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Interface effects from moisture in nanocomposites
of 2D graphene oxide in cellulose nanofiber (CNF)
matrix — A molecular dynamics studyt

Hanieh Mianehrow, (2 Lars A. Berglund (2 and Jakob Wohlert (2*

Molecular dynamics (MD) simulation is used to study effects from moisture at cellulose nanofibril (CNF)-
graphene oxide (GO) interfaces adhering in the wet state. Two CNF models with different surface
chemistry are used: native cellulose nanofibrils (NCNF) and TEMPO-oxidized cellulose nanofibrils
(TOCNF). Work of adhesion and interfacial shear strength at the CNF-GO interface is compared with
CNF-graphene interfaces to interpret interaction mechanisms. Any trapped interfacial water reduces
adhesion strongly. Results show, however, that there is a meta-stable state where water is initially
present at the CNF-GO interface but disappears with time to form a dry interface. Once a solvent-
excluded interface is formed between CNF and GO, the surface oxidation has little effect on molecular
adhesion. We propose that the main adhesion mechanism is entropy gain from release of water
molecules as CNF and GO jump into contact when brought close together. Hydrogen bonding does not
govern the work of adhesion between CNF and GO, but plays an important role for interfacial shear

rsc.li/materials-a strength.

Introduction

Polymers are strongly reinforced by well-dispersed 2D nano-
platelets oriented in-plane. Young's modulus and tensile
strength can reach high values for such nanocomposites,
especially for strong, high aspect ratio nanoplatelets.® Gra-
phene,>* graphene oxide,* clay,” molybdenum disulfide® and
boron nitride’ are examples of 2D reinforcements which,
besides mechanical properties, also can provide good gas
barrier properties, fire retardancy, electrical properties and
thermal conductivity.

Many nanoplatelets have a thickness of only approx. 1 nm, so
the specific surface area and the cross-sectional interface
density (number of interfaces per unit thickness) in nano-
composites can be very high. The nanoplatelet/matrix interfa-
cial interactions are thus critical during formation of the
nanostructure, but they also offer tremendous opportunities for
if molecular adhesion
mechanisms® can be controlled. Here, we are using molecular
dynamics (MD) to simulate interfacial interactions (work of
adhesion, interfacial shear strength) in cellulose-graphene
oxide and graphene nanocomposites and investigate mecha-
nisms for moisture effects. Results can guide processing efforts
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for high volume fraction nanocomposites® and may inspire new
drying procedures but also ideas for chemical surface modifi-
cation of the nanoparticles. The interface is critical for the
strength/toughness balance in 2D nanocomposites,’® and
simply needs to be better understood.

Cellulose nanofibrils (CNF)>** constitute the matrix phase in
the present nanocomposite models. Experimentally, after
vacuum filtration and drying, CNF hydrocolloids can form
almost non-porous high-strength films with flexible CNF fibrils
(approx. 4 nm by 1 um) in swirled, densely packed structures.*
Most likely, large capillary forces™ are responsible for film
formation during drying, and fibrils are plastically deformed*
so that nanoscale porosity is reduced. The first 2D nanoplatelet
composites with CNF matrix were prepared in our lab*>* simply
by mixing two hydrocolloids (one with CNF and one with
nanoplatelets) followed by vacuum filtration. CNF offers
considerable advantages in the development of more sustain-
able nanomaterials. In addition, polymer matrix nano-
composites based only on physically interacting nano-objects
can be readily functionalized and possibly recycled.

Graphene oxide, the oxidized derivative of graphene, can
have a Young's modulus of around 250 GPa."” The oxidation
introduces different functionalities such as hydroxyl, epoxy and
carboxyl groups,'®* which facilitates GO dispersion in water
and reduces the aggregation problems observed for graphene.

The properties of both CNF-based®** and GO-based*>®
nanomaterials are influenced by moisture. Barthelat and
colleagues showed that GO membranes can be given complex
shapes in the wet state by the use of 25% of cellulosic slurries of
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fibres 50-2600 pm in length.”” 3D printing of CNF inks is a real
possibility,”® where it should be possible to include 2D nano-
sheets. For CNF-GO nanocomposites, there are not so many
previous studies,” > whereas graphene or reduced GO have been
used more frequently*>**® when high electrical conductivity is
desirable. (A table comparing mechanical properties reported in
the literature is presented in ref. 29). We have recently investi-
gated the mechanical behaviour of CNF-GO nanocomposites,*”
and carefully characterized the nanostructure using wide angle X-
ray scattering (WAXS) and small angle X-ray scattering (SAXS)
techniques. The gas barrier properties were influenced by mois-
turizing-drying cycles, where interfacial interactions seemed to
improve by moisture cycling, although in general, aspects of
molecular adhesion effects are poorly understood.

