFC.222 Reproduced with permission from ref 222. Copyright 2015
American Chemical Society. (e) Transparent paper made of NFC by a vacuum filtration.219 Reproduced with permission from ref 219. Copyright 2013
American Chemical Society. (f) Transparent paper fabricated by casting cellulose solution on substrates.220 Reproduced with permission from ref 220.
Copyright 2011 American Chemical Society.
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roll of nanopaper was displayed in their presentation, no
commercial nanopaper is currently on sale.
Regenerated cellulose was used to prepare transparent paper

(regenerated cellulose film, RCF) at the beginning of 20th
century.223 Wood fiber was first dissolved in cellulose solvents,
such as NaOH/CS2,

224 ionic liquids,225−229 N-methylmorpho-
line-N-oxide (NMMO),223 and alkali/urea solution,230−232 to
free the cellulose chains from the cell wall. The obtained cellulose
solution was then coated onto a substrate or extruded through a
slit into the coagulation solution to prepare the RCF, followed by
several steps of water washing to remove surplus solvents.
Recently, great attention has been paid to the dissolution of
wood using economical and environmentally benign cellulose
solvents. To this end, Zhang’s group has developed an alkali/urea
low-temperature aqueous system to efficiently dissolve wood
pulp. Figure 25f shows the clear and transparent appearance of
RCF using cellulose solution produced by an alkali/urea
solution. RCF presents a transmittance of ∼90% in the visible
region that matches the appearance of plastics, but its mechanical
strength and CTE are considerably lower than nanopaper and
transparent paper with microfibers due to the destruction of the
crystalline regions.220

Materials, such as alkyl ketene dimer (AKD),211,221

resins,202,233 nanoclay,234,235 and graphene,236 are employed to
enhance the intrinsic properties of transparent paper. As we
know, cellulose is inherently hygroscopic, which will deteriorate
the performance of transparent paper when exposed to moisture.
Yang et al. modified the hydrophobicity of RCF by immersing it
into AKD solution widely used in papermaking industry. With a
0.1% AKD content of RCF, the water contact angle reaches 110°.
In addition, Yano et al. attempted to improve the water resistance
of transparent paper by dipping opaque paper into transparent
resins (epoxy or acrylic resin) having a refractive index similar to
cellulose.237−239 The final paper was not only transparent but
also exhibited excellent water-resistant performance. Platelets
(such as nanoclay and graphene) were added into transparent
paper to improve its barrier properties, tensile strength,
conductivity, and heat resistance while maintaining prominent
light transmission.
3.2.2. Mesoporous Membrane with Tailored Porosity.

Although the fast advance of synthetic polymers is well known,
cellulose and its derivatives still play an important role in the
fabrication of various mesoporous membranes (pore size 2−50
nm) for separation and purification applications because they
possess high hydrophilicity, good solubility in a wide variety of
solvent systems, affinity for proteins, easy chemical modification,
and low cost.240 Cellulose can be dissolved in various solvents,
such as MMNO monohydrate solution, to prepare cellulose
membrane for gas separation. Cellulose acetate is also cheap,
commercial, and environmentally benign material for preparing
various membranes. In general, it was dissolved in acetate acid/
water solution followed by a wet phase inversion approach to
prepare the membranes. The pore size of these membranes can
be tuned by altering the weight ratio of water to acetic acid.
Chu’s group initially proposed a variety of filtration

membranes for water purification using cellulose nanofibers
over the past 5 years because of their unique properties, such as
small diameter (5−10 nm), easy surface functionalization, good
mechanical performance, and prominent chemical resistance. By
developing different structures, consisting of asymmetric layers
of nonwoven fibers with diverse diameters, mesoporous
membranes with tailored pore sizes were presented for
nanofiltration and microfiltration, respectively. Mesoporous

membranes for microfiltration were fabricated by infusing
cellulose nanofibers into the electrospun polyacrylonitrile
(PAN) nanofibrous scaffold (Figure 26a), and the mesoporous

membranes for nanofiltration were prepared by coating a thin
layer of cellulose nanofibers on the top of the electrospun PAN
nanofibrous scaffold (Figure 26b).241 These mesoporous
membranes with cellulose nanofibers not only exhibited a high
retention and permeation flux but are also energy saving,
antifouling, and durable.241 In spite of the prominent properties
of these mesoporous membranes, their capacity and lifetime
must be enhanced when they were used for virus removal.
In addition, mesoporous membranes prepared from cellulose

or its derivatives demonstrate their potential application in
lithium-ion battery separators in place of the currently, widely
used petroleum-based polyolefin separators due to their unique
properties, such as renewability, thermal stability, relatively lower
cost, and good electrolyte wettability.242−244 Kuribayashi first
used fine fibrillated cellulosic fibers (diameter 0.5−5.0 μm) to
produce mesoporous membranes with pore diameters in the
range 10−200 nm for lithium-ion batteries.242 Chun et al.
proposed a mesoporous membrane made of CNF for lithium-ion
battery separator by a papermaking process (Figure 26c).243

Cellulose nanofibers were first dispersed into a mixture of
isopropyl alcohol (IPA) and water to prepare CNF suspension
that was then filtrated into paper in a vacuum condition. The
porous structure of NFC film was fine tuned by altering the
volume ratio of IPA to water in the CNF suspension. As the IPA
content increased, the CNF mesoporous membrane tended to
exhibit a higher porosity. Kim and colleagues made an additional
step to control the porous structure of CNF film by incorporating
colloidal SiO2 nanoparticles into a CNF fibrous network as a
disassembling agent. As we can see from Figure 26d, silicate was
evenly distributed in the CNF matrix. The pore size of SiO2/
CNF mesoporous membrane is rationally tuned by varying the
SiO2 content in the CNF suspension.245

Figure 26. Various mesoporous membranes. (a) Cross-sectional SEM
image of cellulose nanowhisker-infused PAN electrospun nanofibrous
scaffold. (b) Top view SEM image of thin-film nanofibrous composite
membrane with cellulose nanofiber barrier layer.241 Reproduced with
permission from ref 241. Copyright 2011 The Royal Society of
Chemistry. (c) SEM photo of cellulose nanofiber paper-derived
separator (IPA/water = 95/5).243 Reproduced with permission from
ref 243. Copyright 2012 The Royal Society of Chemistry. (d) SEM
image of cellulose nanofiber paper-derived separator (SiO2 = 10%).245

Reproduced with permission from ref 245. Copyright 2013 Elsevier.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00225
Chem. Rev. XXXX, XXX, XXX−XXX

W

http://dx.doi.org/10.1021/acs.chemrev.6b00225


Utilizing electrospinning and dip-coating techniques to
fabricate a novel cellulose-based composite nonwoven separator
for lithium-ion batteries was demonstrated by Zhang et al.246

Cellulose acetate was dissolved into 2:1 DMAc/acetone mixture
with a volume ratio of 2:1 at a concentration of 15% by weight.
The solution was then electrospun into a membrane and dried
under vacuum at 70 °C for 8 h, followed by a dipping process of
PVDF to reduce the pore size of membrane and increase the
mechanical properties. Cellulose-based separators may be a good
candidate for lithium-ion batteries; however, several issues
should be resolved before they can enter into the commercial
market, for example, relatively lower tensile strength and the
hydrophilicity of cellulose.
Nanopaper fabricated from TEMPO-oxidized cellulose nano-

fibers was recently used to separate molecules or particles with a
molecular weight of some hundreds to thousands of Daltons
from an organic solvent. The results showed that the diameter of
cellulose nanofibers primarily contributed to the permeability
and pore dimension of the nanopaper and that tailored
membrane performance can be achieved by modifying the
nanofiber diameter.247

3.2.3. Photonic Film with CNC. CNC is a rigid and rod-like
cellulose crystallite that behaves as a chiral nematic liquid
crystal.248,249 At dilute concentrations, CNC are randomly
dispersed in an aqueous solution (isotropic phase) and appear as
spheroids. As the CNC suspension reaches a critical concen-
tration, the randomly oriented CNCs are inclined to self-
assemble into chiral nematic ordered structures (anisotropic
phase), presented by the appearance of a “fingerprint” pattern
observed by polarized optical microscopy. This phenomenon
widely exists in rod-like nanomaterials, such as DNA frag-
ments,74,250 tobacco mosaic viruses,251 and crystallites obtained
from polysaccharides,252 and is ascribed to the favorably excluded
volume interactions resulting in higher packing entropy
compared to the homogeneous configuration.74

It was not until 1992 that the chiral nematic phase of CNCwas
discovered.252 Since then Gray and co-workers showed an
exciting finding that the chiral nematic ordering organization of
CNC suspensions could be retained in solid film after full water
evaporation displaying iridescent color under polarized light.253

The chiral nematic configurations are 1D photonic crystals that
can change refractive index periodically in one, two, or three
dimensions, resulting in the selective diffraction of certain
wavelengths of light.254 For a chiral nematic structure, the
wavelength of reflected light depends on the refractive index of
the substance and the pitch of chiral nematic structure.255 Figure
27a displays the schematic of the chiral nematic structure in CNC
film, and P/2 represents the half-helical pitch.256 As the half value
of the pitch of the chiral nematic structure matches the
wavelengths of visible light, the CNC film presents iridescence.
CNC film, indicative of a chiral nematic phase, exhibits unique

and tunable photonic properties that are of interest for reflectors,
security purposes, coloration, and sensors. Nevertheless, the
chiral nematic structure of sulfated CNCs in iridescent film is not
stable due to the easy redissolution of CNC in water, which
restricts the utilization of iridescent CNC film with excellent
photonic properties in various areas. Parameters, such as ionic
strength, temperature, suspension concentration, and exposure
to magnetic field, may influence the chiral nematic structure of
CNC film. Several methods have been investigated to perpetuate
the chiral nematic arrangement of CNC. Tatsumi and colleagues
mixed the CNC suspension with poly(2-hydroxyethyl meth-
acrylate) (PHEMA) in an aqueous 2-hydroxyethyl methacrylate

(HEMA) monomer solution.257 Through polymerizing HEMA
in diverse phase situations of blending suspensions, three types of
polymer composite films were obtained from the isotropic phase,
anisotropic phase, and embryonic nonseparating mixture:
PHEMA-CNCiso, PHEMA-CNCaniso, and PHEMA-CNCmix,
respectively. As shown in Figure 27b, PHEMA-CNCaniso
exhibits much more obvious fingerprint texture than that of
PHEMA-CNCiso due to its longer pitch.257

Moreover, Micheal and colleagues developed a two-step
synthesis to yield mesoporous photonic cellulose films (MPCFs)
with a stable chiral nematic structure.258 First, the mixture of urea
formaldehyde precursor and CNC in aqueous solution was dried
at ambient conditions to form chiral nematic composite films,
followed by a heating curing processing. Second, the UF within
CNC-UF composite materials was eliminated by alkaline
treatment to achieve MPCFs with stable chiral nematic order.
The preparedMPCFs have striking sensing performance to polar
solvents. As the weight ratio of ethanol to water varies, the visible
color of MPCF is changed from blue in pure alcohol to red in
pure water due to the variation of helical pitch upon swelling (see
Figure 27c). This change can be detected by UV−vis or circular
dichroism (CD) spectroscopy, which may provide guidance for
development of new sensors.

3.2.4. Other Multifunctional Papers. The intrinsic
performance of cellulose and the hierarchical configuration of
wood fibers are primarily due to various properties of the
aforementioned paper, membranes, and films, for example,
tailored optical properties, strong mechanical strength, and
tunable porosity. With increasing demand in advanced materials
for high-tech applications, these intrinsic properties of paper,
however, cannot fulfill the requirements in these areas. Hence, to
extend the utility of paper in high-tech fields, the original
properties of paper should be enhanced or novel functionality
should be introduced into paper. Plenty of organic and inorganic
conducting, semiconducting, dielectric materials, as well as
stimulus-responsive functional materials (magnetic nanopar-
ticles,259,260 carbon dots,261 semiconductor nanocrystals,262,263

metallic nanoparticles,264 bioactive molecules,265−267 poly-
mer268) have emerged to meet the increasing demand from
high-tech areas in the past several decades. Moreover, paper, well

Figure 27. (a) Schematic of the chiral nematic ordering structure in
CNC film, P/2 denotes the half-helical pitch.256 Reproduced with
permission from ref 256. Copyright 2010 Nature Publishing Group. (b)
Polarized optical image of hot-pressed film of PHEMA-CNCaniso (scale
bar 50 μm).257 Reproduced with permission from ref 257. Copyright
2012 American Chemical Society. (c) Sensing performance of
mesoporous photonic cellulose soaked in EtOH/H2O at different
ratios.258 Reproduced with permission from ref 258. Copyright 2014
WILEY-VCH.
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known as an inexpensive, flexible, biodegradable, light, earth-
abundant, conveniently processable, and chemically active
material, has been considered as an ideal platform for energy-
storage devices,269−273 electronic devices,274−276 food pack-
aging,277,278 and security.279,280 Through integrating these
emerging functional materials with paper by coating, printing,
dipping, blending, printing, or in-situ synthesis, and so on, the
inherent properties of paper can be reinforced such as
mechanical, optical, barrier, and dialectical properties. Even
more important, novel functionality, such as electrical, magnetic,
catalytic, anticounterfeiting, and chemical performance, is
incorporated into paper. These enhanced or novel properties
enable paper to novel uses in a variety of fields. Herein, four types
ofmultifunctional papers and their latest advances are depicted in

detail on the basis of the dimensional size of functional materials
(zero-dimensional (0D) nanomaterials, one-dimensional (1D)
nanomaterials, two-dimensional (2D) nanomaterials, and other
functional materials.
Zero-dimensional nanomaterials refer to nanocluster materials

and nanodispersions and are made of metals, semiconductors,
and oxides. Magnetic nanoparticles, silver nanoclusters or
nanoparticles, and diverse quantum dots (QD) are extensively
explored to endow the paper with novel functionality, extremely
expanding the application scope of paper. Magnetic nanoma-
terials have been extensively studied for data storage,
purification/filtration, electronic device, and biomedical appli-
cations, etc. Generally, there are two ways to impart magnetic
performance to paper. One involves embedding magnetic

Figure 28.Multifunctional papers with 0D nanomaterials: (a) transparent and magnetic nanopaper with ferromagnetic nanoparticles.281 Reproduced
from ref 281 with permission from The Royal Society of Chemistry. Copyright 2013. (b) Antibacterial and fluorescent nanopaper with silver
nanoclusters.282 Reproduced with permission from ref 282. Copyright 2011 WILEY-VCH. (c) Luminescent nanopaper with ZnSe QD as a filler;
multifunctional papers with 1D nanomaterials.286 Reproduced with permission from ref 286. Copyright 2015 American Chemical Society. (d) CNTs-
coated conductive paper.273 Reproduced with permission from ref 273. Copyright 2009 National Academy of Sciences, U.S.A. (e) UV-blocking
transparent nanopaper.289 Reproduced from ref 289 with permission from The Royal Society of Chemistry. (f) Silver nanowire-embedded nanopaper.
(g) Thermal conductive paper with boron nitride.275 Reproduced with permission from ref 275. Copyright 2014 American Chemical Society. (h)
Graphene−cellulose paper.292 Reproduced with permission from ref 292. Copyright 2011WILEY-VCH. (i) Layered double hydroxide/cellulose acetate
hybrid paper.278 Reproduced with permission from ref 278. Copyright 2014 WILEY-VCH. Other multifunctional papers: (j) rewritable paper.297

Reproduced with permission from ref 297. Copyright 2014Nature Publishing Group. (k) Light-emitting paper.300 Reproduced with permission from ref
300. Copyright 2015 WILEY-VCH.
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nanoparticles into cellulose fibers network of paper; another is
related to the in-situ synthesis of magnetic nanoparticles at the
surface of cellulose fibers within the paper. Li et al. proposed a
transparent, flexible, and strong magnetic nanopaper by
immobilizing ferrimagnetic nanoparticles with a diameter of 20
nm into a NFC network in an aqueous medium (see in Figure
28a),281 showing a desirable candidate for mageto-optical
applications. Directly dispersing ferrimagnetic nanoparticles
into cellulose fibers is an easy process to prepare paper with
magnetic properties, this method, however, is limited by the
heterogeneous dispersion and low loading content of magnetic
ferrite nanoparticles within paper. Berglund’s group developed a
single-step approach to fabricate magnetic NFC by in-situ
precipitation of ferrimagnetic nanoparticles onto cellulose
nanofibrils; the ferromagnetic nanoparticle-decorated NFC was
used to prepare magnetized membranes with 60% uniformly
dispersed nanoparticles.259,260

Silver nanoparticles exhibit surface plasmon resonance and
antibacterial properties; as their size reaches very few atoms
(silver nanoclusters), they will present unusual properties
compared to bulk silver or even silver nanoparticles, for example,
fluorescence. Diéz et al. demonstrated a fluorescent nanopaper
with antibacterial activity by simply dipping nanopaper into a
silver nanoclusters solution (Figure 28b).282 Moreover, metallic
nanoparticles, such as silver, gold, copper, and platinum
nanoparticles, can also be precipitated along their length of
cellulose nanofibers by using a cationic surfactant cetyltrimethy-
lammonium bromide (CTAB), which can be used to prepare
functionalized nanopaper.90

