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ABSTRACT: Expanding the interlayer spacing plays a significant
role in improving the conductivity of a cellulose-based conductor.
However, it remains a challenge to regulate the cellulose nano-
channel expanded by ion coordination. Herein, starting from
multiscale mechanics, we proposed a strain engineering method to
regulate the interlayer spacing of the cellulose nanochannels. First-
principles calculations were conducted to select the most suitable
ions for coordination. Large-scale molecular dynamics simulations
were performed to reveal the mechanism of interlayer spacing
expansion by the ion cross-linking. Combining the shear-lag model,
we established the relationship between interfacial cross-link density and interlayer spacing of an ion-coordinated cellulose
nanochannel. Consequently, fast ion transport and current regulation were realized via the strain engineering of nanochannels, which
provides a promising strategy for the current regulation of a cellulose-based conductor.
KEYWORDS: nanocellulose, cellulose nanochannel, ion transport, strain engineering, ion cross-linking

Solid-state lithium−metal batteries with high energy density
and fast charging have been demonstrated as promising

energy-storage devices used in everyday phones and electric
vehicles.1 However, manufacturing and recycling of lithium−
metal anodes cause many problems such as shortage of critical
metals (e.g., lithium, cobalt, and nickel),2−4 carbon dioxide
release, and soil pollution,5−8 which poses a huge adjustment
to sustainable development. To solve this problem, organic
materials are used in the manufacture of electrodes because of
their low cost, environmental friendliness, sustainability, and
ease of recycling. As expected, the easy access in quantity from
biomass and renewable nature make cellulose a quite suitable
raw material for organic electrodes.9−11 Recently, high-
conductivity stable cellulose-based conductors have been
achieved based on copper-ion-coordinated molecular channel
engineering. They have significantly higher conductivity and
reliability compared to conventional organic electrode
materials and have great prospects in electrochemical synaptic
devices, solid-state sensors, and redox-controlled information
processing and storage.12,13

In nature, the plant cell wall has a tracheid structure in which
cellulose nanofibrils (CNFs) are aligned along the axis to form
the nanochannels and allow plants to transport water and
nutrients from the soil.14−18 Inspired by this process,
nanochannels play an important role in the electrical properties
of cellulose-based conductors because the interlayer spacing of
nanochannels determines the conductivity of cellulose-based
conductors directly. To improve the conductivity, a lot of effort
has been made to engineer the interlayer spacing by ion
coordination. Yang et al. verified that when cellulose is

coordinated with copper ions, the interlayer spacing is
expanded from 3.9 to 8.7 Å. As a result, the conductivity is
highly improved from 10−5 to 10−3 S/cm, and the stability of
the cellulose-based conductor is also improved.12 Recent works
showed that compared with copper ions and sodium ions,
calcium-ion-coordinated cellulose-based conductors have a
larger conductivity (204 × 10−3 S/cm) and higher Seebeck
coefficient (27 mV/K−1),13 which implies that calcium ions
may be more suitable as cross-links for the cellulose-based
conductor. Experimental achievements have demonstrated the
expansion of interlayer spacing through ion coordination, but
there still remains a need to elucidate the underlying
mechanism to effectively regulate cellulose nanochannels.
Lately, the mechanism of expanding the interlayer spacing of
cellulose nanochannels with ion coordination has been
investigated theoretically and experimentally. The ab initio
molecular dynamics simulations performed by Dong et al.
showed that cellulose coordinated by copper ions forms a
supramolecular framework and provides a nanochannel with
∼10 Å interlayer spacing for fast sodium ion transport.19 They
also experimentally demonstrated the structural stability of this
copper-coordinated supramolecular framework in a highly
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alkaline environment. Although ion coordination is widely
used to engineer the interlayer spacing of cellulose nano-
channels and improve the conductivity, it is still unclear how to
regulate the conductivity by the mechanical method and what
the molecular mechanisms behind the change of nanochannels
are.
Strain engineering has been commonly used to regulate the

interlayer spacing of many kinds of two-dimensional materials
such as graphene, MoS2, and hBN,