There are some interesting previous molecular scale investi-
gations of the cellulose-GO interface. As a background, one may
note that moisture at cellulose-cellulose interfaces increases
ductility in films from nanocellulose rods*” and that also GO-GO
interaction is influenced by moisture.*® The cellulose-GO inter-
faces are, however, specific and need careful investigation. Rah-
man et al.* investigated a model graphene-amorphous cellulose
composite and identified basic parameters of importance for
mechanical behaviour. Mao et al.*® simulated XRD spectra in GO-
cellulose nanocrystal composites, and interpreted mechanisms
for changes in the (200) lattice parameters from interactions with
GO. Alqus et al.** performed MD simulations of native cellulose
and graphene in water. They found a stable, “solvent-excluded”
(no water) interface between graphene and the “hydrophobic”
cellulose face in water. Zhu et al* investigated GO-TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical)}-mediated oxidized
CNF systems with small GO sheets and large CNF “fibres”, with
focus on the material system rather than on interfacial adhesion
details. The most relevant previous study to the present work was
by Tsukruk and colleagues,” who combined experiments and
MD simulations to investigate the assembly of GO and oxidized
TEMPO-CNF in water. Focus was on effects from GO oxidation
degree and formation of the nanoobjects, although the role of
water was not analysed in detail. Simulations showed the
importance of, in particular, the van der Waals interactions
across the interface.

Here, molecular adhesion is investigated at CNF/GO,
TEMPO-CNF/GO and graphene interfaces in the presence of
water. The objectives are to quantify work of adhesion and
interfacial shear strength, describe interaction mechanisms
and clarify the role of water for materials design purposes. In
the lowest energy state (equilibrium), there is no water present
at the interfaces, but if water becomes kinetically trapped (e.g.,
during drying) it substantially reduces adhesion. In either case,
the net effect from hydrogen bonding is negligible. The poten-
tial of interface tailoring of nanocomposites at molecular scale
is apparent from the present results.

Methods

Model development and molecular dynamics simulations

A graphene model was constructed from 1472 carbon atoms in
a hexagonal lattice with lateral size 7 nm x 6 nm. Carbon atoms

This journal is © The Royal Society of Chemistry 2022
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on the edges of the sheet were covalently bonded to the opposite
side of the sheet over the periodic box boundary, which makes
the graphene sheet infinitely large. The graphene was further
randomly functionalized on both sides by adding hydroxyl and
epoxy groups to make GO. The total epoxy to hydroxyl ratio was
25% to resemble common GO made by Hummer's method.**

The native cellulose nanofibril (NCNF) model was constructed
from 18 glucan chains, each with 8 glucose units, arranged in
a hexagonal cross-section, which currently is the most accepted
model*™** (Fig. 1c and d). This NCNF model is a result of cellulose
biosynthesis arguments,**** with support from SAXS data.>’. In
the TEMPO-oxidized cellulose nanofibril (TOCNF), every other
glucose unit in the surface chains was substituted for a glucur-
onic acid unit to represent highly oxidized TOCNF. Carboxyl
groups were arranged such that they were all exposed to the
outside of the crystal. Chains in the centre of the TOCNF crystal
remained chemically identical to NCNF (Fig. 1e and f).

Two “nanocomposite” systems of NCNF-GO and TOCNF-GO
were built by placing the CNFs in close proximity of the GO, with
the crystallographic (2 0 0) plane of the CNFs exposed to the GO
(Fig. 1g). Simulations in which the (1 1 0) plane was exposed to
the GO were also performed. However, during equilibration the
CNF spontaneously rotated to expose its (2 0 0) plane to the GO,
indicating that this is the most stable configuration in line with
what was reported by Alqus et al.** Finally, Na" counter ions
were added to the TOCNF-GO system to neutralize the negative
charge. Systems with graphene were built in a similar manner.

MD simulations were performed using GROMACS 2019.4 (ref.
52) with a basic time step of 1 fs. The non-bonded interactions
used a cut-off distance of 1.2 nm and long-range electrostatic
interactions were employed using PME.>*** Bonds were kept rigid
at their equilibrium lengths using P-LINCS.*® The pressure was
maintained at 1 atm using Parrinello-Rahman barostat®® with
semi-isotropic coupling and temperature was maintained at 298
K using a Nosé-Hoover thermostat.”””* GLYCAMO06 (ref. 59)
parameters were used for the carbohydrates, combined with
GAFF® for graphene/GO, and the TIP3P** water model. Parame-
ters for the Na" ions were taken from ref. 62.

Since the purpose of the study is to investigate the effect of
moisture at the CNF-GO interface, MD simulations of the CNF-
GO systems were performed both in a box filled with water, and
in vacuum. For the CNF-GO nanocomposites immersed in
water, the CNF and GO were positioned close to each other, see
Fig. 1g, but each particle was completely surrounded by liquid
water. Each system was equilibrated for 10 ns. To study the
effect of drying history, the dry nanocomposites in vacuum were
equilibrated, wetted in water and equilibrated for an additional
period of 10 ns. This condition is termed “dry-wetted”. The
VMD package was used to visualize simulated nanocomposite
systems.® All systems were energy-minimized using steepest
descents prior to simulations.