QD designates nanocrystals made of semiconductor materials
that consist of few atoms.283,284 By embedding QD into cellulose
matrix or anchoring QD on the hydroxyl group of cellulose fibers
via coordination effects,285 remarkable electrical and optical
properties of paper were achieved. Figure 28c is a photo of ZnSe
QD-decorated nanopaper, which not only has excellent flexibility
and optical transparency but also exhibits prominent photo-
luminescence.286 Recently, luminescent carbon nanodots (CD)
have emerged as fascinating carbon nanomaterials for bioimag-
ing, sensors, optical electronics, and energy conversion/storage
devices due to their prominent physical, chemical, and optical
properties. CD were partially functionalized with alkyl chains
(CD-Ps) that make them easy to self-assemble into supra-CD in
toluene.287 Paper was then immersed into supra-CD contained in
toluene. The self-assembled supra-CD could decompose as the
appearance of water in the paper due to the water-induced
properties of supra-CD and the paper exhibited an enhanced
luminescence. In combination with water-jet printing technique,
ink-free printing luminescent paper can be prepared for
information storage and anticounterfeiting applications.
One-dimensional nanomaterials include carbon nanotubes

(CNT), metallic nanowires, oxides, etc. One primary application
of 1D nanomaterial is to improve the conductivity of paper. Hu et
al. proposed a simple method to make common paper
conductive by coating aqueous CNT dispersion on the surface
of paper using a rod coating method (see Figure 28d).273 This
conductive paper possessed a sheet resistance of about 10 Ω/sq,
which is lower than previous reports due to the effective removal
of surfactant by capillary force caused by the porous structure of
paper. Silver nanowires can also be used to prepare conductive
paper. Preston et al. fabricated a highly transparent and
conductive electrode (TCE) that has the potential to apply in
solar cells.288 Silver nanowires dispersed in ethanol first formed a
random thin silver nanowires network at the surface of filter

membrane with an average pore size of 0.45 μm by vacuum
filtration, followed by transferring the thin silver nanowire
network onto transparent paper. Through this simple transfer
method a silver nanowire transparent conducting paper-based
electrode was fabricated, which demonstrated a figure of merit of
300the highest value in the existing solution-based TCE.
In addition to endowing paper with excellent electrical

performance using metallic nanowires or carbon nanotubes,
other 1D nanomaterials can be added to impart novel
functionality to paper. Belt-like zinc oxide was also added into
CNF suspension to prepare transparent paper with excellent UV-
blocking properties (see Figure 28e),289 which can be applied to
the UV-blocking fields. Furthermore, silver nanowires with high
aspect ratios were combined with CNF to improve the dielectric
constant (k value) of nanopaper.290 Only 2.48 vol % of silver
nanowires within the nanopaper can effectively increase the k
value from 5.3 to 726.5; moreover, the silver nanowire contained
nanopaper presented prominent flexibility (see Figure 28f).
Two-dimensional nanomaterials, such as graphene, graphene

oxide, MoS2, and boron nitride (BN), have triggered great
interest in the scientific community recently. Paper has a very low
thermal conductivity of 0.03 W/mk, which is much lower than
that of plastic (0.23 W/mk). For some applications, paper with
good thermal conductivity is desirable due to the requirement of
quick removing surplus heat produced by devices. Zhu et al. first
exfoliated hexagonal BN powder in isopropanol alcohol by bath
sonication.275 The obtained BN was then mixed with NFC to get
homogeneous BN/CNF suspension followed by vacuum
filtration to fabricate BN/CNF paper with excellent thermal
conductivity. As the content of BN reached 50%, the obtained
paper presented a little higher thermal conductivity (145.7 W/
mK) than that of aluminum alloy (130 W/mK) while
maintaining the flexibility of paper (see Figure 28g).275

Graphene possesses superior electrical and mechanical
properties; however, the pure graphene film presented a limited
stretchable capability (normally lower than 6%); therefore, to
extend its stretchability, Yan et al. prepared a three-dimensional
macroporous nanopaper including crumpled graphene and
nanocellulose that was embedded in stretchable elastomer
matrix.291 This stretchable nanopaper showed a maximum
stretchability of 100% that is suitable for sensor applications. A
graphene−cellulose paper was proposed by Weng et al. using
vacuum filtration (see Figure 28h).292 Graphene nanosheet
suspension penetrated throughout the regular filter paper and
filled the internal voids during the filtration. As a consequence,
graphene nanosheets distributed uniformly in the 3D interwoven
structure of filter paper and were strongly anchored to the surface
of cellulose fibers by electrostatic interaction. The achieved
graphene−cellulose paper demonstrated a low resistivity of 6 Ω
cm, excellent mechanical stability, and good specific capacitance
and power performance, which is suitable for a supercapacity
application, such as an electrode.
Nanoclay, for example, montmorillonite,277,293 layered double

hydroxide (LDH),294 and silicate,295,296 were also incorporated
into paper to improve its barrier and mechanical properties and
fire retardancy, which could be potentially used in flexible
electronics and food and drug packaging. Several approaches,
such as water evaporation, filtration, layer-by-layer assembly, and
coating, were utilized to prepare paper with tailored barrier,
mechanical, and optical properties and fire retardant perform-
ance by modulating the nanoplatlets content in aqueous
cellulose-based system. Figure 28i is the photo of a transparent
and flexible film with excellent oxygen barrier properties
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fabricated by a spin coating of cellulose acetate and layered
double hydroxide alternatively, followed by a course of thermal
annealing. Nacre-mimetic paper was prepared by mixing
cellulose nanofibers and clay, followed by a paper-making
procedure.278 By modulating the content of clay, the nacre-
mimetic paper exhibited tunable gas barrier, mechanical, optical,
and fire-shielding properties. Synthetic silicate nanoplatelets
were also blended with TEMPO-treated nanofibrillated cellulose
to manufacture highly tough and transparent cellulose-based
paper by a casting process. The paper had a maximum tensile
strength of around 420MPa, a Young’s modulus of 14 GPa, and a
strain-to-failure of 10%.296

Apart from 0D, 1D, and 2D nanomaterials, microscale
functional materials were integrated with common paper to
prepare functional paper with enhanced or novel characteristics.
Recently, stimulus-responsive functional materials, such as dyes,
transition metal complexes, and conjugated polymers, have been
used to prepare multifunctional paper that can find its
applications in rewritable paper, security paper, colorimetric
sensing, and flexible electrothermochromic display. Recently,
rewritable paper based on stimulus-responsive dyes or transition
metal complexes has been garnered a great deal of attention,
aiming to solve the environment and sustainability problem
caused by large-scale production and usage of paper. Sheng et al.
proposed a water-induced rewritable paper with dozens of
write−erase cycles using hydrochromic dyes.297 As shown in
Figure 28j, the rewritable paper was printed by a commercial
water-jet printer with a cartridge filled with sole water to produce
words or images with good resolution, which is due to the color
appearance of hydrochromic dyes induced by water, and the
printed words and images were then erased by simple heating. In
addition, a light-triggered rewritable paper consisting of
hydroxyethyl cellulose (HEC), commercial redox dyes, and
titanium oxide was demonstrated.298 This rewritable paper has a
rewritable time over 20 without significant loss of resolution, and

its color changing mechanism is that redox dyes in paper become
colorless when exposed to UV irradiation caused by the titanium
oxide-assisted photocatalytic reactions and develop color when
exposed to heat and oxygen. A rewritable paper based on the
thermochromic mechanism of transition metal complexes was
developed by Nagy et al. Through integrating thermochromic
spin-crossover particles of [Fe(NH2trz)3]Br2 or [Fe-
(Htrz)2(trz)]BF4 into paper by the conventional papermaking
technique, heat-triggered paper with excellent rewritable
performance was obtained.299

In addition to stimulus-responsive functional materials for
rewritable paper, conjugated polymers, known as polydiacety-
lenes (PDAs), have been incorporated in paper for security
purposes. PDAs exhibit many fantastic properties, such as facile
synthesis, rich morphologies, as well as their stimulus-responsive
color and fluorescence when exposed to environmental stimuli
(heat, mechanical stress, chemical and biological interaction). A
Korean research group attempted to prepare stimuli-responsive
inks using four types of diacetylene monomers and four
surfactants and then used these inks to print graphical art with
sensing and display abilities on paper by a thermal inkjet office
printer.279 The PDAs printed paper exhibits a chromic transition
stimulated by heat, UV irradiation, solvent, pH, and mechanical
pressure, showing the potential application ranging from
authentic identification systems for security printing to
disposable chromogenic sensors. Lastly, light-emitting conju-
gated polymers can be deposited on paper by various solution-
phase processing to prepare light-emitting paper. Edman et al.
first demonstrated a flexible light-emitting paper using copy
paper as a substrate (Figure 28k).300 From the bottom to top, the
light-emitting paper constitutes paper substrate, conducting
anode layer, active layer, and cathode layer and displays a
homogeneous light emission with a luminance of 200 cd/m2 at a
current conversion efficiency of 1.4 cd/A.

Figure 29. (a) Photograph of a piece of CNC aerogel standing on top of a dandelion flower. Compressive stress−strain curves of aerogels prepared from
0.5, 1.0, 1.5, and 2.0 wt %CNC suspensions from 0 to 95% strain in (b) air and (c) water. (d) Chronological images of an aerogel picking up water from a
dodecane/water mixture. Water has been dyed with blue color for easier visualization.311 Reproduced with permission from ref 311. Copyright 2014
American Chemical Society.
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In the United States, the White House launched the Materials
Genome Initiative (MGI) in 2011, aiming to help businesses
discover, develop, and deploy new materials twice as fast in the
United States; a variety of advanced materials would emerge
resulting from MGI in the near future. Therefore, paper, well
known as an earth-abundant, inexpensive, flexible, environ-
mentally benign, and recyclable natural material with tunable
properties, would be an ideal platform for incorporating with
advanced materials to prepare multifunctional papers, extremely
expanding their application scope from traditional areas to
emerging fields.

3.3. Three-Dimensional Aerogels and Hydrogels

Aerogels are porous solid materials with extremely low density
and low thermal conductivity derived from a gel through the
replacement of solvent with air. The first aerogels were produced
from silica gel, which are also most widely used today due to their
high porosity, low density, and large surface area.301 Aerogels
made from inorganic materials are usually brittle, which limited

their application when mechanical robustness is required.
Aerogels made from natural polymer can overcome the fragility
because of excellent flexibility, high Young’s modulus (140 GPa),
and good tensile strength (7.5 GPa). Shanyu et al. synthesized
multiscale superinsulating silica-silylated nanocellulosic hybrid
aerogel with robust mechanical properties promoted by adding
nanocellulose as strengthening agent.302 Meanwhile, the natural
biopolymer, such as cellulose, is biocompatible, biodegradable,
and easy to handle.303−310

3.3.1. Lightweight and Mechanically Robust Aerogel.
Both CNF and CNC aerogels are prepared from solvent-swollen
gel networks by removing solvent, and the network structure is
maintained through freeze drying and critical point drying.302

Figure 29a shows a picture of aerogel prepared by a facial sol−gel
method, consisting of mixing, freezing, solvent exchanging, and
critical point drying the mixture of hydrazide-modified CNC
(NHNH2−CNC) and aldehyde-modified CNC (CHO−
CNC).311 The obtained aerogel has a density of 5.6 mg/cm3

Figure 30. (a) Schematic to show the CNF/FWCNT aerogel preparation. (b) Freeze drying from liquid nitrogen leads to slow cooling and to sheet-like
morphology due to aggregation of CNF and FWCNT, whereas freeze drying from liquid propane leads to quicker cooling and to fibrillary morphology.
(c) TEM images of CNF/FWCNT 75/25 w/w aerogel; at high magnification the FWCNT (black arrow) can be distinguished from CNF (red arrow).
(d) Conductivity vs different FWCNT weight fraction. Aerogel with sheet-like structure prepared by slow cooling has better electrical conductivity.322

Reproduced with permission from ref 322. Copyright 2013 WILEY-VCH. (e) Process to prepare bacterial nanocelluose−lignin−resorcinol−
formaldehyde (LRF) hydrogel and microstructure evolution of the carbon aerogel.320 Reproduced with permission from ref 320. Copyright 2015
WILEY-VCH.
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and porosity of 99.6% with a bimodal pore distribution. The
CNC aerogels are strong and compressible both in air and in
water, Figure 29b and 29c. At 80% strain, the compressive stress
of CNC aerogels prepared from 0.5, 1.0, 1.5, and 2.0 wt %CNC is
8.9, 11.6, 15.7, and 20.5 kPa, respectively. Aerogels prepared with
higher initial concentrations exhibit higher compression stress
than aerogels prepared with lower initial concentrations, and the
aerogels exhibit lower compression stress in water than in air
because the water acts as a plasticizer and softens the hydrogel by
forming hydrogen bonds between water molecules andCNC and
disrupts some CNC−CNC hydrogen bonding.312 Furthermore,
the aerogel has good shape recovery property and super
absorption capacity. Figure 29d shows a series of images of an
aerogel picking up water from a dodecane/water mixture. As an
aerogel is immersed into the vial, it first absorbs dodecane;
however, as it comes into contact with water, the dodecane is
displaced less than 1 s. The ultralight and robust aerogel with
excellent liquid adsorption properties with earth-abundant
biopolymer derived from wood paves the way of functional
nanomaterial for potential commercial applications.
3.3.2. Conductive Aerogel. Conductive carbon aerogels

have broad applications in responsive electroactivity, pressure
sensing, electromagnetic interference shielding, nerve regener-
ation, carbon capture, catalyst support, gas sensor, and so
forth.313−318 Generally, there are three ways to produce
conductive nanocellulose aerogel: (1) chemical modification
the surface of nanocelluose building block; (2) adding
conductive filler into the aerogel skeleton, such as carbon
nanofiber, carbon nanotube, graphene, polypyrrole, polyaniline,
etc.;316,319 (3) carbonization of the aerogel to flexible and highly
conductive graphitized carbon.320,321 Figure 30a is the schematic
of conductive aerogel made from cellulose nanofiber hydrogel
and functionalized few-walled carbon nanotubes, where cellulose
hydrogel is themajority phase with ratios of CNF/FWCNT 100/
0, 95/5, 90/10, 85/15, 80/20, 75/25 w/w. The high-speed mixer

and ultrasonic treatment are applied for the preparation of well-
dispersed homogeneous hybrid hydrogel.322 The CNF/
FWCNT hydrogels were freeze dried in a mold to a hydrogel.
The cooling speed plays an important role of the aerogel
morphology. Slow cooling in liquid nitrogen, boiling point of
−196 °C, leads to sheet-like structures with micrometer lateral
dimensions. A rapid cooling with less thickness leads to a
dramatically different morphology, wherein the nanofibrillar
network is mostly preserved upon freezing and sublimation of
ice, see Figure 30b. Figure 30c displays the excellent interaction
of FWCNT with CNF because of the attended hydroxyl group.
The aerogel with sheet-like structure has higher electrical
conductivity than the fiber-like structure because of the better
percolation in both 2-dimensional aggregate sheets within the
matrix and 3-dimensional aerogel overall volume (see Figure
30d). By incorporating the CNT and CNF into the aerogel the
attractive features of both components are combined: good
accessibility, excellent ductility, and high electrical conductivity,
combining the best properties of both components even toward
large-scale application.
Figure 30e shows a process to prepare flexible, highly

graphitized carbon aerogels based on lignin/bacterial nano-
cellulose. Bacterial cellulose (BC) was impregnated with lignin−
resorcinol−formaldehyde (LRF) solution, and the BC/LRF
hydrogels are obtained through polycondensation of LRF. BC/
LRF aerogel and carbon aerogel are subsequently obtained
through supercritical drying and catalyst-free carbonization. The
final carbon is highly graphitic and has core−shell structure,
where the core is graphited BC and shell is graphited LRF. The
carbon aerogel derived from BC/LRF has comparable
mechanical deformation and recovery capability as CNT- or
graphene-based carbon sponges, which are produced through a
catalyst-assisted chemical vapor deposition method. These
aerogels are usually produced in small scale, relatively expensive,
and not environmentally friendly. Earth-abundant biomass-based

Figure 31. (a) Schematic to show the inorganic nanotube preparation procedure.328 Reproduced with permission from ref 328. Copyright 2011
American Chemical Society. (b) Schematic of a 3-dimensional energy-storage device on cellulose aerogel. Electrode and separator are deposited with
layer-by-layer methodology. (c) SEM cross-section image of the PEI/CNT electrode (left), PEI/CNT/separator (middle), and PEI/CNT/separator/
copper hexacyanoferrate (right). Scale bars: 50 μm.335 Reproduced with permission from ref 335. Copyright 2015 Nature Publishing Group.
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carbon aerogel features low cost, high scalability, and
sustainability.
Aerogel made from native biopolymer fiber has superior

flexibility and ductility. The scaffold of porous and vigorous
aerogel made from native cellulose fiber opens new possibilities
as host for organic and inorganic materials for various
functionality. In addition to conductive aerogels, there are
other functional aerogels, such as magnetic aerogels and
thermally stable aerogels.323−327 Magnetic nanomaterials have
been investigated for biomedical, data storage, and devices
applications.
3.3.3. Application of Aerogel. Aerogels have various

applications in different areas. For example, aerogels are
outstanding thermal and acoustic insulating materials in
construction. A layer of transparent aerogel allows penetration
of the sun’s radiation to a building but prevents the generated
heat from evaporating. Figure 31a is an example of an aerogel
used to prepare inorganic nanotubes including zinc oxide,
titanium oxide, and alumina oxide, which can be used in energy
storage, sensors, absorbent, drug release, filtration, and so
on.328−334 Nanocellulose aerogel was used as a template for the
deposition of inorganic materials via atomic layer deposition to
form core−shell fibrous aerogel. The thickness of the shell can be
controlled by the cycle numbers of the atomic layer deposition.
An inorganic nanotube aerogel with excellent percolation is
obtained by removing the cellulose template via calcination at
450 °C. A TiO2 nanotube humidity sensor with relatively fast
response times in the humidity region of 40−80% was
demonstrated. Figure 31b shows a reversible, compressible, 3-
dimensional supercapacitor with carbon nanotube electrode and
a 3-dimensional hybrid battery with a copper hexacyanoferrate
ion intercalating cathode and a carbon nanotube anode. The
electrode and separator are deposited on the surface of an open
cell aerogel with the layer-by-layer method.335 The SEM images
in Figure 31c show the gradual thickening of the pore walls when
the first electrode, the separator, and the second electrode were
added onto the aerogel. The high-porosity aerogel with an open

structure guarantees a good accessibility for the deposition
solution and makes it feasible to self-assemble a thin layer of
functional material for the device. Furthermore, the whole device
is bendable and compressible and can be made with arbitrary
form factors. The design and concept presented here can be
applied to other advanced functional materials and other diverse
3D devices.