20−27 which have staggered
structures similar to those of cellulose-based conduc-
tors.21,28−31 In what follows, combining density functional
theory (DFT) calculations and molecular dynamics (MD)
simulations, we investigated the ion coordination of cellulose
nanochannels and the regulation of interlayer spacing by strain
engineering, which is an effective method for interlayer spacing
regulation at the molecular level.21 Cellulose can be derived
from wood (Figure 1), and ions are coordinated with −OH

groups at the cellulose nanocrystal (CNC) interface and can
expand the interlayer spacing. The cellulose-based conductors
are composed of several CNFs with a length of hundreds of
nanometers and have a staggered microstructure. The
representative volume element (RVE) was used to represent
the minimum periodic repetition unit of microstructures to
withstand shear deformation during tensile process of a
cellulose-based conductor (Figure 1).32 The strain engineering
and size effect of RVE were discussed in detail with the shear-
lag model. Last, MD simulations were carried out to verify the
influence of interlayer spacing on current of the lithium ion
transport on a nanoscale. Our simulations provided molecular
insight into the conductivity regulation of ion-coordinated

cellulose-based conductors, which should be significant for
achieving high-performance cellulose-based conductors
through mechanical methods.
The key to normally ion-coordinated nanocellulose serving

as ion conductors is to form stable molecular channels for fast
ion transport.33,34 Recent studies reported that metal cations
can coordinate with CNFs due to the abundant of −OH
groups on the molecular chains.12 The intercalated ionic cross-
links (e.g., Cu2+) between CNFs can provide the steric
hindrance to open the nanocapillaries for Li+ ions. To find
more suitable ionic cross-links for nanocellulose, we performed
first-principles calculations to distinguish the interactions
between nanocellulose and different ionic cross-links, with
the model being shown in Figure S1a. Here, the coordinate
bond length, interlayer spacing (Δh), and binding energy are
the three main factors considered in the comparison of DFT
results. Figure 2a plots Δh versus bond length for the water

molecule and different ions intercalated between two cellulose
molecular chains. It is found that Cu2+ and Ca2+ intercalated
into nanocellulose exhibit the highest Δh (∼2.4 Å), while their
coordinate bond lengths are different (1.95 and 2.19 Å,
respectively). As shown in Figure 2b, the binding energy of
Ca2+ intercalated into nanocellulose is on the same level as that
of Cu2+ and other divalent ions. As shown in Figure S4, the
interlayer spacing is determined by the intrinsic bond length of
ionic cross-linking and the attraction-force-induced bond
compression between cellulose chains. On one hand, the
larger intrinsic cross-linking bond lengths of Ca2+ and Cu2+ can
provide more steric hindrance than other ions; on the other

Figure 1. Schematic diagram of CNC-based hierarchical structure and
the interlayer space expanding by ion coordination cross-linking and
strain engineering. The expanding of channel spacing during the
tensile process should provide a promising strategy for the design of
cellulose-based conductors. The SEM image is extracted from ref 12.
Copyright 2021 Springer Nature.

Figure 2. Interactions between nanocellulose and different interca-
lated media (metal cations and water molecules). (a) Channel spacing
(Δh) and coordinate bond length computed from DFT calculations
for different cations and water molecules intercalated between two
cellulose molecular chains. (b) Binding energy comparisons of water
molecules and different divalent cations (Ca2+, Cu2+, Mg2+, and Zn2+)
intercalated in nanocellulose. Since Ca2+ exhibits the largest
coordinate bond length with nanocellulose, we then chose Ca2+ as
the representative divalent cation in the MD simulations of ion
nanochannels. (c) Shear modulus as a function of cross-link density.
The solid lines are fitted by eq S8. (d) RVE thickness (hc) as a
function of cross-link density. The dashed red line marks the critical
point of cross-link density of water molecules intercalated in
nanocellulose. The solid lines are fitted by eqs S12 and S13.
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hand, the cross-linking bonds of Ca2+ and Cu2+ are more
difficult to compress by the attraction force between cellulose
chains due to the higher bonding stability as measured by the
binding energy in Figure 2b. In cellulose nanochannels, ions
coordinate not only with the −OH groups in cellulose but also
with the water molecules. The interactions among ions, water
molecules, and nanocellulose interfaces significantly contribute
to the interlayer spacing of cellulose nanochannels. Bond
lengths of Ca2+ and Cu2+ ions coordinated with water
molecules and nanocellulose are shown in Figure S1b. The
DFT results show that whether it is water or cellulose, Ca2+ has
a larger bond length than Cu2+. Thus, Ca2+ should be a more
suitable candidate of ionic cross-links in nanocellulose to form
stable and wide nanochannels for fast ion transport. In the next
section, our simulations and discussion focus mainly on the
Ca2+-intercalated cellulose nanochannels.
To evaluate the Ca2+-intercalated nanochannels in nano-