Potential of mean force calculations for work of adhesion

The potential of mean force (PMF) between the CNF and the GO
in different environments was calculated to investigate molec-
ular adhesion and estimate work of adhesion W, Umbrella
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Fig.1 Infinite Graphene Oxide (GO) sheet model (7 nm x 6 nm) with 336 carbon rings (a) with hydroxyl and epoxy groups on its surface (epoxy/
hydroxyl = 0.25) (b). Finite native cellulose crystal (NCNF) model consisting of 18 chains, each with 8 glucose unites (5 nm in length) (c). Chemical
structure of one native cellulose chain is shown in (d). Finite TEMPO-oxidized cellulose crystal (TOCNF) model, in which internal chains are intact
but surface chains are oxidized; every other glucose unit is substituted with glucuronic acid unit. (e). Chemical structure of one oxidized chain is
shown in (f). Cross-section of CNF-GO system and pulling direction for potential of mean force and work of adhesion (W,) calculations (g) and
side view (perpendicular to cross-section) of CNF-GO system and during interfacial shear loading of the interface to estimate interfacial shear

strength (h).

sampling was used, where the umbrella simulations used the
centre-of-mass distance between the CNF and the GO as reac-
tion coordinate. 101 intermediate states in 0.5 A intervals were
used for umbrella simulations in the CNF-GO systems. These

2124 | J Mater. Chem. A, 2022, 10, 2122-2132

states were prepared by starting from each equilibrated struc-
ture and then pull the CNF-GO complex apart by varying the
reference centre-of-mass distance continuously during 50 ns of
MD. Here, positional restraints were applied on the CNF and

This journal is © The Royal Society of Chemistry 2022
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a spring constant of 10 000 k] mol ' nm ™" was used. For the
umbrella sampling, each state was simulated for 1 ns and
a harmonic restraining potential acting on the centre-of-mass
distance between the CNF and the GO was employed with
a force constant of 50 000 k] mol " nm . No additional posi-
tional restraints were applied during the umbrella sampling
simulations. Weighted histogram analysis (WHAM)* was used
to construct the full PMF for each system. This gives the free
energy of separation between the CNF and the GO and can be
converted into work of adhesion by normalizing the results over
the initial contact area. The contact area was calculated based
on the projected area of the CNF on the GO/graphene (see
Fig. S11), which may be conservative, since the real area of
molecular contact may be smaller than this. The error bar for
each point in PMF was estimated using bootstrapping.®

Interfacial shear strength calculations for shear slippage
between CNF and GO

Interfacial shear strength between reinforcement and
surrounding matrix is a key property for composites and is
critical for reinforcement pull-out mechanisms during failure,

NCNF-GO

10 ns in water

100 ns in water

10 ns in vacuum

Vacuum +
10 ns in water

View Article Online
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which influence tensile strength and fracture toughness.®
Shear slippage between the GO or graphene platelet and the
CNF matrix was induced using constant force loading. The force
was applied to the CNF centre-of-mass in the longitudinal CNF
direction (Fig. 1h), so that shear is induced at the interface.
Depending on the system, the force was varied in steps of 10—
100 k] mol ! nm ™' until slippage occurred within a 10 ns
simulation. Positional restraints were applied on the GO/
graphene. Interfacial shear strength was determined as the
minimum force required to slide the CNF on the GO or gra-
phene, divided by the initial contact area.

Results and discussion

CNF and GO interface interactions were investigated in
different environments to support interpretation of moisture
effects on global mechanical behaviour of CNF/GO nano-
composites. Native NCNF-GO and oxidized TOCNF-GO were
simulated immersed in water, in the dry vacuum state and also
in dry-wetted state where the dry nanocomposites in vacuum
were subsequently exposed to water (see Methods).

TOCNF-GO

Fig.2 NCNF-GO and TOCNF-GO systems after 10 ns adsorption time in water (a and b), 100 ns adsorption time in water (c and d). (e and f)
Show results for the case of no water, after 10 ns in dry vacuum state. (g and h) Show results after 10 ns dry in vacuum + 10 ns in water (dry +

wetted). Zoomed-in interfaces are shown separately for each case.

This journal is © The Royal Society of Chemistry 2022
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The CNF-GO interface

Fig. 2a and b show the final configurations after 10 ns uncon-
strained simulation in water. Spontaneous adsorption of both
types of CNF to the GO is observed, where they jumped into
contact. In both cases, however, water is present at the CNF-GO
interface. Note that there is more water at the TOCNF-GO
interface due to the Na' ions surrounding TOCNF in water.
Zonghui et al.® reported that the presence of monovalent
counter-ions physically increases the distance between two
adjacent cellulose crystals and hence decreases the molecular
adhesion between them. Here we observe a similar effect from
Na' counter-ions in TOCNF-GO system, but the question is
whether the water layer at the interface would disappear after
longer simulation times?