3.3.4. Hydrogel Made from CNF and CNC. Cellulose-
based superabsorbent hydrogels have a hydrophilic network with
a high capacity for water uptake and are biodegradable,
biocompatible, low cost, and renewable. There are different
ways to prepare cellulose hydrogel. In general, there are two
methods: (1) Chemical polymerization methods, mainly
including aqueous solution polymerization, inverse phase
suspension polymerization, and microwave irradiation polymer-
ization; (2) Physical synthesis methods through hydrogen bonds,
ionic bonds, or interaction between polymers and the emerging
approach by rapid contact between the solid and the liquid
interface.336 A number of cellulose-based hydrogels have been
either available commercially or in the process of development.
Most of the applications are in the personal health care field,
biomedical fields, water treatments, agricultural and horticulture,
and the stimuli-response smart behavior applications.337−345

Emma-rose et al. glue supramolecular (naphthyl-functionalized
hydroxyethyl cellulose (HEC-Np), see Figure 32a) to the CNF
colloidal nanoscale network (see Figure 32b) to bridge multiple
length scales, see Figure 32c and 32d, and lead to significantly
enhanced storage modulus values and improved maximum
elastic yield values. This was promoted by the fast dissociation/
association dynamics of the supramolecular-based cross-links in
combination with the adsorption of hydroxyethyl cellulose
component of the supramolecular hydrogel to the NFC
nanofibers.346 With the continuous research on cellulose-based
hydrogel, the functionality will be modified and the application
will be extended to various fields.

Figure 32. (a) Supermolecular hydrogel consisting of the first guest HEC-NP, the second guest STMV, and the host motif CB. (b) Colloidal reinforcing
hydrogel made from NFC. (c) Hybrid hydrogel made from cross-linking the supermolecular and NFC. (d) HEC-Np adsorption to NFC surface via
hydrobonding.346 Reproduced from with permission ref 346. Copyright 2015 WILEY-VCH.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00225
Chem. Rev. XXXX, XXX, XXX−XXX

AD

http://dx.doi.org/10.1021/acs.chemrev.6b00225


4. WOOD-DERIVED GREEN ELECTRONICS

4.1. Unique Properties of Cellulosic Biopolymers

4.1.1. Optical Properties. In general, optical properties of
paper refer to brightness, color, fluorescent properties, gloss,
formation uniformity, and so on, which are extremely dependent
on its structure and chemical composition.347 Numerous
literature reports have focused on the aforementioned optical
properties of paper over the past decades. However, reports
regarding total light transparency and optical transmission haze
in the visible spectra are still scarce and yet are of extreme
significance for paper to partially replace traditional plastic films
widely used as substrates for flexible and transparent electronics.
Figure 33a is the schematic of the hierarchical structure of wood

fiber; millions of cellulose macrofibrils/microfibrils are as-
sembled into the main component of the cell wall of wood
fibers.348 According to the mechanism for making paper
transparent, both macrosized wood fibers and cellulose micro-
fibrils can be used to prepare paper with a high transparency of
over 90% by specific methods, but for paper’s optical haze, it is
primarily relevant to fiber diameter and the structure, thickness,
density, and surface roughness of paper. Zhu et al. investigated
the factors that related to optical properties of paper made of
cellulose nanofibers with a fiber diameter lower than 100 nm
(nanopaper) and found out that fiber diameter and nanopaper’s
density have a significant influence on its total light transmission
and optical haze.348 These authors also simulated the electro-
magnetic scattering cross-section for fibers with diameters of 25

Figure 33. (a) Cellulose fiber with a diameter spanning frommicrosized to nanoscale. Reproduced from ref 348 with permission fromThe Royal Society
of Chemistry. Copyright 2013. (b) Highly transparent paper with a high optical transmission haze: visual appearance (upper) and light-scattering
behavior (bottom) of transparent and hazy paper. (c) Highly transparent paper with a low optical transmission haze: visual appearance (upper) and
light-scattering behavior (bottom) of transparent clear paper. Reproduced from ref 349 with permission from The Royal Society of Chemistry.
Copyright 2014. (d, e) Highly transparent wood composite. Reproduced with permission from ref 350. Copyright 2016 WILEY-VCH.
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and 50 nm, respectively, and the results showed that light-
scattering behavior decreases dramatically as fiber diameter is
decreased. Furthermore, reducing the surface roughness of
nanopaper by polishing, lamination of transparent plastic,
deposition of transparent resins, or inkjet printing of transparent
resins could also increase its total optical transparency.208

As shown in Figure 33b, both the light transmittance and the
optical transmission haze of obtained paper made of microsized
wood fibers could be over 90% by rational structure design or
using specific manufacturing methods. This paper exhibits an
intensive light-scattering behavior (bottom photo in Figure 33a)
that facilitates the enhancement of the light absorption of
photovoltaic devices or the light extraction of OLED devices.204

In contrast, paper comprised of cellulose nanofibers with a
uniform and narrow fiber diameter distribution presents a
transparency > 90% but an optical haze < 1%, which is similar to
plastics (Figure 33c).349 As we can see from the bottom image in
Figure 33c, the nanopaper shows minimum light-scattering
effects compared to the paper in Figure 33b. Cellophane made of
cellulose or cellulose derivatives also shows an optical trans-
mittance of∼90% and a haze < 1%. The highly transparent paper
with lowest light-scattering effect demonstrates its potential
application in the field of displays. Moreover, the Bing group
developed a strategy to fabricate highly transparent paper with
tunable optical haze by simple blending cellulose nanofibers with
TEMPO-oxidized microsized wood fibers.349 Through this
approach paper possesses a transmission haze ranging from
18% to 60% while maintaining a total transmittance of ∼90%.
The thickness of paper has a significant influence on the optical
transmission haze but no significant effect on light transmission

when the density of paper is identical. Most recently, Hu’s group
successfully demonstrated a transparent wood composite. By
removing colored lignin and filling the porous cellulose structure
with refractive index matching polymer, the wood composite
exhibits a high transmittance of up to 90%. It also displays
enhanced mechanical property and excellent light-scattering
ability. The readily achieved transparent wood composites can
find many applications as structural materials where mechanical
strength and optical appearance are both important (Figure 33d
and 33e).350

4.1.2. Mechanical Properties. Mechanical properties of
paper include tensile strength, elastic modulus, toughness,
tearing strength, bursting strength, etc., and are of significance
for its applications in various areas. In this review, we focus on the
tensile strength, elastic modulus, and toughness of paper that are
of great interest for green electronics and energy applications.
Paper is a network of natural cellulose fibers held together by
mechanical interlocking, electrostatic interactions, van der Waals
forces, and hydrogen bonds.351,352 Although the tensile strength
and elastic modulus of a single wood fiber are 0.3−1.4 GPa and
14−27 GPa,1 respectively, the actual mechanical strength of
common paper is relatively low for high-tech use, because its
strength is primarily dependent on the hydrogen-bonding
strength of neighboring individual fibers.
To increase the hydrogen bonds within paper, mechanical

treatments (refining, beating) of wood fibers or addition of
strength additives (polyacrylamide, starch) into paper are used.
Mechanical treatments are the widespread method to enhance
the strength of common paper by improving the specific surface
area of wood fibers that facilitates the formation of hydrogen

Figure 34. (a) Stress−strain curves of paper with different weight ratios of microfibers to NFC. Reproduced with permission from ref 353. Copyright
2014 Springer. (b) Stress−strain curves of nanopaper made of NFC with different fiber diameter and common paper. (c) Unconventional but desirable
scaling law for the mechanical properties of nanopaper. Reproduced with permission from ref 355. Copyright 2015 National Academy of Sciences,
U.S.A. (d) Tensile strength of transparent nanopaper with different MTM content. Reproduced with permission from ref 277. Copyright 2012
American Chemical Society.
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bonds between neighboring fibers. A research group tried to add
CNF into regular paper as a paper additive to enhance its
strength.353 With the rise of CNF content in common paper,
more hydrogen bonds were formed in the sheet that results in the
sharp enhancement of the strength of paper (shown in Figure
34a). To completely improve the mechanical strength of paper,
Schmied et al. utilized the nanometer-scale probing capabilities
of the well-established AFM technique to explore the mechanical
properties of individual fiber−fiber bonds on the nanometer
scale and revealed that fibrils or fibril bundles play a pivotal role in
fiber−fiber bonding, because they act as mechanical inter-
locks.351

Nanopaper made of cellulose nanofibers with 3.5−100 nm in
width and hundreds of nanometers to several micrometers in
length possess excellent mechanical properties, such as superior
tensile strength, high elastic modulus, and excellent toughness,
showing its potential as a strong and lightweight substrate for
green electronics or as reinforcement materials for energy
application. Sehaqui et al. studied the effects of the types of NFC
and the porosity on the mechanical properties of nanopaper.354

In comparison with nanopaper made of CNF, nanopaper with
TEMPO-oxidized CNF has a higher tensile strength and higher
toughness values for work-to-fracture, which is attributed to the
smaller diameter of TEMPO-oxidized NFC compared to
NFC.102 Once in a while, higher porosity could reduce the
modulus and tensile strength of nanopaper due to the reduced
contact area for forming hydrogen bonds. Zhu et al. utilized
wood fiber with a diameter of 27 μm, TEMPO-oxidized NFC
with a width of 28, 20, and 11 nm, respectively, to prepare paper
(Figure 34b).355 The yield stress and the ductility increase as the
fiber diameter decreases.355 The toughness and strength of
nanopaper increase simultaneously with the decrease of fiber
diameter, which is an anomalous but desirable scaling law for
engineering materials (Figure 34c). The surprising mechanical
properties of nanopaper could be ascribed to reduced inherent

defect domain and easy formation of strong interfibril hydrogen
bonding.
Despite the high tensile strength and toughness achieved by

nanopaper, its mechanical properties are still much lower than
that of the cellulose fibers themselves that were used to prepare
the paper. Nanocrystalline cellulose has a tensile strength of 7.5−
7.77 GPa and an elastic modulus of 110−220 GPa.1 However,
the nanopaper exhibits a tensile strength of up to 300 MPa and a
Young’s modulus of up to 30 GPa,356,357 which is much lower
than that of nanocrystalline cellulose. Therefore, considerable
effort has been made to enhance the mechanical properties of
nanopaper. Wu et al. mixed TEMPO-oxidized cellulose nano-
fibrils in an aspect ratio of >200 with montmorillonite (MTM)
nanoplatelets in an aqueous system.277 With only 5% MTM
content, the final nanopaper has a Young’s modulus of 18 GPa
and tensile strength of 509 MPa (see Figure 34d). Cold drawing
was also applied to improve the mechanical performance of
nanopaper by partially aligning the nanofibers within the
nanopaper.358 The obtained nanopaper exhibited maximum
modulus and tensile strength of 33 GPa and 430 MPa,
respectively. Tang et al. grafted poly(ethylene glycol) (PEG)
on the surface of TEMPO-oxidized cellulose nanofibril to reduce
friction while still retaining the adhesion between them.359 The
PEG-grafted cellulose nanofibrils were aligned through a
stretching process followed by drying to produce a ribbon with
oriented cellulose nanofibrils bearing PEG. This ribbon had a
maximum tensile strength and modulus of 576 ± 54 MPa and
32.3 ± 5.7 GPa, respectively.
To summarize, downsizing the fiber diameter and aligning the

fibers in the paper are two promising approaches to achieve paper
with desirable mechanical properties. The technologies for
efficiently disintegrating cellulose nanofibrils which are 3.5−5
nm in width from fiber walls are well reported, but we still lack
effective methods to align the cellulose fibers within the paper,

Figure 35. (a) Derivative thermogravimetric (DTG) curves of the original cellulose, TEMPO-oxidized cellulose (TOC) with sodium carboxylate
groups, and TOC nanofibril film with sodium carboxylate groups. (b) TG curves of the original cellulose, TOCwith free carboxyl groups of 1.68 mmol/
g, and alkali-treated TOCwith free carboxyl groups of 0.23mmol/g. Reprinted with permission from ref 92. Copyright 2010 Elsevier. (c) Top view SEM
images of nanopaper treated at a temperature of 150 °C for different times. Reproduced with permission from ref 210. Copyright 2013 AIP Publishing.
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which limits further enhancement of the mechanical properties
of paper.
4.1.3. Thermal Properties. Cellulose is a biopolymer that

could decompose when exposed to high temperature. Hence, the
thermal properties of paper should be considered when high-tech
applications are considered. Here, we will discuss the thermal
properties of paper in terms of thermal chemical degradation and
CTE. Generally, native cellulose is quite thermally stable under a
temperature of 300 °C. In some cases, especially for cellulose
nanofibers, chemical modifications were inevitably used to treat
wood pulp to achieve desirable properties, which could affect its
thermal chemical degradation performance. Sulfuric acid
hydrolysis and TEMPO oxidation are two effective approaches
to prepare cellulose nanofibers with uniform and small
diameter.360 However, the introduction of carboxyl or sulfonic
groups into cellulose chains would decrease the thermal
decomposition temperature.361 As shown in Figure 35a, the
derivative thermogravimetric (DTG) peak temperature of
TEMPO-oxidized cellulose is much lower than that of original
cellulose.92 Figure 35b demonstrated the increased onset of
thermal decomposition temperature was observed for TEPMO-
oxidized cellulose after alkali treatment.92

The crystalline cellulose has a CTE of ∼0.1 ppm/k in the axial
direction,362,363 which is comparable to carbon fibers. Native
cellulose nanofibers contain crystalline regions where the
cellulose chains are arranged in a highly ordered structure and
amorphous region that cellulose chains are disordered. Nano-
paper with cellulose nanofibers shows a CTE of 8.5 ppm/k,208

which is much higher than that of crystalline cellulose but lower
than that of plastic (CTE, 20−100 ppm/k).219 The low CTE of
cellulose endows the paper with excellent thermal dimensional
stability that is of significance for device fabrications (e.g.,
annealing procedures). Nanopaper with cellulose nanofibers
obtained from alkali pretreatment and mechanical treatments
retains the excellent dimensional stability of original cellulose.
When the nanopaper was treated at a temperature of 150 °C, no
obvious surface topography changes were observed with the
increase of heating time (see Figure 35c).210

4.1.4. Refraction Index and Dielectric Constant. Pure
cellulose has a reported dielectric constant (k) of 6−8.364 In
practice, dry common paper presents a typical k value of around
1.3−4 (at 1 MHz),365 which is due to the porous structure of
paper that contains an amount of air with a low k value of 1. The
low k value of air would definitely result in a decrease of the

dielectric constant of paper. Therefore, when paper was used as
an insulating material for power transformers and cables, the
voids in the paper should be filled with materials with a higher k
value, such as oil, resin, water, and inorganic particles.366 As
shown in Figure 36a, the dielectric constant is almost linearly
proportional to the density of the paper. Nanopaper made of
cellulose nanofibers with a density of 1.3 g/cm3 exhibits a k value
of 5.3, which is higher than typical PET (k = 3.1), PEN (k = 3.4),
and PI (k = 3.4) substrates.290 Inorganic nanoparticles or metallic
nanowires/nanoparticles were added into nanopaper to further
improve the k value of final nanostructured paper. Inui et al.
studied the addition of barium titanate (BaTiO3) with a high k of
5000, silver nanoparticles, and silver nanowires into nanopaper,
and results showed that the k value of these composites gradually
increased with the increase of nanomaterials content.290 The
addition of silver nanowires may dramatically increase the k value
of silver nanowires/cellulose nanofibers composite. The
obtained nanopaper composite presents a k value of 726.5
when the content of silver nanowires in nanocomposite is only
2.48 vol %.290 Bras et al. investigated the dielectric properties of
CNF from wood and algae (Cladophora cellulose) and
demonstrated that the solid-state properties of nanocellulose,
such as the degree of crystallinity, porosity, the state of water,
impurities, and water sorption properties, have a significant
impact on the dielectric properties at varying frequencies. In
comparison to CNF, Cladophora cellulose has a higher
crystallinity and porosity but is less hygroscopic; however, as
we can see from Figure 36b, the dielectric properties of CNF are
higher than that of Cladophora cellulose because the free water is
less tightly bound in Cladophora cellulose resulting in the higher
mobility of ions in the sample.367

4.1.5. Barrier Properties. Water vapor transmission rate
(WVTR) and oxygen transmission rate (OTR) were usually
selected to evaluate the barrier properties of paper.368 Common
paper is a porous material that permits air and liquids to easily
pass through. Nevertheless, superior barrier properties of paper
are needed for its applications in packaging, flexible displays, and
OLED. Hence, biopolymers (starch, protein, PVA, CMC,
chitosan, sodium alginate, etc.) and synthetic polymers such as
PE, PET, and polylactic acid (PLA) were generally coated on the
surface of paper to improve its barrier properties. For some
barrier coatings with hydrophilic performance, water-repellent
agents must be added to reinforce their water resistance.