cellulose, we performed large-scale MD simulations consider-
ing the aqueous environment and different cross-link densities.
The simulation model is plotted in Figure S2. The shear
modulus of the simulation model can reflect the interlayer
cross-linking ability of different media intercalated into
nanocellulose. As shown in Figure 2c, there is a positive
proportional relationship between the shear modulus and
cross-link density, which implies the mechanical properties of
cellulose-based conductors can be improved by ion cross-
links35 and the relationship can be well fitted by a linear
equation.36,37 The interlayer cross-linking can be enhanced
significantly with the increase of Ca2+ cross-link density, while
the contribution of water molecules is inappreciable. It can be
deduced that the interlayer cross-linking mainly relies on the
cross-link density of Ca2+ ions. In our simulations, we found
that the Ca2+ cross-link density can change the width of
nanochannel,s which is much different from previous studies
that assumed the nanochannel width (or thickness of RVE) to
be a constant under different cross-link densities.28,37,38 Here,
hc is defined as the distance between the center of mass of the
upper and lower layers of the RVE. Figure 2d implies that the
relationships of hc versus cross-link density are completely
distinct for Ca2+ ions and water molecules. For Ca2+ ionic
cross-linking, there is also a positive proportional relationship
between hc and cross-link density, which should originate from
the interlayer cross-linking ability of Ca2+ ions between
cellulose molecular chains. However, the nanochannel width
in nanocelluloses regulated by water molecules is very limited.
When the cross-link density of water molecules is larger than
the critical value (4 nm−2), the change of hc is negligible.
The mechanism of the critical value is explained in detail in

Figure S4. The swelling of nanocellulose is not considered in
our study, since the number density of water molecules is small
in both experiments and our simulations.12 Thus, wider
nanochannels in nanocellulose can be achieved with an
increase in the number density of Ca2+ ions. It should be
noted that excessive cross-link density is disadvantageous. On
one hand, the increasing interlayer spacing will weaken the
densified arrangement of CNCs and induce more defects on
interfaces, thus reducing the mechanical strength of nano-
cellulose materials; on the other hand, the larger interlayer
spacing under higher cross-link density will significantly inhibit
the efficiency of ionic transport in nanochannels. By setting the
maximum interlayer spacing as 2 nm, we can predict that the
upper limit of the cross-link density is 28.317 nm−2 using eq
S14. Therefore, the moderate cross-linking density is

conducive to fully exerting the mechanical properties and ion
transport capacity of ionic conductors in practical applications.
Recent experiments demonstrated that mechanical pressing

can change the conductivity of cellulose-derived supra-
molecular frameworks,12,19 indicating that the nanochannels
in nanocellulose can be engineered via a mechanical
deformation. When the interlayer spacing was expanded from
3.9 to 8.4 Å,12 the measured conductivity of a cellulose-based
conductor increases almost a hundred times. The strain
engineering of nanochannels had also been reported in two-
dimensional (2D) materials and nanodevices, which is an
important approach to achieve better performances through
regulating the interlayer spacing at the molecular scale. Next,
we revealed the effect of strain engineering of cellulose
nanochannels. Our simulations illustrated that Ca2+ ions can
further enlarge the nanochannels in nanocellulose when shear
strain is applied. As shown in Figure 3a, it is found that the