Fig. 2c and d show the configurations after 100 ns simulation
in water. Now the water layer has disappeared for NCNF-GO,
while it remains at the TOCNF-GO interface even after 100 ns.
In Fig. 2e and f, both systems are simulated in vacuum for 10 ns,
with no water present. The CNF quickly adheres to the GO, and

o

Work of adhesion

220 4

Potential of Mean Force (mJ/m2)

T
1.0 15 20 25 3.0

Separation distance (nm)
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since there is no water, the CNF and GO can immediately form
a tight interface with molecular/atomic contact (Fig. 2e and f).
Note from the images that the CNF deforms strongly as it
adheres to GO due to the strong adhesion forces. Finally, the dry
nanocomposites in vacuum were wetted (Fig. 2g and h). These
dry-wetted nanocomposites largely retain the tight interfaces
formed in the dry state, even after longer (100 ns) times, and
only a few water molecules are observed at the interface between
the CNF and the GO.

These simulations show that water may become kinetically
trapped at the interface between CNF and GO. This is expected
to influence mechanical properties. For native NCNF immersed
in water, water leaves spontaneously, forming a dry NCNF/GO
interface. This case of “solvent-excluded contact” then repre-
sents the global equilibrium and the kinetically trapped water
condition is temporary. For TOCNF however, simulation results
are not conclusive about which state is lower in energy: with or
without water at the interface. Therefore, the work of adhesion
between CNF and GO is further investigated in the following

c. ——NCNF-GO (10 ns in water) d. ——TOCNF-GO (10 ns in water) e. TOCNF-Graphene (10 ns in water)
10 - ——NCNF-GO (100 ns in water) 109 | ——TOCNF-GO (100 ns in water) 10 3 —— NCNF-Graphene (10 ns in water]
-~ ~—— NCNF-GO (dry/vacuum + 10 ns wetted) & —— TOCNF-GO (dry/vacuum +10 ns wetted) Ng
£ £ £
£ £ 5
g 0 E 04 E 01 -
h i &
§ 01 § 01 § 01
= Work of adhesion = 2
5 5 2
S 204 S 20 g 20
= [ [}
2 2 2
e e a
-30 — T T , -30 T : . g -30 T T r .
1.0 15 2.0 25 3.0 1.0 15 20 25 3.0 1.0 15 20 25 30
Separation distance (nm) Separation distance (nm) Separation distance (nm)
f. ——NCNF-GO (10 ns in water) g —— TOCNF-GO (10 ns in water) h. TOCNF-Graphene (10 ns in water)
200 =NCNF-GO (100 ns in water) 200 ~—— TOCNF-GO (100 ns in water) 200+ —— NCNF-Graphene (10 ns in water)
~—— NCNF-GO (dry/vacuum +10 ns wetted) —— TOCNF-GO (dry/vacuum +10 ns wetted
150 150 - 150 4
g R =
=3 = <
@ 100 @ 1004 5 1004
g I 2
» » @ /
50 50 50
0 0 0 \//\—‘\_*___
0.0 05 1.0 15 0.0 05 1.0 1.5 0.0 0:5 1:0 1i5

Displacement (nm)

Displacement (nm)

Displacement (nm)

Fig. 3 An example of potential of mean force (PMF) graph normalized by contact area for NCNF-GO (a) and corresponding trajectories at
different stages of separation (b), PMF graphs for NCNF-GO (c), TOCNF-GO (d) and NCNF/TOCNF-graphene (e) in different states. Stress versus
displacement graphs for NCNF-GO (f), TOCNF-GO (g) and NCNF/TOCNF-graphene (h) in different states.
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section. As expected, there is no water inside the CNFs and
moisture effects are dominated by interparticle interface effects.

Interfacial adhesion

Fig. 3 shows potential of mean force (PMF) versus separation
distance between CNF and GO, measured perpendicular to the
interface. The reference level is selected as the fully separated
state, where there is no interaction between the CNF and GO,
since this state is the same across the different simulations.
Here, the value of the PMF is zero. In this representation, the
PMF is the free energy per unit contact area gained by moving
the CNF and GO to a separation distance z, relative to the non-
interacting state. The work of adhesion, W, thus is the lowest
PMF value, which is obtained at contact but with the opposite
sign (Fig. 3a). The use of umbrella sampling presupposes (local)
equilibrium conditions. This facilitates the thermodynamic
analysis and is actually necessary to estimate W,, since it is an
equilibrium property by definition. CNF-GO trajectories at
different separation distances are shown in Fig. 3b.