Figure 36. (a) Dielectric constant of nanopaper as a function of paper density (at 1.1 GHz). Reproduced with permission from ref 290. Copyright 2015
WILEY-VCH. (b) Conductivity versus relative humidity at <60 Hz for Cladophora cellulose and CNF using dielectric spectroscopy. Reproduced with
permission from ref 367. Copyright 2015 American Chemical Society.
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In recent years, the excellent barrier properties of nanopaper
have attracted a great deal of attention in scientific and industrial
communities.211,356,357,369 Many factors, including the raw
materials, disintegration methods, crystallinity, and morpholo-
gies of cellulose fibrils, fabrication processes, and density of
nanopaper, may have a significant influence on the barrier
properties of nanopaper, which have been reviewed recently by
Lavoine et al.368 Syverud and Stenius investigated the barrier
properties of MFC film prepared by vacuum filtration, which
showed a minimum OTR of 17 mL/m2/d with a thickness of
21−30 μm resulting from the combination of the high
crystallinity of cellulose nanofibrils and a highly dense cellulose
nanofibril network.356 Fukuzumi et al. pretreated the wood fibers
using the TEMPO oxidation system prior to mechanical
disintegration of CNF.211 In comparison with CNF obtained
by other pretreatments, the TEMPO-oxidized CNF has a much
smaller diameter when they were then treated with identical
mechanical processes and could form a much denser nanopaper
with better barrier properties. The OTR of PLA reduced from
746 to 1 mL/m2/d/Pa after coating a layer of TEMPO-oxidized
CNF film with a thickness of 0.4 μm. Furthermore, sheet-like
nanomaterials were also added to nanopaper to form brick-and-

mortar structure with an extended diffusion path for permeating
gas, which could improve the OTR of nanopaper.277,293,289

Unfortunately, one of the major challenges for the barrier
properties of nanopaper is the inherent hydrophilicity of
cellulose nanofibers. The barrier properties of nanopaper are
quite sensitive to moisture content. Hence, chemical modifica-
tions of CNF or addition of hydrophobic materials in nanopaper
were applied to improve the WVTR and OTR of nanopaper.
Österberg et al. proposed a strategy to prepare nanopaper with
excellent barrier properties under moisture environment.370 The
dry nanopaper was immersed into melted wax to make it less
hydrophilic. Both WVTR and OTR of wax-treated nanopaper
decreased considerably. As illustrated in Figure 37a, the WVTR
of wax-treated nanopaper was only 40 g/m2 per d, which is much
lower than that of unmodified nanopaper with aWVTR of 600 g/
m2 per d. The oxygen permeability of wax-treated nanopaper was
approximately 18 cm3 μmm−2 d−1 kPa−1 at 96% RH (see Figure
37b), which is suitable for food packaging.

4.2. Cellulosic Biopolymer-Based Green Electronics

4.2.1. Overview of Green Electronics Using New
Materials. Electronics play an important role in our everyday
life. People use electronics, including laptops, cellphones,
sensors, and other portable electronics, ubiquitously. Meanwhile,

Figure 37. (a)Water vapor transmission rate. (b)Oxygen transmission rate of pure nanopaper and wax-treated nanopaper. Reproduced with permission
from ref 370. Copyright 2013 American Chemical Society.

Figure 38. Illustration of the likely life cycle of transparent paper made from wood. Reproduced with permission from ref 376. Copyright 2015.
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people change electronics frequently, which poses a growing
ecological problem, because most of the electronics are
nonbiodegradable and nonrecyclable. For example, the plastic
containers required 450 years to decompose. On average,
cellphones are used <18 months and laptops <3 years before
being discarded.371,372 The total electronic waste generated in
the United States is around 3.2 M every year, and most of it is
composed of nonbiodegradable materials, such as plastic and
silicon.373,374 People more and more realized the importance to
build our society, economy, and manufacturing in a sustainable
way. Biodegradable and abundant materials are desired to replace
petroleum-derived nonbiodegradable material.375

High-performance, biodegradable electronics on biodegrad-
able substrates have been intensively investigated with the
motivation of minimizing the dependence on petroleum and
reducing the pollution to the environment. Furthermore, the
biodegradability and biocompatibility are critical for bioimplant-
able electronics and biofunctional electronics.376,377,375 Cellulose
is the largest biopolymer on earth, with the feature of excellent
biodegradability, biocompatibility, sustainability, versatility, and
accessibility, high mechanical strength, and unique optical
properties. As illustrated in Figure 38, using the cellulose
nanofibers disintegrated from wood we can make flexible,
transparent, and strong substrate with small surface roughness
and small thermal expansion coefficient. Paper can be degraded
by fungi and fed back to the soil and tree growth with no
footprint to the environment.376 In addition to being environ-
mentally friendly, the paper substrate, when compared to glass,
possesses a smaller bending radius, lighter weight, and higher
mechanical strength. When compared to plastic, the paper
substrate is characterized with a smaller thermal expansion
coefficient, which is more suitable for writing and large-scale roll-
to-roll printing.219 Furthermore, the TEMPO-oxidized cellulose
has very good O2 and H2O barrier properties. Svagan et al. use
NFC protective coating to improve the lifetime of triplet−triplet

annihilation photon energy upconversion (TTA-UC) by block-
ing the O2 in air.

378 Paper electronics featured with cost-efficient,
environmentally friendly, and large-scale roll-to-roll processes
attract intensive attention in academic research and commercial
applications, because they enable a wide range of disposable and
green electronics for consumer usage.

4.2.2. Flexible Transistors. The transistor, a semiconductor
device used to amplify and switch electronic signal and power, is
the essential building block of various electronics. For example,
the transistor is ubiquitous in the display system. Flexible display
has a huge market in flexible mobile devices, such as ebook, iPad,
and so forth. Paper made from cellulose is flexible and
lightweight. Paper has been used as either substrate or functional
dielectric layer in transistors.379−383 Huang et al. first
demonstrated the field effect transistor (FET) on transparent
nanopaper made from CNF.219 Figure 39a shows an optical
picture of this device, which demonstrated an outstanding
transmittance and flexibility.
One of the unique and distinct characterizations of paper

electronics is that they are flexible and printable. Traditionally,
transparent conductive oxides (TCO), such as indium tin oxide
(ITO), zinc oxide (ZnO), and cadmium oxide (CdO), inorganic
semiconductors, such as silicon, and metal oxide dielectrics, such
as alumina oxide have been widely used in nonflexible
electronics. ITO generates cracks when the device is bent, and
electrical conductivity will reduce dramatically; therefore, the
device performance will decay severely. CNT, graphene, metal
nanowires, and conductive polymers are intensively investigated
for the application in transparent and flexible electronics.384 In
this work, as illustrated in Figure 39b, the authors use CNT as
gate, PMMA as dielectric, and the n-type organic semiconductor,
NTCDI-F15, a naphthalenetetracarboxylic diimide derivative
which is highly transparent in visible light and has relatively good
stability in air. The obtained device not only has good
transmittance but also has excellent flexibility. The mobility is

Figure 39. (a) Image of fabricated flexible and transparent transistor on nanopaper. (b) Schematic drawing of FET device with a top contact geometry in
a. Reproduced with permission from ref 219. Copyright 2013 American Chemical Society. (c) Photograph and optical microscopy image of 20 μm thick
transparent nanopaper-based OTFT array. Short-channel TFTs with a resolution of 70× 70 were integrated in a 70mm× 70mm area. Reproduced with
permission from ref 385. Copyright 2014 WILEY-VCH. (d) Schematic illustration of the configuration of the device. Two-dimensional materials
(graphene, MoS2) exfoliated on a piece of bilayer mesoporous nanopaper, followed by contact electrodes fabrication (yellow). Liquid electrolyte can be
absorbed by the porous side (blue). (e) Transistor measurement setup. Center electrode contact electrolyte adsorbed. (f) Source-drain current (Isd) as a
function of Vg at pH values of 1.74, 2.48, 3.85, 5.56, 8.30, and 9.31. Reproduced with permission from ref 274. Copyright 2014 American Chemical
Society.
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only reduced by around 10% at the bent stage. Note that the
small surface roughness of nanopaper made from nanofiber plays
a key role here to prevent the pinhole problem. Fujisaki et al.
demonstrated the flexible organic transistor array on nanopaper,
see Figure 39c.385 The inset shows an optical microscope image
of the device, where the source and drain (featured in purple line)
and gate (featured in green) are well defined. The resulting thin
film transistor exhibited high mobility of up to 1 cm2 V−1 s−1,
almost hysteresis-free characteristics, and good operational and
mechanical stability.
Even though the cellulose nanofiber and regular microfibril are

composed of the same cellulosic material, the optics, mechanics,
and structure of these two kinds of fibers are totally different.
Therefore, the paper made from these two kinds of fibers also has
totally different properties. Bao et al. designed a bilayer paper
with a porous bottom layer made from regular wood fiber and a
smooth top layer composed with cellulose nanofiber (see Figure
39d).274 In the novel configuration, the semiconductor (MoS2,
graphene), source/drain, and gate are fabricated at the same
smooth side with the dry shadow mask process, and the aqueous
electrolyte was back gated attributed to the capillary capacity of
the porous layer (see Figure 39e). The Dirac point shifted to the
positive direction with the increase of pH value, which can be
interpreted as the attachment of hydroxyl ions make graphene
more p-doped (see Figure 39f).386 The device can be potentially
used as pH sensor and can be potentially used in other chemical
and biological application. The combined technologies of low-
cost and ecofriendly materials disintegrated from wood with
solution-based organic transistors are promising for use in future
flexible electronics.
4.2.3. Organic Light-Emitting Diode (OLED) for Light-

ing. The organic light-emitting diode (OLED) is a versatile
platform for electronic displays, which people ubiquitously used.

Flexible and even foldable displays attract worldwide attention.
Traditionally, OLED is fabricated on rigid glass or flexible plastic
substrates, such as polyethylene terephthalate (PET) and
polyethylene naphthalate (PEN). One major barrier of plastic
is its thermal stability. The coefficient of thermal expansion
(CTE) of paper can reach 12−28.5 ppm/K. Most plastic has a
large coefficient of thermal expansion (CTE), which cause the
destruction of functional materials of the OLED layers during
temperature fluctuation in the device assembly and mounting
processes. The rigidity and density property of glass not only
increase the cost in the manufacturing line but also bring the
inconvenience for the device carriers. Furthermore, glass is not a
promising substrate for roll-to-roll manufacturing. Paper as a
substrate for flexible electronics is attractive for its excellent
thermal stability, recyclability, sustainability, lightweight, flexi-
bility, and the mature roll-to-roll large-scale manufacturing
technology. However, the regular paper is opaque, which is the
barrier to be used in the OLED device. Moreover, the large
surface roughness is another serious drawback for using it as a
diode substrate. Recently, transparent nanopaper has attracted
broad interest for its high optical transmittance, low CTE, and
excellent mechanical strength. Zhu et al. demonstrated an OLED
manufactured on a pure cellulose nanofiber transparent paper
(see Figure 40a).218 From top to bottom, the device consists of a
20 nm calcium (Ca) electron injection layer, a light-emitting
layer of green polyfluorene, a 10 nm molybdenum oxide
(MoO3 ) , a n d 3 0 nm PEDOT :PSS ( p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate)) hole injection
layer sandwiched between the two conductive electrodes (see
Figure 40b). Figure 40c shows the J−V curve at flat and bending
states, respectively. There is little difference between the curves
before and after bending.

Figure 40. (a) Picture of theOLED fabricated on the pure wood−cellulose paper. (b) Schematic drawing of a nanopaper OLED device. (c) J−V curve of
the flexible OLED in the flat and bent states, respectively. Bending radius is 1.5mm. Reproduced from ref 218 with permission fromThe Royal Society of
Chemistry. Copyright 2013. (d) Picture of OLEDs operating on cellulose substrates rolled into a cylindrical structure demonstrating good flexibility and
transmittance. Emission characteristics of phosphorescent OLED on transparent cellulose: (e) luminance versus voltage, highest luminance ≈ 10 000
cd/m2; (f) current efficiency and luminous efficiency versus luminance in the range of several hundred cd/m2. Reproduced with permission from ref 387.
Copyright 2014 IOP Publishing.
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Following the above-mentioned work, Sumit et al. demon-
strated high-brightness phosphorescent OLED on transparent
and flexible cellulose films (see Figure 40d).387 Here, the
regenerated cellulose is used for nanopaper fabrication instead of
cellulose nanofiber with a transmittance of 85%. The OLEDs
achieved a maximum brightness of 10 000 cd/m2 and current and
luminous emission efficiencies as high as 47 cd/A and 20 lm/W,
respectively (Figure 40e and f). The transparent nanopaper is a
promising substrate for transparent and flexible OLED device.
4.2.4. Printed Antenna and Radiofrequency Identifica-

tion (RFID) Devices. Paper substrates offer many advantages
for printing electronics, which are not only biodegradable,
ubiquitous, and cheap but also able to be written on, printed on,
and folded into a 3D structure. Antennae convert electric power
into radiowaves and vice versa and are widely used in various
communication technologies, including televisions, mobile
phones, GPS, and radios.388 Russo et al. used conductive silver
ink to write a 3D antenna operating at 1.9 GHz directly on a piece
of paper (see Figure 41a and 41b).389 The measured center
frequency is 1.87 GHz with an efficiency of 20−30% (see Figure
41c), which is significantly lower than that recently achieved by
conformally printing conductive features directly onto glass
hemispheres. However, the portable conductive ink pen writes
smoothly on paper, a trait not possible on glass or plastic.

The aforementioned paper antenna is ideal for small, portable
electronics due to the excellent foldability, but device sensitivity
is low due to the high surface roughness of the paper substrate.
Compared to regular paper, nanopaper is foldable and possesses
a smooth surface. Nogi et al. used silver nanowire ink to mask-
print a “V” shape onto a nanopaper substrate. In the return loss
versus frequency plot shown in Figure 41d, we see the resonance
peaks shift between 2.3 and 3 GHz when the substrate is pristine
and folded, respectively. The nanopaper antenna maintains good
sensitivity even after folding with a return loss less than −26 dB.
The excellent foldability of nanopaper substrates is illustrated in
Figure 41e, which depicts an LED illuminated via two folded
cranes printed with silver nanowire ink.390 However, nanopaper
has poor shape stability in water, which hinders solution-based
large-scale printing processes, including gravure printing, screen
printing, and inkjet printing. Zhu et al. uses glutaraldehyde with
hydrochloric (HCl) acid as a catalyst to cross-link hydroxyl
groups within and between cellulose chains, improving the shape
stability of the nanopaper in solution (Figure 41f and 41g).277

With the robust nanopaper as a substrate, an antenna is fabricated
via the gravure printing method. Insertion losses of −37.9 and
−38.85 dB for the 100 and 120 lpi antennas, respectively, were
demonstrated at a maximum gain of 683.75 MHz. These studies
pave the way for the development of low-cost, disposable devices

Figure 41. (a) Optical image of a rollerball pen loaded with a conductive silver ink. (b) Optical image of a 3D antenna fabricated by drawing conductive
silver tracks onto paper. (c) Reflected power of the 3D antenna as a function of frequency. Reproduced with permission from ref 389. Copyright 2011
WILEY-VCH. (d) Return loss of pristine and folded nanopaper antennas. (e) LED illuminated via folded silver nanowire printed paper. Reproduced
with permission from ref 390. Copyright 2013 The Royal Society of Chemistry. (f) Schematic illustrating the mechanism of nanopaper shape stability
improvement by glutaraldehyde treatment. (g) Schematic of the laboratory gravure press used to print antennae onto modified robust nanopaper.
Reproduced from ref 276 with permission from The Royal Society of Chemistry. Copyright 2014.
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via large-scalable writing and printing processes, maximizing one
of the advantages of paper as a printable substrate.
4.2.5. High-Performance Loudspeaker. Loudspeakers

convert electrical audio signals into their corresponding sounds.
The diaphragm is the most important component in loud-
speakers. Ultrathin, mechanically robust nanomaterials with low
mass are investigated as diaphragm materials. For example, CNT
and graphene are used as thermoacoustic and electrostatic
diaphragms, respectively.391,392 The lowmass ensures good high-
frequency response, while high strength allows for the relatively
large free-standing diaphragms necessary for effective low-

frequency response. Cellulose nanofiber disintegrated from
wood is lightweight and strong, and can be fabricated into thin
films with facile vacuum filtration processes.
Galland et al. decorated nanocellulose with magnetic nano-

particles to produce a magnetized, high-toughness membrane for
a prototype loudspeaker.259 Ferrimagnetic balls or membranes
are fabricated from NFC uniformly decorated in situ with
magnetic ferrite particles. The authors use the thin, magnetized,
and mechanically strong membrane as a diaphragm in the
loudspeaker seen in Figure 42a. Figure 42b illustrates the
working mechanism for the loudspeaker. The copper coil

Figure 42. (a) Ferrimagnetic balls (bottom left image) and membrane (bottom right image) and constructed loudspeaker (top image). (b) Illustration
of the working principle of the loudspeaker. Membrane is 50 μm thick with a 60 wt % CoFe2O4 nanoparticle mass loading. Poly(methyl-methacrylate)
(PMMA) is used as a baffle plate. (c) Frequency response of the loudspeaker. Reproduced from ref 259 with permission from The Royal Society of
Chemistry. Copyright 2013.