increase in Δh should contribute mainly to the aggregate
behavior of hydrated Ca2+ ions in the nanochannel. In general,
the electrostatic interactions between Ca2+ and water
molecules are stronger than the hydrogen bonds among
water molecules, thus inducing significant Ca2+ aggregation
through the bridging effects of water molecules during the
shear disturbance process. While as shown in Figure 3b the
cellulose nanochannel cross-linked by water molecules exhibits
a diverse tendency, since water molecules are captured by the
−OH groups on the (010) surface of nanocellulose. Here, ΔC
is defined as the displacement of mass center (DMC) of the
upper CNC in RVE. When the DMC is 10 nm, as shown in
Figure 3a−d, Δh of cellulose nanochannels cross-linked by
Ca2+ ions increases from 7.6 to 11.7 Å, and that in the cases of
water molecules decreases from 3.5 to 1.8 Å. To verify the
dependence of cross-link density on the interlayer spacing of
nanochannels in nanocellulose, large-scale MD simulations
were carried out considering different cross-link densities of
Ca2+ ions and water molecules. Figure 3c indicates that a
higher cross-link density of Ca2+ ions can result in more

Figure 3. Strain engineering of cellulose nanochannels under shear.
(a) Snapshots highlighting the increase of ion-coordinated nano-
channels after shear. (b) Snapshots highlighting the reduction of
water-mediated nanochannels after shear. In (a) and (b), atoms in
CNCs are colored in gray, and Ca2+ ions and water molecules are
colored in green and red, respectively. (c, d) Channel spacing as a
function of the shear displacement for cases of ion-coordinated (c)
and water-mediated (d) nanochannels, respectively.
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effective expansion of cellulose nanochannels. As expected, as
shown in Figure 3d, the interlayer spacing of the cellulose
nanochannel is suppressed by the high number density of
intercalated water molecules.
To obtain a thorough understanding of the effect of

interlayer spacing on different ion transports, we then collected
simulation data to plot the diagram of the strain engineering of
Ca2+-intercalated cellulose nanochannels. As demonstrated in
Figure 4, the phase diagram in the plane of cross-link density

versus interlayer spacing can guide us to design nanochannels
in cellulose-based conductors. Here, Ca2+ ions are used for the
interlayer intercalation to open up the cellulose nanochannel.
Under a specific cross-link density of Ca2+ ions, the interlayer
spacing of cellulose nanochannels before and after strain
engineering can be measured in MD simulations. The fitting in

Figure S5 indicates that there is an approximate linear
relationship between the interlayer spacing and cross-link
density. The red and blue lines in Figure 4 give the upper and
lower limits of interlayer spacing of Ca2+-intercalated cellulose
nanochannels regulated by strain engineering, respectively. In
previous experiments, monovalent ions such as Na+ and Li+ are
usually used as conducting mediums in cellulose-based
conductors. While the ability of ion transport in nanochannels
depends on the hydration radius of corresponding ion,39

instead of the radius of ion itself. For example, for the same
Cu2+-coordinated cellulose nanochannels, Na+ exhibits a larger
conductivity than Li+ due to the smaller hydration radius of
Na+. Under the nanoconfinements, the nanochannels with a
slightly larger width will enhance the ion transport and increase
the conductivity. In recent experiments, a cellulose conductor
can achieve superior Li+ ionic conductivity when the Cu2+-
intercalated nanochannels expand from 3.9 to8.7 Å.12 Thus,
strain engineering of nanochannels can help to regulate the ion
transport and related conductivity by improving the interlayer
spacing.
As shown in Figure 4, the locations of different conductive

ions are determined by their hydration radius. For a given type
of conductive ion, the minimal cross-link density of Ca2+ ions
in the cellulose nanochannel can be estimated by the location
of corresponding ionic hydration radius at the line of the upper
limit. In general, monovalent ions are usually used as
conductive ions in cellulose nanochannels. Compared to
monovalent ions, bivalent and trivalent ions are hard to
transport through cellulose nanochannels due to their strong
interactions with hydroxyl groups on the CNC (010)
surface.12,13 Monovalent cations with minimal and maximal
hydration radii are Ag+ and Li+, respectively. For the case of
Ag+ as conductive ions, the minimal cross-link density of Ca2+
ions in the cellulose nanochannel should be ∼1.2 nm−2 before
the strain engineering. Similarly, for Li+, the minimal cross-link
density of Ca2+ ions in the cellulose nanochannel is 5.23 nm−2.