Fig. 3 also shows the effect of water at the CNF-GO interface.
The W, for NCNF-GO after 10 ns in water is much lower than for
NCNF-GO after 100 ns in water (Fig. 3c). After 10 ns, there is still
water at the interface, but this has disappeared after 100 ns.
Interestingly, the dry-wetted interface gives similar W, as for
the 100 ns NCNF-GO case for simulation in water. This
supports the previous observation that water does not penetrate
into the interface during soaking of a dry interface in water. We
can now draw conclusions about water in the TOCNF-GO
nanocomposite interfaces: a similar W, trend is observed for
TOCNF-GO in Fig. 3d as for the previous NCNF-GO. The W, is
higher for TOCNF-GO after 100 ns in water than after 10 ns in
water, since water is leaving the interface after a longer equili-
bration time, compare Fig. 2b and d. The dry-wetted interface
even gives the highest W, in this case. The reason is that for
TOCNF-GO, some water remains at the interface even after 100
ns (Fig. 2d). W, data for each system is reported in Table 1. A
similar behaviour was recently shown in MD simulations of
interacting NCNFs in water.®®

The difference between the W, of dry-wetted TOCNF-GO
and TOCNF-GO after 100 ns in water, suggests an influence of
the drying history. It indicates that the hydrated interface is

View Article Online
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a meta-stable state and that the hydration/dehydration process
is kinetically controlled and the stable state is essentially a dry
TOCNF-GO interface. In essence, this is analogous to the
concept of cellulose fibril co-crystallization (hornification),
which is the term used for the strong aggregation of native
cellulose fibrils when dried from wet state.®"*

In an attempt to quantify interfacial interactions in dry/
vacuum state, we observed very high adhesion forces between
CNF and GO. For this case, the CNF does not detach completely
from GO during the separation simulations and the PMF graph
does not level off (Fig. S31). The interfacial adhesion forces are
so strong that if no positional constraints are used for CNF, the
CNF itself is failing during separation simulations. This is
visualized in Fig. S41 and the W, in dry/vacuum state is there-
fore reported as =120 in Table 1.

To investigate the significance of GO surface oxidation for
CNF-GO, simulations of NCNF-graphene and TOCNF-gra-
phene were performed in water and the corresponding W, were
calculated. Fig. 3e compares the PMF curves for NCNF-gra-
phene and TOCNF-graphene. Here, 10 ns of simulation was
enough to achieve a completely solvent-excluded, dry interface
between the CNF and the graphene (no interfacial water,
Fig. S2t). Interestingly, the meta-stable state (hydrated inter-
face) is observed as a small dent at around 1.7 nm separation,
which corresponds to one hydration layer between CNF and
graphene. For the case of graphene, this state is relatively short-
lived. Both NCNF-graphene and TOCNF-graphene exhibit
similar behaviour, although TOCNF-graphene has lower W,,
again possibly due to the presence of Na* counter ions.

In the Fig. 3f-h, the same data is replotted as stress vs.
displacement for pedagogical purpose. The slope of the PMF
curve is simply translated into “stress”, although this is most
often a macroscopic parameter. The specific procedure (see
Methods) may influence the shape of the curve and is intro-
ducing uncertainties in this respect. The area under the stress—
displacement curve is, however, of high accuracy. Here, the
displacement is measured from the point where the stress
changes sign, which is the equilibrium separation distance. The
maximum value in these curves is the interfacial adhesion
strength. This data is also reported in Table 1 for each case.
Note that these stress levels for molecular adhesion are

Table 1 Number of hydrogen bonds between CNF and GO, Potential Mean Force (PMF), work of adhesion and longitudinal interfacial shear
strength for different systems at different hydration states. The data are reported for 10 ns equilibrated interfaces

Number of CNF-GO Potential of mean Work of adhesion Interfacial adhesion Interfacial shear

System State hydrogen bonds force (k] mol™")  (mJ m?) strength (MPa) strength (MPa)
NCNF-GO 10 ns in water 6 £2.0 114.0 £ 0.5 10.5 + 1.8 36.04 £ 1.5 55.3 £ 1.8
100 ns in water 11 + 4.0 235.5 + 3.0 28.3 £1.8 186.3 £ 4.5 —
10 ns dry/vacuum 31+5.0 =1650.0 =120 — —
Dry/vacuum + 10 ns wetted 17 £ 3.0 249.1 £ 4.4 27.6 £ 2.5 97.9 + 4.7 —
TOCNF-GO 10 ns in water 1+1.0 65.3 £ 0.4 7.7 £ 0.5 21.8+ 1.1 41.5 £ 1.3
100 ns in water 6 £2.0 129.2 £ 3.5 12.0 £ 1.2 31.7 £ 2.3 53.4+ 1.8
10 ns dry/vacuum 36 + 4.0 =1650.0 =120 — —
Dry/vacuum + 10 ns wetted 31 £ 2.0 242.7 £7.3 28.8 + 3.2 93.3 £ 4.6 —
NCNF-graphene 10 ns in water 0 307.8 £5.2 29.2 + 1.7 126.6 + 6.3 4.8+ 0.2
TOCNF-graphene 10 ns in water 0 184.5 £ 0.5 17.0 £ 1.0 71.6 £ 3.6 3.7+£0.1