Figure 43. (a) Picture of 6 cm × 1 cm × 1 cm, 550 mg paper robot. (b) Schematic diagram illustrating the process of fabricating the paper-based
nanogenerator. Reproduced with permission from ref 394. Copyright 2013 The Royal Society of Chemistry. (c) Schematic illustrating the self-powered,
interactive transparent nanopaper actuator for antitheft and smart mapping applications. Reproduced with permission from ref 395. Copyright 2015
American Chemical Society.
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generates a magnetic field gradient exerting a force on the
magnetizedmembrane, and the electric signal is reproduced as an
acoustic vibration of the membrane, i.e., audible sound. Figure
42c shows the frequency response of the loudspeaker recorded
for 1 W active input power; the top plot qualitatively illustrates
the nondeformed acoustic signal (red) recorded for a
monofrequency input current (black). The sound output has
good quality as characterized by the flat frequency response at
frequencies ranging from 20 Hz to 15 kHz (see Figure 42c). The
wide variety of functional materials on the market provides
several potential uses for functionalizing membranes, including
portable loudspeakers and hearing aids. Furthermore, scaling up
to commercial manufacturing is made easier with the use of
inexpensive materials and facile fabrication methods.
4.2.6. Lightweight Paper Actuators. Paper-based power

generators that are lightweight, portable, flexible, and adhere to a
wide range of objects are very attractive for use in energy
harvesting.393−395 For example, people can attach a paper
actuator to a book to collect energy while turning pages. Figure
43a shows a paper-based electrostatic zipper actuator made from
CNF for printable robots. A mylar or parylene dielectric layer is
sandwiched between two conductive paper electrodes coated
with CNT. A 5 cm × 1 cm actuator demonstrates a maximum
static deflection of 1.8 cm and a bandwidth of approximately 12
Hz. Static power dissipation was under 1 μW. Two of these paper
actuators are combined to demonstrate simple motion in a 6 cm
× 1 cm × 1 cm robot. Taking advantage of asymmetric friction
with the ground, the robot achieves speeds up to 33 mm/min.
The demonstrated device can be applied to paper robots used in
smart detection in places inaccessible to humans.
Figure 43b illustrates a process of fabricating a self-powered

paper actuator. Silver (Ag), ∼100 nm, is deposited on two sheets
of paper to form electrodes. Polytetrafluoroethylene (PTFE) was
added to one sheet of the Ag−paper by spin coating. The PTFE−
Ag−paper is pressed together with the Ag−paper, and an air gap
is maintained between the two sheets. The device is prepolarized
via the corona method to create a generator that operates via

electrostatic induction. Pressing the device narrows the air gap,
bringing the PTFE-coated electrode closer to the other electrode
and increasing the positive charge on that electrode. This change
in charge balance between the Ag electrodes results in a flow of
current through the device. Releasing the pressure causes
electrons to flow back, so repeated cycling creates a continuous
current.394 The whole device is sensitive to pressure. On the basis
of the same electrostatic mechanism, Zhong et al. used
transparent nanopaper made from nanocellulose to fabricate a
self-powered and interactive transparent nanopaper actuator. In
order to maintain transparency, CNT is used instead of Ag.
Furthermore, environmentally PE is used as medium layer
instead of PTFE. This device has good transparency and is
sensitive to pressure changes, and as such, it is promising for
antitheft applications in museums (see Figure 43c left column)
or in smart mapping of important documents, such as a will or
birth certificate. These actuators are adaptable for massive
production and eventually environmentally friendly disposal.

4.2.7. Touchscreens byWriting. Fabricating electronics on
the flexible substrate to replace rigid substrate has garnered
tremendous attention since they are ductile, lightweight, and
portable. Fang et al. developed a highly transparent and
dimensionally stable paper with bilayer structure: a thin layer
of pure NFC film to provide nanoscale surface roughness, and a
hybrid layer made of regular wood fibers and NFC acted as
supporting layer.195 A thin CNT layer was then deposited on the
smooth surface of this transparent paper by rod coating to
prepare transparent paper electrode for resistive touchscreen.
The schematic of a paper-based touchscreen is shown in Figure
44a. A letter “paper” was written on the assembled paper
touchscreen by a stylus pen and successfully displayed on the
computer (see Figure 44b), showing the potential of this
transparent paper in the field of touchscreen. Furthermore, Zhu
et al. prepared a super clear nanopaper with a total light
transmittance of >90% and a transmission haze < 1%. To make it
conductive, a single-layer graphene was transferred onto the
surface of super clear and smooth paper via the thermal transfer

Figure 44. (a) Schematic structure of transparent paper-based touchscreen. (b) Assembled paper touchscreen was used to simulate typical “paper”.
Reproduced from ref 195 with permission from The Royal Society of Chemistry. Copyright 2013. (c) Photo of a highly flexible paper touchscreen. (d)
Demonstration of rotating the image on a computer by the paper touchscreen. Reproduced with permission from ref 396. Copyright 2016 American
Chemical Society.
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method. This transparent and conductive clear paper was then
used to assemble a high-performance capacitive multitouch
paper touchscreen (Figure 44c).396 The electrode pattern was
generated with a laser cutter. As shown in Figure 44d by the super
clear paper touchscreen, we can rotate the image on a computer
with sensing performance comparable to a commercial
touchscreen.

5. WOOD-DERIVED BIOLOGICAL APPLICATIONS

Cellulose has high potential in biological applications due to its
biodegradability, biocompatibility, and fluid transfer properties.
There are two major cellulose fiber types to consider: natural
microfiber and disintegrated nanofiber. Natural fiber has good
mechanical flexibility and excellent capillary properties. CNF
with high hydrophilicity, good mechanical properties, and high
chemical modification capacity have gained increased interest
during the past decade. Moreover, these two fibers have different
biological applications.

5.1. Surface-Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is a powerful
technology for biomolecular and chemical detection. Due to the
signal enhancement from noble metal nanoparticles, single-
molecular identification has been detected with SERS.397,398

However, in most cases, SERS requires expensive micro-
fabrication or nanofabrication to produce a surface with metal
nanostructures. Paper-based microfluidics and biosensors
present a low-cost methodology and device for molecular
detection. White et al. used inkjet printing to print silver
nanoparticles onto hydrophobic paper for SERS (see Figure
45a).399 Figure 45b is an inkjet-printed SERS substrate, SEM
analysis of which reveals clusters of silver nanoparticles on the
paper fiber (see Figure 45c). These silver nanoparticles are
responsible for the SERS enhancement. In addition to silver
nanoparticles, gold nanoparticles can also be used to enhance
Raman spectroscopy. Figure 45d shows an SEM image of printed

gold nanoparticles on paper. Figure 45e is a higher magnification
image of the clusters of gold nanoparticles in the outlined region
in Figure 45d.400 SERS on paper is a highly sensitive technique.
The Thiram Raman peak at 1384 cm−1 is detectable with only 10
ng of fungicide present on the paper substrate. Paper-based SERS
devices can be easily used to trace chemical residues at an
extremely low cost.

5.2. Bioplasmonic Sensor on Paper

Bioplasmonics is a technology that integrates nano-optics and
plasmonic devices to study the biophysical and chemical
properties of the receptors by Raman, fluorescence, and UV−
vis spectroscopies. This approach can be translated to many
different cells and tissues with applications in biomedicine as well
as biosensor development and drug targeting. Compared to glass
and silicon, paper has many advantages as a bioplasmonic device
substrate including excellent wicking properties, high specific
surface area, mechanical flexibility, printability, disposability, and
low cost. The use of a paper substrate allows for inexpensive
plasmonic biochips for point-of-care diagnostics.401 Limei Tian
et al. demonstrated a common laboratory filter paper with
uniformly adsorbed biofunctionalized plasmonic nanostructures
that enables rapid urine analysis for the detection of kidney
cancer biomarkers in artificial urine down to a concentration of
10 ng/mL.402 Figure 46a shows a highly uniform distribution of
Au nanorod (NR)−immunoglobulin G(InG) conjugates on the
paper surface with no aggregation. Localized surface plasmon
resonance (LSPR) was used for characterization. Figure 46b
shows the extinction spectra of the AuNR paper substrate (black)
and AuNR-IgG conjugates on the paper substrate before (red)
and after binding of anti-IgG (blue). The LSPR wavelength
exhibited a ∼17 nm red shift with partial replacement of the
cetyltrimethylammonium bromide (CTAB) layer with AuNR-
IgG conjugates and a further red shift of ∼23 nm upon specific
binding of anti-IgG to IgG. Ying Hui Ngo et al. investigated the
effects of gold nanoparticle (AuNP) additions to paper substrates

Figure 45. (a) Picture of inkjet printing of silver nanoparticles onto cellulose paper. (b) Inkjet-printed SERS substrate, and corresponding (c) SEM
image of the indicated region in b. Reproduced from ref 399 with permission fromThe Royal Society of Chemistry. Copyright 2013. (d) SEM image of a
gold nanoparticle-printed region on cellulose paper. (e) Clustered gold nanoparticles on the cellulose fiber (from box in d). Reprinted with permission
from ref 400. Copyright 2013 Elsevier.
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and examined the ability of these composite materials to amplify
the SERS signal (see Figure 46c and 46d).403 The AuNP is
uniformly distributed at the paper surface (see Figure 46c). Paper
as an inert and robust substrate maintains a controlled adsorption
state of AuNPs. Compared to AuNP-treated silicon, the Raman
enhancement factor from paper is higher due to a more uniform
and greater degree of adsorption of AuNPs. As shown in Figure
46d, the SERS intensity scales linearly with the density of AuNPs
on paper. The z distribution of AuNPs within the bulk of the
paper produces a 3D multilayer structure to allow inter- and
intralayer plasmon coupling, amplifying the SERS signal as
illuminated in the inset schematic in Figure 46d. The SERS
performance of nanoparticle-functionalized paper can thus be
optimized by controlling the 3D distribution of the metallic
nanoparticles. Recently, Nahid et al. published work presenting
in-situ-synthesized silver nanoparticles embedded in bacterial
cellulose nanopaper as a bionanocomposite plasmonic sensor.404

Paper SERS substrates are highly sensitive, robust, and amiable
to several different environments and target analytes. They are
also cost efficient and have high sample collection efficiency and
do not require complex fabrication methodologies. There are
two modes to test the signal intensity: reflection and trans-
mission. The testing sensitivity from transmission is higher than

reflection due to more efficient signal collection. Nanopaper is an
emerging transparent substrate that is ideal for bioplasmonic
nanoparticles. The nanopaper substrate is a novel platform for
integrating SERS with already existing analytical techniques such
as chromatography and microfluidics, imparting chemical
specificity to these techniques. We expect the study and
application of nanopaper biosensors to gain popularity in
academics and industry.

5.3. Microfluidic Devices for Diagnostics

Microfluidic paper-based analytical devices (μPADs) appeared as
an attractive platform for disposable, portable, high-efficiency
devices for use not only in health diagnostics but also in
environmental monitoring and food quality testing. The
advantages of using paper in microfluidic devices include (1)
compatibility with many biochemical/medical applications, (2)
the cellulose fiber is printable, allowing for large-scale production
of μPADs, (3) the paper transports fluids via capillary force with
no assistance of external forces, and (4) the paper is ubiquitously
used and extremely inexpensive.405,406

Whitesides and co-workers first demonstrated microfluidic
paper-based analytical devices in 2007;407 since then, research
with μPADs has flourished with both functionalization of
microfluidic components to increase μPAD performance and

Figure 46. (a) SEM images of paper with adsorbed Au nanorod (NR)−immunoglobulin G(InG) conjugates. (b) Extinction spectra of AuNR paper
substrate (black) and AuNR-IgG conjugates on the paper substrate before (red) and after binding of anti-IgG (blue). Reproduced with permission from
ref 402. Copyright 2012 American Chemical Society. (c) FESEM images of filter paper dipped into 0.20 mg/mL of Au nanoparticle (NP) solution. (d)
Relationship between the amount of AuNPs and the EF of 4-ATP for filter paper and silicon. Reproduced with permission from ref 403. Copyright 2012
American Chemical Society.
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with the introduction of exciting fabrication and detection
techniques to the paper platforms.405 There are different
methods to print the patterns, including inkjet etching,408

plasma treatment,409 wax printing, screen printing, etc.410,411

Figure 47a details the procedure for printing the microfluidics on
the paper in a manner that produces well-defined hydrophobic
barriers that extend through the depth of the paper.412 The
height of the channel is defined by the thickness of the paper.

Figure 47. (a) Procedure of photolithography and wax printing on paper. (b) Schematic of a paper-based microfluidic channel. Reproduced with
permission from ref 412. Copyright 2010 American Chemical Society. (c) Examples of a device fabricated by photolithography which contains a central
channel that wicks fluids into three independent test zones. Reproduced with permission from ref 407. Copyright 2007 Wiley-VCH.

Figure 48. (a) Picture of three-electrode paper-based microfluidic devices. Reproduced with permission from ref 415. Copyright 2009 American
Chemical Society. (b) Schematic of a paper-based electrochemical device. (c) Photograph of a paper-based electrochemical sensing device for the
analysis of glucose. (d) Cyclic voltammograms of 2.0 mM ferrocene carboxylic acid in 0.5 M KCl aqueous solution at various scan rates. (e) Plot of
anodic peak current vs square root of the scan rate (n1/2) for CV experiments conducted on a paper device (solid circle) and in a bulk solution (blank
circle). Reproduced from ref 413 with permission from The Royal Society of Chemistry. Copyright 2010.
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Wax printing requires two steps and produces hydrophobic
barriers of wax that extend through the thickness of the paper.
When the paper is heated, the wax melts and spreads both
vertically and laterally into the paper. The vertical spreading
creates the hydrophobic barrier. The lateral spreading lowers the
resolution of the method and produces barriers that are much
larger than the initially printed pattern. Figure 47b shows the
mechanism of the μPAD. The channel is comprised of a porous
matrix of hydrophilic cellulose fibers that wick fluids along the
path defined by the channel. The sides of the channel are
bounded by hydrophobic barriers, and the top and bottom of the
channel are open to air environment. Figure 47c shows the
excellent capillary action of the paper and the diagnostic
capability via detection of protein and glucose. The color
changes depend on the concentration of reagents. Paper-based
microfluidics are promising point-of-care diagnostic devices.413

Chen et al. describes enzyme-linked immunosorbent assays
(ELISA) performed in a 96-microzone plate fabricated in paper
(paper-based ELISA, or P-ELISA) and proved that the
combination of ELISA and patterned paper will provide a useful
new platform for performing immunoassays.414

5.4. Biosensor on Paper

Electrochemical paper biosensors demonstrate the successful
integration of paper-based microfluidics and electrochemical
detection as an easy-to-use, inexpensive, highly sensitive, and
portable alternative for point of care monitoring. This type of
detection has four advantages: (1) it is lightweight, portable,
single use, and disposable; (2) the sensors are flexible and
foldable; (3) it has excellent reproducibility with high sensitivity
and accuracy; and (4) it does not require professional medical
personnel or complicated instruments.413 Dr. Henry’s group first
demonstrated electrochemical detection with paper-based

electrochemical devices.415 Figure 48a shows three-electrode
paper-based microfluidic devices. The hydrophilic area at the
center of the device wicks sample into three separate test zones,
where independent enzyme reactions occur with glucose, uric
acid, or lactate. The silver electrodes and contact pads are made
from Ag/AgCl paste, and the black electrode portions are
Prussian blue-modified carbon electrodes. The inset image shows
the basic design of the paper-based electrochemical detection,
with WE being the working electrode, CE the counter electrode,
and RE the reference electrode. Nie et al. describes the
fabrication and performance of similar paper-based electro-
chemical biosensor devices. Figure 48b is a schematic of a paper-
based electrochemical device. The sensor is comprised of three
electrodes printed on a piece of paper substrate. Figure 48c
shows a hydrophobic paper-based device for the detection of
heavy metal. The continuous wicking of the sample solution
across the paper dramatically enhances the efficiency of metal
deposition during anodic stripping voltammetry, resulting in
improved sensitivity and reliability. Figure 48d and 48e plots the
electrochemical characterization of the device. Reversible cyclic
voltammograms in Figure 48d indicate that no side reactions take
place and that, as expected, the kinetics of electron transfer are
sufficiently rapid to maintain the surface concentrations of redox-
active species at the values required by the Nernst equation
(Figure 48e). Low-cost, paper-based diagnostic and analytical
devices are attractive for use in developing countries, in the field,
or in home health-care settings.