Figure 4. Phase diagram in the plane of cross-link density versus
interlayer spacing for the strain engineering of ion-coordinated
cellulose nanochannels. The red and blue lines denote the lower and
upper limits of channel spacing for different ionic cellulose
nanochannels during the shear deformation. The horizontal dashed
lines give the smallest cross-link densities in cellulose nanochannels
that allow the transport of Ag+ and Li+, respectively.

Figure 5. Ionic transport behavior of cellulose nanochannel. (a−c) Representative nephograms of channel spacing in the plane of cross-link density
versus tensile strain of RVE with different lengths: (a) 50 nm, (b) 200 nm, and (c) 500 nm, respectively. The dashed curves plot the hydration
radius of monovalent ions (Ag+ and Li+). (d) Simulation model of Li+ transport in a cellulose nanochannel driven by an electric field. (e) Current as
a function of the channel spacing of cellulose nanochannels for Li+ transport. The simulated data are fitted by eq 3.
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To further shed light on the strain engineering of Ca2+-
intercalated cellulose nanochannels, the size effect of RVE
models was considered because the interlayer shear strain
distribution is not uniform. In general, there is a competition
between the interlayer shear deformation and platelet inelastic
deformation.40,41 Interfacial shear stress in the overlapping
zone of the RVE model is transferred from the tension of
upper CNCs, which can be understood by the well-known
shear-lag model.38,42,43 The governing equations of the RVE
model in Figure 1 can be written as
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where u1 and u2 are the displacement of the top layer and
bottom layer, respectively, x is the position coordinates, D is
the stiffness of a single layer, G is the shear modulus, and hc is
the distance between two layers. The displacement boundary
conditions of the RVE model are given as u1(l) = Δ and

= = =u u u l(0) (0) ( ) 01 2 2 , where Δ is the right end tensile
displacement of the top layer. We thus obtained the DMC as

=
+
l

l l l( , )( ( , ) coth( ( , ))) (2)

where ω is the cross-link density of intercalated ionic media, ε
is the tensile strain, l is the overlapping length of two adjacent
CNCs in the RVE model, and φ(ω, l) is a dimensionless
parameter, defined as =l l G Dh( , ) ( )/ ( ))c , represent-
ing the relative overlapping length. The details of the
derivation of δ̅ are shown in the Supporting Information.
Based on the obtained δ̅, the interlayer spacing (Δh) of Ca2+-
intercalated cellulose nanochannels can be measured from MD
simulations.
Figure 5a−c depicts representative nephograms of interlayer

spacing in the plane of cross-link density versus the tensile
strain of RVE models with overlapping lengths of 50, 200, and
500 nm, respectively. In those nephograms, the contour lines
of Ag+ and Li+ are plotted to give the boundaries of
monovalent ion transport in the Ca2+-intercalated cellulose
nanochannels. For RVE models with a small overlapping
length, the interlayer spacing of cellulose nanochannels can be
effectively regulated by changing the cross-link density of
intercalated Ca2+ ions and tensile strain. With an increase in
overlapping length, the effect of strain engineering on the
interlayer spacing is diminished, which is consistent with the
relationship between dimensionless DMC and overlapping
length (Figure S6). Essentially, when the overlapping length is
long, the upper layer trends to change from global slipping to
local deformation during the tensile process, while the
interlayer spacing is mainly controlled by the cross-link
density. The effect of strain engineering is thus limited by
the nonuniform interlayer shear,28,44−46 which has also been
reported in other layered 2D materials (e.g., graphene oxide,
MoS2). Therefore, controlling the overlapping length is an
effective method to adjust the sensitivity of strain engineering
for cellulose-based conductors.
Finally, we show how interlayer spacing affects the current in

cellulose nanochannels. In Figure 5d, the model is a cellulose
nanochannel filled by water molecules and Li+ ions. In our