This journal is © The Royal Society of Chemistry 2022
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expected to be higher than stresses measured in micro-
mechanical experiments involving cellulosic fibres, due to
factors such as contaminants or non-ideal molecular scale
contact. Fig. 3f shows that for NCNF-GO the strength is the
lowest when there is water present at the interface. Once the
interface becomes solvent-excluded (dry) the interfacial
strength increases drastically. It is interesting that the strength
is much higher for 100 ns adsorption in water than the dry-
wetted structure, although W, is the same for both. The reason
for similar W, is that lower strength interfaces carry higher
stress at larger displacements. A similar trend for moisture
effects is observed for TOCNF-GO where the wet interfaces both
show lower adhesion strength than the solvent-excluded inter-
face (Fig. 3g). This is consistent with results from a MD study on
acetylated CNF which shows that the lack of solvent-excluded
interface between acetylated CNFs reduces W, significantly.”
Importantly, with no water at the interface, both NCNF-GO and
TOCNF-GO exhibit similar work of adhesion (Table 1). In the
case of graphene, the strength is higher for NCNF-graphene
than TOCNF-graphene (Fig. 3h), possibly due to the presence of
counter ions in the latter case.

A general observation from Fig. 3c-h is that water is appar-
ently the main factor influencing curves of PMF versus separa-
tion distance and W,, despite the substantial interface
differences between these four systems, (NCNF-GO, TOCNF-
GO, NCNF-graphene, TOCNF-graphene). When there is no
water at the interface, the W, is similar in all cases, and for
NCNF-GO, TOCNF-GO and NCNF-graphene, they are the same.
Thus, in the following sections, various interaction mecha-
nisms are analysed.

Interaction mechanisms for work of adhesion

To analyse the adhesion, it is important to study the work of
adhesion between CNF and GO as calculated in the previous
section. It is defined by the difference in total excess Helmholtz’
free energy, AA", between the adsorbed and desorbed states.
Since AA®™ is an excess property, it is independent of concen-
tration effects from CNF or GO. Using the familiar relation A4 =
AE — TAS (where the superscript is dropped for convenience) it
is possible to analyse energetic (AE) and entropic (AS) contri-
butions to W, separately, and also to further decompose these
parts into contributions from specific interactions.

The typical explanation for interfacial adhesion in cellulose
materials is strong ability of cellulose surfaces to form hydrogen
bonds. It has indeed been suggested that hydrogen bonds
between CNF and GO are responsible for interfacial adhesion.*®
Considering that a typical bond energy for a hydrogen bond is
20 k] mol ;7 the W,'s obtained here for the dry-wetted systems
correspond to breaking one hydrogen bond per nm?, which is
quite reasonable. The summary in Table 1 shows correlation
between hydrogen bonds and work of adhesion, which seems
enough to conclude a strong effect from hydrogen bonds.
However, this conclusion is actually wrong. First of all, inter-
facial hydrogen bonds in wet systems can be readily replaced by
hydrogen bonds to water molecules, e.g., when CNF and GO are
separated. Indeed, the total number of hydrogen bonds in the
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Table 2 The number of hydrogen bonds, including water, for CNF-
GO and CNF-graphene systems in water before and after separation

Total H-bonds before Total H-bonds after

System separation separation
NCNF-GO 17 954 + 13 17964 + 7
TOCNF-GO 18458 + 8 18 515 + 10
NCNF-graphene 17748 £ 6 17745+ 7
TOCNF-graphene 17730 £ 6 17 690 + 6

NCNF-GO system before and after separation shows no signif-
icant difference (Table 2). Since work of adhesion is calculated
by comparing energy states before and after separation, this
means that the total contribution to work of adhesion from
forming and breaking hydrogen bonds is close to zero. Another
argument against hydrogen bond effects is that the W, between
CNF and graphene was quite substantial (29 mJ m~?, similar to
dry-wetted NCNF-GO), although graphene lacks surface func-
tionalization and cannot form any hydrogen bonds to the CNF.
Thus, it is apparent that hydrogen bonding cannot be the main
adhesion mechanism between NCNF and GO. This is consistent
with previous simulation studies that found that hydrogen
bonding is not the dominant interaction mechanism in poly-
mer-GO interfaces.”*””

The data for TOCNF-based systems are not conclusive, since
the presence of counter-ions affects hydrogen bond formation.

Let us then return to the free energy analysis based on AA®*.
To better understand the molecular mechanisms for strong
adhesion between CNF and GO, the internal energy contribu-
tion to W, was calculated from the difference in total potential
energy before and after separation. For NCNF it was AE = —10
mJ m~2, and for TOCNF it was AE = —390 mJ m 2. Since these
contributions are negative in both cases, these effects are
working against adhesion. The largest contribution to the
potential energy difference originates in the structural defor-
mation of the CNF as it becomes adsorbed to GO, see Fig. 2 (and
in-depth discussion in ESIY).