5.5. Bioactive Paper

Bioactive paper is a paper-based device that uses the inherent
hydrophilic and capillary properties of paper to perform
analytical functions such as pathogen detection. Due to its low
cost, portability, and disposability, bioactive paper has attracted

Figure 49. (a) Paper-supported sensor measuring the presence of DNase. Decomposition of the DNA chains on the nanoparticles induces a better
dispersion, giving a color change. (b) DNase sensing assay on hydrophobic paper as a function of assay time and target analyst DNase I concentration.
Reproduced with permission from ref 419. Copyright 2008 American Chemical Society. (c) Paper assay development and detection of protease activity.
Reproduced with permission from ref 421. Copyright 2014 National Academy of Sciences, U.S.A.
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much attention.416−418 Figure 49a shows a paper-supported
sensor which measures the presence of DNase. Au nanoparticles
are cross-linked via DNA hydridization to form a blue-colored
aggregation.419 The addition of DNase I cleaves the DNA cross-
linkers to break the aggregate into well-dispersed Au nano-
particles, which appear red. Figure 49b plots the DNase I sensor
assay on hydrophobic paper at various times and DNase I
concentrations. The red color intensity increases with both
higher DNase I concentration and longer assay time. Paper
substrates show excellent properties for use in cost-effective,
easy-to-use colorimetric bioassays with Au nanoparticles as the
signal transducer. Figure 49c shows a paper assay developed for
the detection of protease activity.420 Captured antibodies are
adsorbed in spatially multiplexed lines on paper. The lateral flow
assays are developed by application of analyte, wash buffer, and
streptavidin−gold detection NPs that wick past the captured
antibodies and develop lines. Lateral flow assays may be scanned,
and the reporter concentration is proportional to band intensity.
This work designed nanoscale agents that are capable of revealing
the presence of diseased tissues by interacting with a biomarker
in the urine that can be detected using paper strips. This platform

does not require expensive instruments, invasive procedures, or
trained medical personnel and may allow low-cost diagnosis of
diseases at the point of care in resource-limited settings in
developing countries.
The stability of antibodies on bioactive paper will directly

affect the printing or other roll-to-roll manufacturing procedures.
Dr. Pelton’s group investigated the stability of paper-
immobilized antibodies over a range of temperature (40−140
°C) and relative humidity (RH 30−90%) using both unmodified
filter paper and the same paper impregnated with polyamide−
epichlorohydrin as support.421 Between 40 and 60 °C, there is a
slow decline of up to 20% loss in activity, which did not depend
on relative humidity. Temperatures higher than 100 °C cause
complete deactivation. Moreover, hydration of the antibody
promotes the deactivation. The shelf life of bioactive paper is
critical for commercial applications. Future work should include
finding an antibody stable with respect to long-term storage and
use.

Table 4. Timeline of Paper Solar Cell

year type of paper PCE (%) transmittance (%) function

2005422 newspaper ∼0.3 NA substrate
2010423 starch coated paper ∼0.13 NA substrate
2011425 tracing paper <1.5 ∼84 substrate
2011426 glossy paper ∼1.31 NA substrate
2012424 polyethylene-coated carton ∼0.4 NA substrate
2013428 nanopaper ∼0.21 ∼90 substrate
2013216 cellulose nanocrystal film ∼2.7 ∼75 substrate
2014204 highly transparent and hazy paper ∼5.9 96 light management layer
2014429 highly transparent and hazy paper ∼23.8 (increment of PCE) 96 light management layer
2015427 coated paper ∼3.4 NA substrate

Figure 50. (a) Photovoltaic arrays on tracing paper. Reproduced with permission from ref 425. Copyright 2011 Wiley-VCH. (b) Printed paper
photovoltaic cell. Reproduced with permission from ref 426. Copyright 2011 Wiley-VCH. (c) a-Si:H PV cells on the paper (left), and schematic of a-
Si:H PV cells (right). Reproduced with permission from ref 427. Copyright 2015 Wiley-VCH. (d) Solar cells on nanopaper made of TEMPO-oxidized
NFC. Reproduced from ref 428 with permission from The Royal Society of Chemistry. Copyright 2013. (e) Organic solar cells on nanopaper fabricated
by CNCs. Reproduced with permission from ref 216. Copyright 2013 Nature Publishing Group. (f) I−V curves of the organic photovoltaic device with/
without transparent paper made of microfibers. Reproduced with permission from ref 204. Copyright 2014 American Chemical Society.
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6. WOOD-DERIVED SUSTAINABLE ENERGY

Recently, widespread attention has been paid to wood and its
derived materials in energy-related researches. For example,
cellulose-based substrates have exhibited great promise for solar
cells considering the lightweight, abundance, flexibility, and
biodegradability of cellulose compared to plastic. Furthermore,
wood-based materials are widely used for producing biofuels,
which can significantly help to lower the dependence on the ever-
depleting fossil fuels and reduce the environmental pollution
from the emission of greenhouse gases. Today, electrochemical
energy conversion and storage technologies have intensively
employed wood-based materials as carbon precursors, binders,
separators, etc. In this section, we will review the work in energy-
related research using wood and its derived materials.

6.1. High-Performance Solar Cells Enabled by Printing and
Advanced Light Management

Both the high production cost and the high material cost hinder
the widespread popularization of solar cells for energy harvesting
in our society. Paper, as a lightweight and inexpensive substrate,
is potentially an efficient solution to the current challenges of
solar cells. However, the microsized surface roughness and
porous structure of paper make it challenging to fabricate
photovoltaics with good performance on such substrate.364

Recently, extensive research has focused on overcoming the
shortcomings of paper to make it an attractive substrate for solar
cells. Detailed information for paper solar cells is listed in Table 4.
Hu et al. demonstrated extreme light management in
mesoporous paper in which the light scattering can be
dramatically modulated.396 For example, we recently demon-
strated transparent paper with a high forward transmittance and
high optical haze, which leads to effective light trapping in solar
cells and moves us toward a high energy conversion efficiency.
In 2005, the first paper-based organic photodiodes were

fabricated on newspaper by depositing a thin layer of Parylene C
on the newspaper surface. These paper-based organic photo-
diodes presented a power conversion efficiency (PCE) of
<0.3%.422 Polymers, such as starch and polyethylene, were
utilized to smooth the paper surface while enhancing its barrier
properties prior to fabrication with solar cells.423,424 Researchers
developed an all-dry fabrication and monolithic integration
strategy to produce solar cell arrays on tracing paper by
combining oxidative chemical vapor deposition with in-situ
shadow masking, followed by capsulation (see Figure 50a).
These photovoltaic arrays presented a lifetime of over 500 h
despite the observation that their PCE was less than 1.5%.425

Hübler et al. demonstrated photovoltaic cells on glossy paper
with a PCE of 1.31% by employing three printing methods (e. g.,
gravure, transfer, flexography) commonly used in conventional
printing processes (see Figure 50b).426 To attain good-
performing photovoltaic cells, a printing paper with a cast-
coated layer of a hydrophilic mesoporous material, demonstrat-
ing an RMS roughness of 9.42 nm, was used to successfully
fabricate a-Si:H cells with 3.4% cell efficiency. The optical image
of obtained solar cells and its structure are illustrated in Figure
50c.427

The above solar cells were fabricated on commercial paper
made frommicrosized wood fibers. Nanopaper made of cellulose
nanofibers has recently garnered tremendous attention due to its
mechanical ductility, high transparency, and ultrasmoothness.
Hu et al. demonstrated solar cells on highly transparent
nanopaper substrate made of NFC (∼90% at 550 nm). The
obtained nanopaper solar cells presented a PCE of ∼0.21% (see
Figure 50d).428 To further enhance the PCE of nanopaper solar
cells, Kippelen et al. displayed solar cells on nanopaper substrate
fabricated fromCNC. The solar cells not only exhibited 2.7% cell
efficiency but also presented the potential recyclability of
nanopaper solar cells (see Figure 50e).216

Various paper-based solar cells were demonstrated by a variety
of fabrication approaches in the past decade; however, the paper
in these paper solar cells only acts as a flexible and affordable
substrate for depositing conductive, semiconductive, and
dielectric materials rather than as a functional component.
Fang et al. developed a highly transparent paper with highly
optical haze by using TEMPO-oxidized wood pulp. In
comparison to glass and plastic films widely used in photonic
devices, this paper has a similar optical transmittance (>90% at
550 nm) while possessing a high transmission haze (∼60% at 550

Figure 51. (a) Simplified conceptual depiction of a catalytic fast
pyrolysis process. Solids are fed into a 2 in. fluidized bed reactor (FBR).
Effluent from the reactor is sent through a cyclone to remove solid char
particles and then through a hot gas filter prior to condensation. (b) Gas
chromatograms illustrating chemical products of catalytic fast pyrolysis
as a function of catalyst activity. Fully active catalyst results in nearly
complete deoxygenation of pyrolysis vapors (red spectrum); however,
as catalysts they exhibit a loss of activity with continued exposure to
pyrolysis vapors (black and blue spectra) and must be regenerated
periodically to maintain optimal performance.462 Reproduced with
permission from ref 462. Copyright 2007 American Chemical Society.
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nm). High transmission haze enables the enhancement of the
light traveling length within the active layer of solar cells that
increases the light-trapping capability. Through simply laminat-
ing this paper into the surface of organic photovoltaic (OPV) as a
light management layer, the PCE of OPV increased by 10%
compared to the OPV without this transparent paper layer (see
Figure 50f), showing the excellent light management of highly
transparent paper with high optical haze. In addition, this
transparent paper was applied to GaAs solar cells as an

antireflection layer. A piece of this paper was laminated into
GaAs solar cells by a transparent binder; an improved PCE of
23.8% was observed by simple lamination.429

6.2. Biofuels from Woody Feedstocks and Other Biomass

The biopolymers that constitute cell wall tissue are rich in
chemical energy and thus hold great potential for direct
conversion to liquid biofuels. Methods employed to convert
woody biomass are largely similar to those used to convert other
lignocellulosic feedstocks; therefore, the content of this section
will be generalized to lignocellulose conversion. Strategies for
conversion of lignocellulosic biomass into liquid biofuels can be
typically classified into biochemical routes and thermochemical
routes. Each of these encompass vast, well-established, and active
areas of research which will not be extensively reviewed here;
however, the importance of biofuels to the utilization of wood
and other lignocellulosic resources warrants an overview in the
present work.

6.2.1. Biochemical Conversion Processes. The modern
biofuels industry had its roots in the turmoil of World War I
when Germany developed processes to convert biomass sugars
to ethanol.430 This process was based on dilute acid pretreatment
of woody biomass and was suitable only for wartime economics.
In World War II, the United States revisited lignocellulosic
ethanol for butadiene production to make synthetic rub-
ber.431,432 The U.S. DOE began funding research in biofuels
production vigorously in the early 1980s, with the advent of the
Biofuels Program managed by the Office of Energy Efficiency
and Renewable Energy (EERE).433 In the later part of the 20th
century, the primary focus of EERE-sponsored biofuels research
was optimization of the conversion of corn stover by dilute
sulfuric acid pretreatment followed by enzymatic saccharification
of the neutralized biomass slurry.434 This conversion step is
called simultaneous saccharification and fermentation, or SSF,

Figure 52. (a) Ragone plot of specific power versus specific energy for the various EES technologies.473 Reprinted with permission from ref 473.
Copyright 2013 Elsevier. (b) Working mechanism of Li-ion batteries.474 Reproduced with permission from ref 474. Copyright 2001 Nature Publishing
Group. (c)Working mechanism of Na-ion batteries.475 Reproduced with permission from ref 475. Copyright 2013 The Royal Society of Chemistry. (d)
Working mechanism of double-layer electrochemical capacitors.476 Reproduced with permission from ref 476. Copyright 2014 The Royal Society of
Chemistry.

Figure 53. (a) Li-ion storage in graphite.488 Reproduced with
permission from ref 488. Copyright 1998 Wiley-VCH. (b) “House of
cards” model for Na/Li ions filled in hard carbon.497 Reproduced with
permission from ref 497. Copyright 2000 The Electrochemical Society.
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because the cellulase preparation is added to the slurry during the
fermentation process. SSF application required that the cellulase
cocktail and fermentative microorganism function at compatible
pH and temperature. Thus, the options for exploring more
effective enzymes and organisms were limited. Of particular note
is the progress made during the first decade of the millennia
toward improving the performance, and thus reducing the cost,
of the cellulase enzymes. For example, round robin testing
established the estimated cost of enzyme needed to produce a
gallon of ethanol from corn stover at about $5 in 2004.431 After
several rounds of DOE funding provided competitively to the

enzyme companies, this value was reported to be closer to 1/10th
this cost (i.e., $0.68/gallon ethanol) in 2012.435 Also during this
time, the pretreatment and lignin removal steps were optimized
to reduce cost. It was found that a value known as the
pretreatment severity factor (based on acidity, time, and
temperature) could be optimized using state of the art auger-
powered pretreatment reactors which were scalable.436,437

Conditions were found which reduced the production of
inhibitors (furfural and hydroxymethyl furfural) and enhanced
the subsequent enzymatic saccharification step. Fermentative
microorganisms, yeast (Saccharomyces cerevisiae), and bacteria

Figure 54. SEM images of electrospun lignin-PEO fibers before (a) and after (b) thermal carbonization. (c) First potential profiles of lignin-based
carbon anodes at 30 mA/g. (d) Specific capacities of lignin-based carbon anodes at different current densities. (e) Cycling performance and (f)
corresponding Coulombic efficiency of lignin-based carbon anodes at 30mA/g.184 Reproduced with permission from ref 184. Copyright 2013 American
Chemical Society.

Figure 55. (a) Digital image of lignin-based carbon fibers (LCFs) fused mat. (b, d, f) LCFs electrode on copper via slurry coating method and its
corresponding rate/cycling performance. (c, e, g) LCFs-fusedmats electrode and its corresponding rate/cycling performance. Different color represents
different carbonization temperature: 1000 (red), 1500 (green), and 2000 °C (blue).185 Reproduced with permission from ref 185. Copyright 2014
Wiley-VCH.
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(Zymomonas moblis) were also improved by genetic engineering
to ferment both C5 as well as C6 sugars without diauxic effects
(the preferential fermentation of glucose displayed by most
organisms).438,439 A final report was issued by NREL at the close
of 2011 which outlined the State of Technology process for
bioethanol production from corn stover at about $2.15 per gallon
in 2007 dollars.440

A more complex and effective biochemical conversion process
is envisioned today. For example, essentially all aspects of the
traditional biomass to ethanol process, including feedstocks,
pretreatment, saccharification, and biofuel production, are being

revisited. DOE now supports work to explore the suitability of
other biofuels feedstocks, which include switch grass, poplars,
soft woods, municipal solid waste, and construction waste. A new
emphasis has emerged in the last half decade on the use of genetic
engineering to enhance these feedstocks, with special focus on
reducing biomass recalcitrance by modifying the lignin synthetic
pathways. Recent work by several groups has shown that enzyme
loadings and/or pretreatment severity can be reduced by altering
the lignins produced in plants, for example, the caffeic acid O-
methyltransferase (COMT) pathway mutants in switch-
grass,441,442 the med5a/5b ref8 Arabidopsis mutants which

Figure 56. Cellulose nanofibers-derived CNF as anode for NIBs: (a, b) TEM images of CNF, (c) CV curves, (d) potential profiles at 40 mA/g, (e) rate
performances, and (f) cycling performance of the CNF electrode.186 Reproduced from ref 186 with permission from The Royal Society of Chemistry.
Copyright 2013.

Figure 57. Lignin-based carbon nanofibers as anode for NIBs: (a, b) SEM images, (c) potential profiles, (d−f) rate and cycling performances.501

Reprinted with permission from ref 501. Copyright 2014 Elsevier.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00225
Chem. Rev. XXXX, XXX, XXX−XXX

AW

http://dx.doi.org/10.1021/acs.chemrev.6b00225


contain almost exclusively of p-hydroxyphenyl lignin,443 and the
expression of glycoside hydrolases,444 as well as iron binding
proteins, in Arabidopsis cell walls.445,446 The genetic engineering
of biofuels feedstocks is a rich and promising endeavor which
should be followed closely.
It is likely that all biochemical biomass conversion processes

using enzymes for saccharification will require some form of
pretreatment, although the severity and energy input of these
steps will surely be reduced by improvements in plants and

enzymes.447 The dilute acid pretreatments of the past decade
have not given way to new concepts based on the use of alkali.
Alkaline pretreatments offer some distinct advantages for acidic
processes, including operability in stainless steel reactors with no
corrosion-related costs. For example, treatment of grassy
biomass at pH 9−10 and <100 °C deacetylates the cell walls, a
process step which removes one of the most toxic components to
fermentative microorganisms, acetic acid. Deacetylation can be
followed by dilute acid treatments, more concentrated alkaline
steps, or mechanical refining. Treatment of biomass at pH 10−12
and >100 °C removes most of the lignin and hemicellulose
fractions in biomass, leaving behind some protected hemi-
cellulose and cellulose. This alkaline process stream is rich in
soluble lignins and intact hemicellulose, both of which can be
converted to high value by products via fermentative or catalytic
routes. The effect of mechanical disruption has been identified as
an important characteristic of successful pretreatment technol-
ogies in both acidic and alkali pretreatment process. Processes
that result in nanofibrillation of the cellulose fibrils within the cell
wall matrix greatly enhance the accessibility of these carbohy-
drates to enzymes and result in dramatically enhanced
conversion.448 A new pretreatment approach reported in 2013
is based on the use of combined low-severity alkaline treatment
followed by mechanical milling. In the DDR (deacetylation disk
refining) process, the biomass is subjected to pH 10 mixing and
then various shear levels in disk refiners (mills) without
neutralization.449 The resulting biomass is considerably more
digestible by traditional cellulose preparations than that from the
dilute acid pretreatment process. Similar biofuel production
processes developed by the USDA Forest Products Lab have
been shown to be effective for both softwood450 and hardwood
feedstocks.451 Such processes, which have been reviewed
extensively elsewhere,452 employ largely similar mechanical
comminution methods, pretreatments such as dilute acid,
steam explosion, alkaline, or Organosolv variations, as well as
commercial cellulase cocktails that are identical to those used for
saccharification of other forms of lignocellulosic biomass. As we
go forward, new combinations of biomass pretreatment will be
developed as the feedstocks and process conditions evolve.
Cellulase cost remains a key obstacle to the commercialization

of biofuels.435 The traditional biomass conversion scheme has
been based on the addition of extraneous cellulase/hemicellulase
preparations grown and refined off site, i.e., delivery in tanker
cars. Themost recent biofuels plant designs show on-site enzyme
production, and it is assumed that the enzyme companies will
operate such facilities in this way to take advantage of the power
and heat abundance offered by the much larger biofuels plant.440

Additionally, the addition of stabilizers should not be required in
this scenario. As stated above, the recent improvement in the cost
of cellulases is primarily due to reduced cost of production. Also,
although performance improvements in enzyme formulations
have been reported, mainly by the addition of lacking and
essential enzymes, modern commercial enzyme products harbor
few if any enzymes engineered to have higher specific activity.
This then is an arena for future growth, as the accounts of
cellulases improved to achieve higher activity (not thermal
tolerance) by engineering are few.12,453,454 Another approach
holding promise is the continued mining of glycoside hydrolases
produced by naturally occurring lignocellulose degraders. For
example, the CelA multidomain cellulase, produced by
Caldicellulosiruptor bescii, was shown recently to be the highest
performing single-gene product cellulase reported.455 Obviously,
efforts to discover new cellulase/hemicellulase structural

Figure 58. (a) SEM image of microporous carbon. (b) N2 adsorption/
desorption isotherms and (c) pore size distribution for hydrothermally
synthesized carbons after activation. (d) Specific capacitance of carbon
samples at different CV scan rates.507 Reproduced with permission from
ref 507. Copyright 2011 WILEY-VCH.