simulations, an electric field of 0.05 V/Å was applied along the
length direction of the nanochannel, and the interlayer spacing
was changed from 4 to 14 Å. Previous studies showed fast ion
transport in the cellulose nanochannels by combining with the
oxygen atoms in the −OH groups of cellulose and hopping
from one to another in a low energy barrier when an electric
field is applied.12,48 For cellulose nanochannels with an
interlayer spacing smaller than 2 nm, the ions can hop by
combining with oxygen atoms in −OH groups of both sides,
which greatly reduces the migration energy barrier. But for
cellulose nanochannels whose interlayer spacing is larger than
2 nm, the distance of the −OH groups in both sides is too
large for hopping and only −OH groups in one side can be
provided for hopping, which leads to a high migration energy
barrier. Indeed, a recent study by Li et al. showed that
removing the large pores/channels (∼10 μm) by compression
can almost double the conductivity of a cellulose-based
conductor.19 Li et al. also showed similar results that pressing
a cellulose-based conductor can reduce the channel diameter
from 20 to 2 nm and greatly improve the conductivity.47 This
size effect was also demonstrated theoretically by Garg et al.
with MD simulations.48 Therefore, here, we are mainly
concerned with the cellulose nanochannels with a width of
∼1 nm for fast ion transport.
The primary data between current and time are shown in

Figure S7 and the current after stabilization is summarized in
Figure 5e. It shows that the simulated relationship between the
current and interlayer spacing can be approximately fitted by
the Hagen−Poiseuille equation, which can be expressed as

=Q
d

L
P d
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4
4

(3)

where Q is the volume flow rate, d is the interlayer spacing of
nanochannel, μ is the viscosity of the fluid, ΔP is the pressure
difference (or voltage difference) between the two ends of the
channel, and L is the length of the channel. As shown in Figure
5e, when the interlayer spacing is smaller than 7.0 Å, the
simulated current of Li+ ions is almost zero due to the steric
hindrance effect of the cellulose nanochannels. While when the
interlayer spacing is larger than 7.0 Å, the simulated current of
Li+ ions increases significantly. Based on the simulation results
in Figures 3 and 4, strain engineering can realize the size
regulation of cellulose nanochannels with angstrom precision.
In recent experiments, the conductivity of a Cu2+-coordinated
cellulose conductor can increase as much as several hundred
times through expanding the nanochannel width from 3.9 to
8.4 Å. The increase in corresponding current is estimated to be
from 2.69 × 10−9 to 0.01 μA. In our MD simulations of Ca2+-
intercalated cellulose nanochannels (Figure 3c), strain
engineering can change the interlayer spacing from 7.8 to 12
Å when the cross-link density is 9 nm−2, and thus the simulated
current can reach a 0.1 μA level. Therefore, strain engineering
should be a promising method to regulate interlayer spacing of
nanochannels in cellulose-based conductors, realizing fast ion
transport and current regulation. We are delighted to note that
recent experimental studies have realized the regulation of
cellulose nanochannels and achieved satisfactory results of fast
ion transport.12,19 As a new concept of cellulose-based
conductors, it can be expected that more efforts in future
studies will be devoted to improve the precise control of
cellulose nanochannels.
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In summary, based on the calculations of binding energy and
bond length, a calcium ion was identified as the optimal ionic
cross-link for regulating interlayer spacing of cellulose
nanochannels effectively. Our theoretical simulations provide
insights into the interlayer spacing limits for the transport of
various cations. To clarify the size effect of the RVE, we
employed the shear-lag model to explore the regulation of
interlayer spacing under tensile strain. We demonstrated that
controlling the overlapping length is an effective way to
regulate the sensitivity of strain engineering for cellulose-based
conductors. Consequently, the transport of Li+ ions through
the cellulose nanochannel was investigated and the application
of tensile strain was anticipated to enhance the current of the
cellulose-based conductor to the 0.1 μA level.
An effective approach to regulating the interlayer spacing

holds the potential to enhance the performance of cellulose-
based conductors. Through our multiscale modeling and
theoretical analyses, the strain engineering method was
proposed to regulate the interlayer spacing precisely. This
method should serve as a valuable guide for the design of
cellulose-based conductors with superior conductivity and
governable current.
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