Since AE < 0, the dominating mechanism for the adhesion
must be of entropic origin. A water molecule close to a solid
attractive interface will have lower entropy than a water mole-
cule in the liquid bulk, since its translational and rotational
mobility is restricted. MD simulations of hydrated cellulose
surfaces show a free energy penalty of 2-4 k] mol " per water
molecule.”®”” From the liquid water number density one can
estimate the number of interfacial water molecules in the first
hydration layer to approx. 10 nm™ 2, which gives a contribution
of 66-133 mJ m 2. In reality it is higher since the water density
close to a hydrophilic surface typically is larger than in the pure
liquid.”®”” This conservative estimate is large enough to domi-
nate W, for the case of NCNF-GO, but it becomes too small to
explain adhesion for TOCNF-GO alone.

We propose that the adhesion of CNF to GO in the wet state
is dominated by a gain in free energy from the reduction of
interfacial water molecules upon CNF adsorption, which thus
explains why a partially hydrated interface becomes weaker
(Fig. 2 and Table 1).
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Such water-mediated entropic force is akin to the driving
force of hydrophobic assembly. The free energy of the system
AA® is decreased if water is removed from the interface, even
for hydrophilic substrates such as cellulose. This was previously
shown to be the dominating contribution to adhesion of
hydrophilic xyloglucan to cellulose.”

Interfacial shear strength

Interfacial shear strength between reinforcement and
surrounding matrix is a key property for composites and is
critical for reinforcement pull-out mechanisms during failure,
which influence tensile strength and fracture toughness.®
Interfacial shear strength between the CNF and the GO was
calculated from the minimum force required to initiate sliding
of CNF on the GO in longitudinal direction, Tmax = Fmin/4,
where A is the contact area. Thus, Fp,;,, is the static friction force.
A typical value for interfacial shear strength between plant
fibers and polymeric matrices from micromechanics tests is 2—
13 MPa.”®*® Interfacial shear strength values for GO-GO inter-
face is investigated theoretically in the literature®*®®** and is re-
ported to be 17-132 MPa depending on the surface chemistry of
GO and the relative humidity of the environment. Just as
experimental values can depend strongly on the loading rate,
the 7. calculated from MD simulations can depend on the
simulation time. Assuming that plastic shear deformation is an
activated process, the value obtained from MD simulations
represents an upper limit. For activated rate processes, slippage
would occur at a lower shear force if the material system is
loaded during longer time.
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The simulated interfacial shear strength t,,,, at onset of
sliding is higher for NCNF-GO than for TOCNF-GO (55.3 MPa
and 41.5 MPa respectively, Table 1). Fig. 4a and b shows profiles
of the sliding distance as a function of time for NCNF-GO and
TOCNF-GO. Note that the applied force is constant and higher
for NCNF-GO in Fig. 4b, since the interfacial strength is higher.
The NCNF-GO nanocomposite shows so-called stick-slip
behaviour during sliding,®** which is related to breakage and
formation of intermolecular bonds under shear forces (Fig. 4a).
This effect is very weak for TOCNF-GO, since there is more
water at this interface which facilitates sliding by lowering
interfacial friction (Fig. 4b). It is not easy to quantify the amount
of water at interface, since we deal with complex interfaces.
However, it is evident from Fig. 2a and b that after 10 ns
simulation in water, there is more water at TOCNF-GO interface
than in NCNF-GO. This screening effect from water at the
interface is also discussed by Zhang et al.®** In contrast to the
PMF and work of adhesion simulations discussed in the
previous section, the present interfacial shear simulations are
non-equilibrium processes so that energy is dissipated in the
sliding process.

In vacuum, the interfacial interactions are so strong that
both NCNF and TOCNF deform under shear forces rather than
sliding on the GO (Fig. 4c and d). This indicates that the CNF-
GO interaction energy is higher than the cohesive energy of the
CNF itself, and no shear strength can be estimated for this case.
Even after wetting of the dry structures in Fig. 4c and d, this
deformation behaviour of cellulose nanofibers is repeated for
both NCNF and TOCNF (Fig. 4e and f). The reason is that the

b.
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Fig. 4 Sliding profiles, sliding distance versus time, for NCNF-GO and TOCNF-GO after 10 ns in water (a and b). NCNF-GO and TOCNF-GO
under shear forces in vacuum (c and d) and after vacuum + 10 ns in water (e and f). The shear force is applied to the centre of mass of CNF end
groups. Note that the shear forces applied are different for NCNF-GO and TOCNF-GO due to differences in tmax.
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tight, strong interface formed between CNF and GO stays mostly
intact and only a few water molecules can penetrate into the
interface. This shows that the lubricating effect of water is
necessary for the CNF to slide on the GO, similar to what has
been reported for CNF-CNF interfaces.>”#>%¢