Figure 59. Fabricating N-doped porous carbon by a one-step annealing
of cellulose filter paper under NH3: (a) Schematic shows the activation
mechanism. (b) MS study on exhaust gases from the activation
reaction.508 Reproduced with permission from ref 508. Copyright 2014
American Chemical Society.
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paradigms will play into ongoing enzyme engineering work to
continuously improve the performance of these key enzymes.
The traditional bioethanol process was based on SSF (stated
above); however, new process options have been raised recently
to take advantage of thermal tolerant enzymes and the
desirability to generate by product streams from the biofuels
plant. Thermal tolerant cellulases and hemicellulases permit the
addition of enzymes to the neutralized but still hot effluent
coming from pretreatment456 in a process option called separate
hydrolysis and fermentation, or SHF. Other process designs are
driven by the need for new process streams, especially for the
new advanced biofuels production schemes.
In early 2014, the notion of turning the attention of the U.S.

DOE from the long-standing bioethanol production technology
to the so-called advanced biofuels or specifically “high-perform-
ance biofuels and bioproducts” was introduced.457 Advanced
biofuels are defined as any liquid transportation biofuel derived
from lignocellulosic sugars, sometimes referred to as Generation
2 biofuels processes. Note that Generation 1 biofuels are
currently in production, i.e., ethanol from starch. Thus,
production of advanced biofuels includes primarily mid- and
long-chain alkanes (jet and diesel fuels) as well as lipids (free fatty
acids and fatty acid methyl esters which are fuels precursors)
from lignocellulose. Compared to the bioethanol production
research and development, advanced biofuels production
technologies are just beginning. For example, some progress
has been reported for the anaerobic production of farnesene (C-
15) from glucose by pathway engineering;458 however, initially
the titers are low (<400 mg/L). More recent work has improved
production to a more commercially interesting level (∼1.1 g/
L).459 A common problem shared by the hydrocarbons and fatty
acids producing strains is the requirement to extract the products
into an immiscible phase, such as dodecane. In the case of solvent
extractions of biomass fermentation broth, the costs of operating
this critical step at ultralarge scale are uncertain. The production

of lipids from biomass sugars utilizing so-called oleaginous yeast
is more promising and probably more achievable in the near
term. Strains of Yarrowia lipolytica and Lipomyces starkeyi have
been shown to produce fatty acids as high as 70% total cellular
dry weight.460,461 However, of concern for the application of
lipogenic yeast for advanced biofuels production is the challenge
afforded by the requirement for aerobic culture of these
organisms at ultralarge scale (>10 000 gallons). Thus, both the
aerobic and the anaerobic production routes to advanced biofuels
present challenges for demonstration and scale up, which
supports the vigorous research and development agenda set
forth by the U.S. DOE today.

6.2.2. Thermochemical Conversion Processes. Thermo-
chemical conversion pathways encompass technologies such as
fast pyrolysis, gasification, and hydrothermal liquefaction that
employ elevated temperatures to deconstruct the biopolymers in
wood and other biomass into lower molecular weight hydro-
carbons and carbohydrate derivatives.
Fast pyrolysis is a process that involves the rapid heating of

biomass in an inert environment to temperatures typically
ranging from 400 to 600 °C. This process results in the formation
of light, noncondensable gases including, CO, CO2, and C1−C5
hydrocarbons, higher molecular weight condensable vapors,
including aromatics and heavier carbohydrate derivatives, and
residual solids termed, char. Condensation of the high molecular
weight vapors yields a viscous liquid mixture of compounds
collectively termed “pyrolysis oil” or simply “bio-oil.” Fast
pyrolysis employs high heating rates on the order of∼1000 °C/s,
small particle sizes on the order of a few millimeters, and short
residence times on the order of several seconds to tens of seconds
to minimize char production and increase the carbon yield in the
bio-oil. Raw bio-oil typically has a high oxygen content which
necessitates subsequent hydrotreating before it becomes a
suitable transportation fuel or may be integrated with product
streams in conventional petroleum refineries.462 Catalytic fast

Figure 60. (a) Photographs depicting wettability of PP/PE/PP and cellulose nanofiber paper separators.243 Reproduced with permission from ref 243.
Copyright 2012 The Royal Society of Chemistry. (b) SEM image of SiO2-incorporated cellulose nanofiber paper separator.245 Reprinted with
permission from ref 245. Copyright 2013 Elsevier. (c) Contact test between hot electric iron tip and separators. (d) Combustion behavior of PP and
FCCN separators.513 Reproduced with permission from ref 513
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pyrolysis (CFP) is one strategy being considered to overcome
this problem and involves exposing pyrolysis vapors to
deoxygenation catalysts prior to condensation. A simplified
conceptual depiction of a CFP process is shown in Figure 51a.
Various zeolite catalysts have been found to be effective for this
purpose, although coke formation on the catalysts leads to
deactivation over time463 as demonstrated in Figure 51a and 51b,
which will likely require their continuous regeneration to
maintain sufficient catalytic activity. Another strategy to
chemically reduce the products formed during pyrolysis is fast
hydropyrolysis. In this process, biomass is pyrolyzed in the
presence of H2 gas, which promotes the loss of oxygen in the
form of H2O and increases the overall energy content of the
oil.464 Advantages of fast hydropyrolysis include its modest
hydrogen consumption relative to other hydrotreating processes

and the opportunity to altogether eliminate the downstream
hydrotreating unit operation.465

Gasification is a thermochemical conversion process that
produces syngas (i.e., a mixture H2, CO, and CO2) or other
combustible gas from carbonaceous feedstocks including coal,
biomass, and natural gas. The product gas can be used
subsequently for production of electricity as well as other
chemicals. The process is carried out using temperatures in the
range of ∼700−1000 °C and controlled quantities of oxygen
and/or steam. Many such plants have been operational for
several decades, and most are located in the United States and
Europe.466 Pyrolysis is the first step of a gasification process,
which is required to vaporize the feedstock, followed by high-
temperature gas-phase reactions that decompose the higher
molecular weight pyrolysis products to light gas products.467

Alkali metals, which are naturally present in coal and biomass, are
well known to have a catalytic effect during gasification.468

Gasification of biomass has received a resurgence of attention in
recent years due to the migration toward renewable and
sustainable fuels, and recent assessment of this technology
projects it to make a viable contribution to the renewable systems
for heat and power generation of the future.469

Hydrothermal liquefaction (HTL) is a thermochemical
conversion process which is also called hydrous pyrolysis
because it employs moderately high temperatures (∼300−400
°C) and very high pressures in the presence of liquid water,
which reacts with and catalyzes the depolymerization of
biomass.470 This technology provides the advantage that the
biomass need not be dried prior to entering the reactor, which
can reduce the overall energy input of the conversion process.
Furthermore, the ability of this process to accept wet feedstocks
makes it an attractive conversion route for biomass derived from
aquatic species, such as algae.471 Recently, a direct comparison of
fast pyrolysis and hydrothermal liquefaction of the same biomass
feedstock was conducted. The results demonstrated that the oils
produced by the two processes differed in chemical composition
and that fast pyrolysis provided a higher oil yield than that
obtained from HTL, which was largely attributed to water
content.472

The various biomass-to-fuel and biomass-to-energy conver-
sion processes described here should be considered comple-
mentary to one another rather than competitive. Each of these
technologies can be used to produce a different suite of fuel and
chemical products. The vastly different process conditions and
conversion pathways represented by these conversion tech-
nologies enables the utilization of a wide variety of renewable
feedstocks. However, the fate of wood and other biomass,
whether converted into fuel or utilized in the other renewable
materials applications described here, should be weighed
carefully to ensure that both materials and energy demands are
met efficiently, economically, and sustainably.

6.3. Batteries and Electrochemical Capacitors

Electrical energy-storage (EES) technologies play a critical role
in our modern society to meet the ever-increasing demands of
energy and reduce the dependence on imminent depletion of
fossil fuels. Among various EES technologies, electrochemical
energy-storage devices, such as batteries and electrochemical
capacitors (see Figure 52a), have been used in various
applications. Due to the abundance and renewability, wood
and its derived materials have exhibited great potential in battery-
and capacitor-related studies. For example, wood and its
components are attractive candidates for the preparation of

Figure 61. (a) Schematic of batteries or ECs assembled by using CNT/
cellulose/ionic liquid nanocomposite. (b) Photographs of the nano-
composite, demonstrating the mechanical flexibility.514 Reproduced
with permission from ref 514. Copyright 2007 National Academy of
Sciences, U.S.A. (c) Meyer rod coating of CNT ink on commercial
Xerox paper. (d) Conductive Xerox paper after CNT coating.273

Reproduced with permission from ref 273. Copyright 2009 National
Academy of Sciences, U.S.A. (e) Hierarchical structure of wood fiber. (f)
Soft wood fiber substrates effectively address the stresses during
electrochemical reactions by structural wrinkling.17 Reproduced with
permission from ref 17. Copyright 2013 American Chemical Society.
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carbon materials, which can be promising electrodes for both
batteries and electrochemical capacitors. Cellulose-based sepa-
rators, scaffolds, and binders are also intensively investigated in
these fields.
6.3.1. Carbon Electrodes Derived from Wood and

Wood Components. Since the commercialization of Li-ion
batteries (LIBs) by Sony in the 1990s, graphite anodes have been
widely used because Li ions can be reversibly inserted into carbon
materials at low potential with a high capacity.477 Most recently,
Na-ion batteries (NIBs) have become a research focus
considering their potential for low-cost, large-scale energy
storage.478,479 Unlike LIBs, only a small amount of Na ions can
be intercalated into graphite; thus, wood-derived amorphous
carbons have attracted great attention considering their high
capacities.480,481 Furthermore, electrochemical capacitors also
use activated carbon as the electrodes; thus, wood-derived
porous carbon is very promising.482−484

6.3.1.1. Li-Ion Batteries. In the past several decades,
considerable attention has been paid to LIBs because of their
high energy density and long life. Typically, LIBs are composed
of a layer-structured cathode (e.g., LiCoO2), graphite anode, Li
salt dissolved in nonaqueous solvent electrolyte, and a porous
separator (see Figure 52b).474 The working mechanism is based
on the intercalation/deintercalation concept, where Li ions are
released from LiCoO2 and intercalated into graphite during
charging. Conversely, Li ions are deintercalated from graphite
and returned into LiCoO2 during discharging. Such a shuttling of
Li ions enables the conversion and storage of electrical energy
within LIBs.485,486

Currently, LIBs have dominated the market for powering
portable electronics, such as mobile phones and laptops.
Electrical vehicles (EVs), like TESLA, have also considered
LIBs as their most promising power sources. To date, the range
of EVs is still less than conventional cars due to the limited
capacity of LIBs; thus, high-energy-density LIBs are intensively
pursued. In order to increase the energy density, developing
high-capacity electrode materials is the key.487 Graphite, the
commercial anode, exhibits a low capacity based on the
intercalation mechanism (the theoretical capacity of graphite is
only 372 mAh/g) (see Figure 53a).488 Therefore, considerable

effort has been devoted to the study of high-energy anodes, such
as the Li metal anode and the Si anode. Although the Li metal
anode489−491 and Si anode492−494 are very attractive, the well-
known problems of dendritic Li associated with this anode as well
as the volume expansion problem observed for the Si anode have
significantly hampered their practical application. Thus,
researchers still paid considerable attention on carbon-based
anodes considering their advantages for safety, low cost, and
cycle life.477,495,496 In contrast to crystalline graphite, hard carbon
is an amorphous carbon, which comprises small turbostratic
graphitic nanodomains and a large number of nanopores in
between these domains.477 Besides intercalating into the small
graphitic nanodomains, Li ions can also fill the nanopores
between these nanodomains in a process analogous to
adsorption (see Figure 53b).497 Combining the intercalation
and adsorption, hard carbon anodes can deliver a maximum
capacity of 740 mAh/g, corresponding to the formation of Li2C6.
Interestingly, as demonstrated above, wood and its components-
derived carbon are normally hard carbon, which exhibits high
capacity in LIBs.
Early studies have demonstrated thermosetting resins from

biomass sources, such as coconut shell, can be promising
precursors for high-performance hard carbon anode. Researchers
also discovered that wood and its components-derived carbon
can be used to produce promising anodes for LIBs. To fabricate
conventional LIB electrodes, slurry-coating technologies are
employed where active materials are mixed with conductive
carbon additives and polymer binders using organic solvents,
such as N-methyl-2-pyrrolidone (NMP), to produce a slurry
which is then coated onto a current collector (e.g., copper for
anode and aluminum for cathode). Unfortunately, the additives
and current collectors do not contribute energy during battery
operation, which leads to a lower specific energy density.
Therefore, considerable attention has been paid to synthesize
free-standing electrodes where all electrodes are active materials.
In 2013, Wang et al. reported that free-standing carbon anodes
can be prepared by electrospinning lignin−poly(ethylene oxide)
(mass ratio of lignin/PEO is 9:1) followed by thermal
carbonization (see Figure 54a and 54b).184 The as-prepared
binder-free/current collector-free carbon anode showed a high

Figure 62. (a) Schematic illustrations of the PPy@nanocellulose fiber electrodes. Gravimetric (b) and volumetric (c) capacitances for paper
electrodes.517 Reproduced with permission from ref 517. Copyright 2014 The Royal Society of Chemistry.
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specific capacity of 445 mAh/g and good cyclic stability (see
Figure 54c). Interestingly, nitrogen doping can be further
obtained by annealing the lignin-based carbon with urea. The N-
doped lignin-based carbon anode delivered a higher capacity of
576 mAh/g and a great rate capability of 200 mAh/g at 2 A/g as
well as stable cycling performance (see Figure 54d−f). This
research demonstrated that lignin can be an inexpensive
precursor for producing high-performance carbon anode.
However, it is still difficult to produce this kind of carbon
material in large scale by electrospinning such that a new method
is highly required.
Most recently, Tenhaeff et al. at Oak Ridge National

Laboratory developed a novel anode synthesis method using
fibrous hardwood-derived lignin as precursor.185 Typically,
fabricating carbon material from pure lignin consists of two
separate steps: oxidative stabilization and carbonization, where
the stabilization plays a very critical role in maintaining the 1D
fiber structure and enhancing the tolerance at high carbonization
temperature. To fuse the lignin fiber mat but yet avoid its melting
fully, the lignin fiber mat is first stabilized at 250 °C in a
convection furnace with a sufficiently fast heating rate. As shown
in Figure 55a, self-standing carbon electrodes at pilot scale have
been produced with the controlled oxidative stabilization and a
conventional carbonization process. The SEM images show that
carbonized lignin keeps the 1D fibrous structures even after
grinding for slurry coating (see Figure 55b and 55c). When
evaluated as a binder-free/current collector-free electrode in
LIBs, the lignin-based carbon anode demonstrated a specific
capacity of ∼200 mAh/g and a Coulombic efficiency (CE) of
∼99.9% over 70 cycles, characteristics that are comparable to
commercialized graphite-based anodes in LIBs (see Figure 55d−
g). Moreover, the lignin-based carbon anode can also deliver a
high specific capacity of >350 mAh/g and stable cycling
performance if the slurry-coating technology is employed (see
Figure 55d and 55f). This new methodology for fabricating
carbon electrodes from wood-derived lignin can effectively
eliminate the use of extra inactive materials used in conventional
methods, which will lower the cost of LIBs.
6.3.1.2. Na-Ion Batteries. As discussed above, LIBs have been

widely used in portable electronics and are considered as the
most promising power source for EVs. However, concerns about
the price of LIBs are growing due to the rarity and uneven
distribution of Li resources. In particular, LIBs are not
competitive for perspective applications in large-scale grid
energy storage that require a high cost efficiency. Recently,
developing alternative battery technologies beyond LIBs has
attracted great attention, such as Na-ion batteries (NIBs). As the
next alkali metal element adjacent to Li, NIBs show very similar
electrochemical properties to LIBs. More importantly, Na is one
of the most abundant elements (sixth) and is widely available in
earth, enabling NIBs an ideal alternative to LIBs for large-scale
energy storage. As shown in Figure 52c, the working mechanism
of NIBs is very similar to LIBs, where Na ions are shuttling
between cathode and anode instead of Li ions. To achieve the
success of NIBs, developing high-performance electrode
materials is critical. Among various candidates for NIB anodes,
hard carbon has demonstrated promising performance with low
operating potentials and relatively high specific capacities.
According to “card-house” model, Na ions can intercalate into
graphitic nanodomains and insert into nanopores between these
nanodomains of hard carbon anodes, respectively (see Figure
53b). Recently, some groups disproved the original model and
proposed new mechanisms. Cao and co-workers believed that

the potential plateau at low potentials is related to Na-ion
intercalation into turbostratic nanodomains rather than nano-
pores.498 Mitlin and co-workers proposed that defects such as
divacancies and StoneWales played an important role for storing
Na ions at high voltages.499 Although there may be a variation in
the mechanism due to the structural or chemical differences, hard
carbon is still the most promising anode in this stage.
Previous studies have shown that hard carbons derived from

simple sugars, such as sucrose and glucose, can deliver a capacity
of ∼250 mAh/g at a small current density. Besides sugars, wood
and its components have also shown great promise as hard
carbon precursors. For example, 1D carbon nanofibers (CNF)
with diameters ranging from 50 to 100 nm can be prepared from
cellulose nanofibers via a simple thermal carbonization process
(see Figure 56a).186 The high-resolution transmission electron
microscopy (HRTEM) image revealed that these CNF consist of
many short-range graphitic domains (see Figure 56b). When
CNF was evaluated as an anode for NIBs, the cyclic
voltammograms (CVs) and potential profiles presented typical
electrochemical properties of hard carbon (see Figure 56c and
56d). Taking the potential profiles as an example, the slopes in
discharge/charge curves correspond to the intercalation/
deintercalation process and the plateaus below 0.2 V are due to
the adsorption of Na ions into the nanopores of hard carbon (see
Figure 56d). The CNF delivered a relatively high capacity of 255
mAh/g at 40 mA/g and a great rate capability of 85 mAh/g at
2000 mA/g (see Figure 56e). More importantly, the CNF
exhibited an excellent cycling stability, in that a high capacity of
∼180 mAh/g can still be obtained over 600 cycles (see Figure
56f). Such a finding on cellulose-derived carbon anode for high-
performance NIBs indicates that wood-based carbon materials
are very attractive for NIBs.
Recently, Shen et al. observed that direct thermal carbon-

ization of wood fiber could result in a porous carbon with a high
specific surface area of 586 m2/g. The high surface area wood
fiber-derived carbon led to a low first cycle CE (25%) as an anode
for NIBs. To further improve the first cycle CE, wood fiber was
pretreated with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
which effectively decreases the surface area of its carbon product
to 126 m2/g. Accordingly, when evaluating the low-surface-area
carbon as anode, it shows a much higher first cycle CE of 72%.
This anode also gives a stable cycling performance, because a
capacity of 196 mAh/g can be delivered for 200 cycles, which
suggests great promise for low-cost SIBs.500

To apply lignin-based carbon anodes for NIBs, Shi and Wang
fabricated carbon nanofibers from electrospun polyacrylonitrile
(PAN)/lignin nanofibers, as shown in Figure 57.501 By
investigating the effects of PAN/lignin mass ratios and
carbonization temperatures, they found that carbon nanofiber
derived from PAN/lignin nanofiber with a mass ration of 1/1 at
1300 °C showed a highest specific desodiation capacity of 292.6
mAh/g at 20 mA/g, with a first cycle CE of 70.5% (Figure 57a−
c). The optimized carbon nanofiber also presented a good rate
performance (80 mAh/g at 1000 mA/g) and great cycle stability
of 90.2% capacity retention over 200 cycles, which suggested that
the lignin-based carbon anode is promising (Figure 57d−f).
Indeed, some other cellulose- or lignin-contained biomass-
derived carbons also showed great performance as NIB anodes.
For example, Miltin and co-workers reported that carbon anodes
made from peat moss502 and banana peels503 can deliver a high
reversible capacity of ∼300 mAh/g at 100 mA/g. Pomelo peels-
derived carbon anode reported by Huang et al. also
demonstrated a great rate capability (71 mAh/g at 5000 mA/
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g) after an activation process using H3PO4.
504 Most recently,

Hu’s group demonstrated that directly carbonized wood can also
be a promising anode for NIBs.505 The authors discovered that
carbonized wood has a low-tortuosity, mesoporous structure and
straight channels, which can deliver a high areal capacity when a
thick wood carbon was adopted (850 μm). Considering the
simple process, low cost, and unique structure, carbonized wood
opens a range of other energy and environmental-related
applications.
6.3.1.3. Electrochemical Capacitors. Although batteries have

considerable advantages in various applications, they failed to
power some electrical devices which require fast power delivery
and uptake. The power density of batteries is limited by the slow
intercalation/deintercalation process of ions and transportation
of electrons in bulk electrode materials. On the other hand,
electrochemical capacitors (ECs) electrostatically adsorb ions
onto the surface of electrode materials and store the energy in the
electric field between the charges and the ions, which allows fast
power delivery and uptake (see Figure 52d). Furthermore, ECs
have a long life up tomillions of cycles, whereas batteries can only
survive around 1000 cycles.
At present, activated carbon (AC) is the first choice for ECs

due to its high surface area, good conductivity, high chemical
stability, low cost, and scalability. The most common precursors
are petroleum pitch, coke, and coal. However, with the
decreasing availability of fossil fuels, seeking new but sustainable
precursors for AC production is important. As a consequence,
the use of wood and its components as precursors is motivated by
their abundance and attractive low cost. Typically, there are two
steps for producing AC from its precursor: carbonization and
activation. The activation agencies are normally oxidants, e.g.,
carbon dioxide, steam, KOH, and ZnCl2. Among them, KOH is
the most common chemical activation agency where well-known
ACs, like Maxsorb and PX-21, are produced from petroleum
cokes with this method. For wood-based precursor, KOH is also
very useful. For example, annealing carbonized cellulose fibers/
KOH mixture can give porous carbon fibers with a specific
surface area of up to 1978 m2/g.506 In a three-electrode cell, this
porous carbon fiber can deliver a high capacity of 340 F/g using a
H2SO4 electrolyte. Interestingly, direct reaction of cellulose fibers
with KOH cannot generate porous carbon fibers so that
carbonization is necessary prior to activation. Recently, Mokaya
and Yushin reported that hydrothermal carbonization can be
another promising route prior to activation to form porous
carbon from natural precursors (see Figure 58).507 In their study,
hydrochar materials were first prepared by hydrothermal
carbonization of cellulose, potato starch, or wood sawdust in
an autoclave at 230−250 °C for 2 h. After that activation of
hydrochar materials with KOH at 700−800 °C for 1 h generated
porous carbon with specific surface area from 2125 to 2967 m2/g
(Figure 58a and 58b). Moreover, these porous carbons exhibited
very narrow pore size distributions of about 90% surface area and
pore volume arise from micropores (Figure 58c). Among these
microporous carbons, AC-W800 (activating wood-derived
hydrochar at 800 °C) exhibited the highest capacitance (236
F/g at 1 mV/s) and the best rate capability in a two-electrode cell
using an organic electrolyte of tetraethylammonium tetrafluor-
oborate (TEABF4)/acetonitrile (AN), which is much higher
than commercial devices with conventionally produced activated
carbons (Figure 58d).
However, activation agency is normally oxidant agency, while

reductant-based activation agency has been rarely reported. Most
recently, Ji’s group reported that NH3 can be an effective

chemical activation agency for generating nanopores in carbon
materials (Figure 59a).508 By simply annealing cellulose paper
under NH3 flow that nitrogen-doped (N-doped) nanoporous
carbon membrane is formed. They found that nitrogen doping
(up to 10.3%) takes place during pyrolysis of cellulose at
temperatures as low as 550 °C. When increasing the pyrolysis
temperature, activation started at 700 °C and above that porous
carbon with high specific surface area (up to 1973.3 m2/g) can be
obtained. Interestingly, when annealing nondoped carbon at high
temperature under NH3, very little activation can be observed.
Combining with mass spectrometry, they discovered that the
doped nitrogen on carbon further reacts with NH3, leading to
carbon gasification and forming porous structure (see Figure
59b). Due to its high surface area and nitrogen doping, the as-
prepared N-doped nanoporous carbon (1326.5 m2/g) exhibits
more than double the unit area capacitance (90 vs 41 mF/m2)
compared to conventional activated carbon (1533.6 m2/g).
However, activation agencies are expensive and corrosive or
toxic, like KOH and NH3 gas. Most recently, Bommier et al.
fabricated porous carbon from cellulose by a one-step self-
activation reaction.509 They found that the specific surface area of
the resulting carbon product can reach 2600 m2/g when
controlling the flow rate of inert gas at 10 cm3/min (CCM). In
contrast, when the flow rate was tuned to 200 CCM, the carbon
product only exhibited 98 m2/g. Through a series of control
experiments, they identified that the releasing gases, e.g., H2O,
activated the resulting carbon during pyrolysis of cellulose at high
temperatures when the flow rate is slow. The as-synthesized
porous carbon delivered a capacitance of 130 F/g at 1 A/g, which
is better than that of conventional ACs.

6.3.2. Separators. The separator is a key component in
batteries and capacitors and used to electrically separate the
cathode and anode. Failure of the separator may lead to short-
circuit problems and potential danger. Among numerous
separator candidate materials, cellulose has gained considerable
attention due to its various advantages, including abundance,
renewability, environmental friendless, chemical stability, and
most importantly thermal stability. For example, separators made
from alkaline-resistant cellulose pulp have been widely employed
in commercial alkaline batteries (e.g., Zn/MnO2 batteries, Ni/
Cd batteries, and Zn−-air batteries).510 However, polyolefin
(e.g., polyethylene (PE) or polypropylene (PP))-based micro-
porous separators still dominated the LIB separator market due
to their electrochemical stability, high ionic conductivity, and
large-scale production. Unfortunately, the poor mechanical
properties and thermal stability of polyolefin microporous
separators have significantly limited their safe use. Therefore,
considerable attention has moved toward developing cellulose-
based separators for LIBs.
In 1996, Kuribayashi fabricated a cellulose-based separator by

embedding fine fibrilliform cellulose fibers into microporous
cellulose film, which showed comparable electrochemical
performance to PE separators in LiCoO2/petroleum coke
battery systems.242 Considering its reduced risk of meltdown
under relatively high temperatures, the cellulose-based separator
is very attractive. Nevertheless, the pure cellulosic separator
encountered several problems, such as high moisture content,
limited porous configuration, and flammability. To address these
issues, one approach was to use cellulose nanofibers, which have
strong mechanical properties and a suitable porous configuration
(see Figure 60a).243 When evaluating cellulose nanofiber-based
separators in a LiCoO2/graphite battery, they exhibited much
enhanced wettability of electrolyte and better capacity retention
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compared to commercial polyolefin-based separators. To further
improve the porous structure, colloidal SiO2 was introduced into
the cellulose nanofiber separator. By varying the content of SiO2,
the ionic conductivity and electrolyte wettability can be much
enhanced, resulting in improved electrochemical performance
(see Figure 60b).245

Besides inorganic materials, some polymermaterials have been
also incorporated into cellulose nanofiber separators for
improving their performance. In 2013, Cui’s group synthesized
a cellulose/poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HPF) separator by an electrospinning strategy com-
bined with subsequent dip-coating process.246 Compared to the
PP separator, the cellulose/PVDF-HPF separator exhibited
higher porous structure, better electrolyte wettability, higher
electrolyte uptake, and better thermal stability. More impor-
tantly, the higher ionic conductivity of the cellulose/PVDF-HPF
separator resulted in a better rate capability in LiCoO2/graphite
batteries. Recently, the same group further incorporated
polymeric lithium tartaric acid borate salt (PLTB) into the
cellulose/PVDF-HPF separator, which exhibited enhanced
flame-retardant performance without sacrificing electrochemical
performance.511 They also prepared a cellulose/polysulfonamide
separator and a cellulose/polydopamine separator via a well-
developed papermaking technology, which can greatly lower the
cost of separator production.512 Moreover, such cellulose/
polymer composite separators showed excellent safety and
promising electrochemical performance. Furthermore, a flame-
proof separator, designated the FCCN separator, has been
fabricated, where sodium alginate, flame retardant, and silica
were deposited onto cellulose separators using vacuum filtration
and hot pressing (see Figure 60c and 60d).513 The FCCN
separator exhibited excellent thermal stability up to 300 °C and
superior inflame-retarding properties. Most importantly, when
the FCCN separator was evaluated in LiCoO2/graphite or
LiFePO4/Li batteries, it delivered better rate and cycling
performance compared to the PP separator.
6.3.3. Scaffolds. Wood-derived materials, especially cellu-

lose, have also been applied as substrates or scaffolds for batteries
and ECs due to their high mechanical performance, flexibility,
and tailorable surface functionalities.514,515 In 2007, Ajayan et al.
designed and fabricated a CNT/cellulose/ionic liquid nano-
composite sheet to form a flexible building block, which can be
utilized in LIBs and ECs (see Figure 61a and 61b).514 Hu et al.
made a highly conductive paper by conformal coating CNT onto
commercial paper, which demonstrated great promise as current
collectors for energy-storage devices (see Figure 61c and 61d).273

For example, such a CNT-coated paper delivered a specific
capacitance of 200 F/g and a stable cycling life over 40 000 cycles
when evaluated as supercapacitor electrodes. Moreover, LIBs
using these CNT-coated paper as current collectors can also
show stable cycling performance, which suggests that paper-
based lightweight current collector can be great low-cost solution
for electrochemical energy-storage devices.
Most recently, Zhu et al. developed a tin-based anode on a

hierarchical wood fiber substrate, where the flexible substrate
significantly addressed the challenges associated with Sn
anodes.17 They proposed that the soft nature of wood fibers
can release the mechanical stresses encountered during electro-
chemical reactions. Moreover, themesoporous structure of wood
fiber can serve as an electrolyte reservoir, which allows for fast ion
transportation (see Figure 61e and 61f). Such a design may open
up a new direction which applies soft substrates for addressing

the issues related to volume change during electrochemical
reactions in batteries or ECs.
Furthermore, paper electrodes composed of conductive

polymers and cellulose combine high conductivities and tunable
mechanical properties, which can be used to obtain lightweight
and self-standing electrodes for high-performance batteries and
ECs.516 For example, PPy@nanocellulose paper-based super-
capacitors exhibit a typical gravimetric capacitance of 180 F/g,
whereas the volumetric capacitance is found to differ depending
on different electrode preparation processes.517−519 By straight-
forward compression of the PPy@nanocellulose composites,
compact supercapacitors with improved spatial utilization are
obtained without significantly compromising the electrochemical
performance of the devices (Figure 62a).517 The most
compressed sample remained higher than that of the pristine
sample even at a current density of 200 mA/cm2, which
corresponds to a charge time of less than 4 s (see Figure 62b and
62c). Robust and compact nanocellulose-coupled PPy@GO
paper electrodes can also be straightforwardly prepared via in-
situ polymerization for use in high-performance paper-based
supercapacitors, exhibiting stable cycling over 16 000 cycles at 5
A/g;,as well as large specific volumetric capacitance (198 F/
cm3).519

6.3.4. Lignin as Battery Electrodes. More recently,
researchers have introduced the new concept that renewable
and cheap wood derivatives can be used directly as low-cost
battery electrodes. In 2012, Milczarek and Inganas̈ reported that
the quinone group in lignin can function as an cathode, which
demonstrated a significantly green and low-cost electrochemical
energy-storage solution.520 Brown liquor, a byproduct of paper
processing, was adopted as the starting material in their study,
where quinone groups were formed via oxidation. To improve
the conductivity of lignin-based cathodes, polypyrrole was
further added using an electrochemical polymerization process.
The as-obtained product was referred to as Ppy(Lig), which
exhibited clear redox peaks in 0.1 M aqueous HClO4 electrolyte
using cyclic voltammetry (CV) measurements. The capacitance
values calculated from charge/discharge experiments spanned
from 350 to 1000 F/g, which depends on the thickness of the
electrode and charge/discharge rate.
From that point onward, fabricating lignin derivative electro-

des with conductive polymers or other conductive materials has
attracted wide attention.521−526 For example, Zhu et al. made a
Ppy-doped lignosulfonate electrode, which delivered a specific
capacitance of 304 F/g at 0.1 A/g in a NaCl aqueous
electrolyte.527 Moreover, they used cotton fabrics as substrate,
demonstrating great flexible advantage for wearable electronics.
On the basis of a similar concept, Xu et al. reported a polyaniline
(PANI)-doped lignosulfonate electrode for supercapacitors,
which gives a high rate performance of 377 F/g at 10 A/g.528

Furthermore, such a PANI-doped lignosulfonate showed a stable
cycling life where the capacity retention rate is 74% after 10 000
cycles. To further increase the specific capacitance, phosphomo-
lybdic acid (HMA) was introduced into the conductive
polymer−lignin composite by Admassie et al.529 They found
that the addition of inorganic metal acid can increase the specific
capacitance from 477 to 682 F/g, which suggests an effective
route to improve the energy density of lignin-based electrodes.

7. CONCLUSIONS AND PERSPECTIVES
Biomaterials from wood are emerging as attractive solutions to a
range of technological challenges. These materials, particularly
cellulose, hemicellulose, and lignin, not only are biocompatible
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and earth abundant but also have Nature-provided intrinsic
structures for potentially transformative device performance.
While many emerging devices and applications have been
demonstrated, there are still grand challenges in fundamental
research and understanding to accelerate woody biomaterials
toward commercial reality, especially for emerging applications,
such as green electronics, biological devices, and energy
applications. These challenges include (1) high performance in
devices with acceptable durability and lifetime, (2) low cost that
includes extraction of biomaterials from wood, fabrications of
components, and fabrications of devices, and (3) system level
integrations with multiple device components. With worldwide
effort, new developments using wood-derived materials elabo-
rated in this review, especially nanofibrillated celluloses, will
provide emerging technologies impacting our everyday life.
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