One interesting observation is that CNF-graphene interfaces
show one order of magnitude lower shear strength than CNF-GO,
although they show similar work of adhesion W,, see Table 1.
Both these graphene nanocomposites show very low values for
interfacial shear strength: NCNF-graphene (4.8 MPa), TOCNF-
graphene (3.7 MPa). One reason is the lack of hydrogen-bonding
across these interfaces. Hydrogen bonds are highly directional
and the OH groups are relatively free to change their orientation.
This means they can have a significant in-plane component in
contrast to dispersion forces. They can moreover break and
reform on sub-nanosecond timescales. The lack of directional
hydrogen bonds thus results in much lower static friction
between CNF and graphene and lower 7,,,,. One may note that
Zhang et al.*” also reported that higher work of adhesion at the
interface does not necessarily lead to higher static friction
between two surfaces and the present results for the role of water
clarify why this can be the case. Other contributions than
hydrogen bonds to increased energy barriers for shear sliding
may include increased nano-scale surface roughness.*”*

Moisture effects in real CNF-GO nanocomposites

In real nanocomposites, one would expect moisture to be
trapped at the CNF-GO interface after drying. For instance,
vacuum-assisted filtration, which is widely used for making
CNF-GO nanopaper,*?*3¢4>% g a relatively fast production
method with insufficient time for complete drying. If real
material interfaces showed as high microscale interfacial
strength properties as we observed for molecular adhesion in
the present study, stress-strain curves and fracture surfaces
would possibly show more brittle behaviour than observed in
experiments.” This suggests that real interfaces are likely
contaminated by trapped moisture, which decreases the total
work of adhesion, in line with what has been shown in the
present study. It has also been suggested that moisture sorption
can decrease stress transfer efficiency between cellulose nano-
crystals (CNC) and graphene.”

Yet, another possible effect from water in experiments is that
the ductility of the material is increased.*”**%¢ Global mechan-
ical properties of CNF-GO or CNF/graphene nanocomposites
are highly sensitive to the use of NCNF or oxidized TOCNF and
GO or graphene, although the present study shows that the
specific nanocellulose or GO/graphene used does not strongly
influence molecular adhesion properties at the interface.

There are many other 2D materials having largely hydrophilic
interfaces, including layered silicates, MXenes, etc., which are
used as the reinforcing phase in polymer nanocomposites. Due
to advantages of water-based processing these are often
combined with hydrophilic or even water-soluble polymers such
as poly (vinyl alcohol), a variety of polyelectrolytes or poly-
saccharides including cellulose derivatives. The results presented
here show that both adhesion and shear strength in such systems
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are likely to be highly influenced by the presence and location of
residual moisture. This suggests that factors such as dispersion
state, drying methods and defects dominate macroscale
mechanical behaviour of this class of 2D nanocomposites.

Conclusions

Nanocomposites based on CNF nanocellulose matrix and 2D
GO nanoplatelets have very large CNF/GO interface area. Since
mechanical properties from experiments are sensitive to mois-
ture, molecular adhesion effects are investigated for the CNF/
GO and CNF/graphene interfaces, using two different CNFs.
Somewhat surprising, the work of adhesion W, is similar for all
4 combinations when the interface is dry. Water molecules at
the interface gives a strong reduction in W, with water acting as
a contaminant affecting the molecular adhesion. Water can be
kinetically trapped from the initial water-soaked condition, and
therefore there is an effect of drying history on W,. Interestingly,
hydrogen bonding has no effect on the Wj. In fact, the energetic
(enthalpic) balance is working against adhesion where the
largest contribution originates in elastic deformation of the
CNF. Instead, the W, is controlled by the entropy gain in the
material system when water molecules are released from
entrapment in the interface region.

The interfacial shear strength 7. is also controlled by the
presence of moisture, and failure is by a stick-slip mechanism.
For dry interfaces, the strong molecular adhesion results in
excessively large CNF deformation without interface failure. In
contrast to the W, simulations in dry state, hydrogen bonding is
of critical importance in shear simulations due to their
favourable directional nature and their ability to break and re-
form on short timescales.

Mechanical properties from experiments on CNF nano-
cellulose reinforced by GO or graphene, are highly sensitive to the
specific CNF and GO reinforcement used. In contrast, the present
investigation shows no effect on W, from the type of nano-
cellulose or GO or graphene. This suggests that factors such as
dispersion state, drying methods (entrapped water at interface)
and imperfect interface contact may dominate macroscale
mechanical behaviour in CNF-GO and similar 2D nanomaterials.
Improved preparation methods for nanocomposites should
therefore be investigated further. We also note that “real” nano-
composites will have less water close to the interface than in the
present simulations. An important aspect of this investigation
though, using soaked conditions, is that the critical importance
of interfacial water and related mechanisms has been clarified.
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