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Abstract Microfibrillated cellulose (MFC)-SiO, nano-
papers were prepared using a rapid spray deposition tech-
nique. Large area (~310 cm?) composite nanopapers with
thickness and SiO, content varying from 16 to 92 pm and 0
to 33 %, respectively, were prepared in less than 30 min
with nearly complete nanoparticle retention in the cellulose
mat. In the presence of an excess of MFC, SiO, nanopar-
ticles formed large clusters embedded in a dense and
continuous cellulose matrix which conferred to the com-
posite an extremely low permeability to air, i.e., below
2 nm?. For silica mass fraction above 20 %, SiO, clusters
induced a net increase in air permeability and ionic con-
ductivity up to 12 nm? and 1.5 mS cm ™" for a SiO, content
of 33 %. Despite the addition of an inert phase, composite
nanopapers displayed mechanical properties, viz. Young’s
modulus and internal cohesion higher than 2.2 GPa and
913 J m 2, outperforming those of most conventional pa-
pers. This study demonstrates that MFC-SiO, nanopapers
fabricated by spray deposition can be an alternative to PE/
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PP membranes as separators in Li-ion batteries and, in
general, that spray deposition is a promising method for the
rapid fabrication of large area composite nanopapers.

Introduction

Recent progress in microfibrillated cellulose (MFC) pro-
duction led to a neat drop in energy consumption [1, 2], and
to the upscale of the MFC fabrication process from
laboratory grinders/microfluidizers to semi-industrial pilot
plants [3]. Even if a full commercial scale production of
MEFC has not been achieved yet, the availability of large
amounts of cellulose nanofibres promoted the development
of new materials using MFC as the main component and of
the associated production processes. Leaving aside ther-
moplastic polymer nanocomposites [4, 5], where MFC,
used as reinforcing phase, represents a small fraction of the
composite mass, today MFC is mostly used as a building
block in the elaboration of bulk or composite nanopaper for
both high strength/barrier packaging [6, 7], and ener-
gy/electronic applications [8, 9].

Several procedures, based on filtration dewatering of di-
luted MFC suspensions [10-12], have been proposed to
produce MFC nanopaper with excellent mechanical and
barrier properties. Nevertheless, an excessive sheet fabrica-
tion time, exceeding 60 min, represents a bottleneck for
process scale-up. Fairly recent works [13-15] demonstrated
that this limitation can be surpassed by processing high
consistency (i.e., 0.6-2 %) MFC suspensions and that single
component and composite nanopaper can be fabricated in
less than 10-15 min, thus paving the way to the upscale of
nanopaper production on continuous paper machines [16].

Owing to the outstanding mechanical properties of cel-
lulose nanofibers [17] and the progress in their production
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and processing as large area nanopaper sheets, MFC is
being considered for use in the fabrication of functional
nanopaper for electric/energy storage applications.

When blended with copper [18], graphite [19] or poly-
pyrrole [20] microparticles at weight fractions ranging
between 3 and 10 %, MFC generates a nanofibre network
surrounding the conducting particles which leads to the
formation of high conductivity and flexible composite
nanopapers. The use of electrochemically active materials
as functional phase, i.e., graphite [16, 19], or LiFePO, [21],
allows processing flexible electrodes for Li-ion batteries.
On the other hand, inert alumina microparticles [22] or
silica nanoparticles [23, 24], effectively prevent the dense
packing of cellulose nanofibers favouring the formation of
nanoporous papers with controlled porosity and excellent
performances as separators in Li-ion batteries. The full
potential of functional nanopaper formulation and pro-
cessing has been recently demonstrated by Leijonmarck
et al. [25] who integrated a complete device, i.e., a Li-ion
cell, in a single nanopaper sheet by the sequential filtration
of MFC dispersions containing the battery components.

Despite interesting performances, composite nanopaper
fabrication via the filtration of nanoparticle aqueous sus-
pensions remains a slow process (1-24 h filtration) which
is not viable for a full-scale production of large area
electrodes/complete cells. Thereafter, the aim of this work
was to mimic unit operations present in industrial paper
machines and to demonstrate that spray deposition to a
moving blotter (used as filtration medium) [14-16], fol-
lowed by the transfer of the blotter-supported film to the
vacuum-dewatering and the drying sections and the final
film peel off, can be a viable method for the full-scale
production of MFC-SiO, composite nanopaper separators.

Experimental
Materials

MFC was produced at FCBA (Grenoble) using a com-
mercial bleached hardwood (birch) kraft pulp (UPM Be-
tula). MFC was prepared according to a mechano-
enzymatic protocol followed by homogenization at high
pressure [1], and supplied in the form of a 2 % consistency
hydrogel. Silicon dioxide nanopowder with primary parti-
cle size of 5-15 nm diameter, and nominal particle and
bulk densities of 2400 4+ 200 and 68 kg m >, respectively,
was supplied by Sigma-Aldrich.

MFC-SiO, sheets preparation

MEFC-SiO, slurries with silica weight fractions (on dry
solids) ranging between 11 and 33 % were prepared by
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adding 5 up to 20 g of SiO, to 2 kg the MFC hydrogel
under gentle stirring. After the complete wetting of silica
nanopowder, slurries were intensively stirred using a high-
speed kitchen mixer. For all tested conditions, MFC-SiO,
slurries had nearly constant pH and electrical conductivity,
i.e., 7 £ 1 and 400 + 50 puS cm™ !, respectively.

Composite sheets were prepared by spray deposition of
MFC-silica slurries on a 25 cm diameter wet coated card-
board (which acted as smooth filter) using an in-house
assembled spray coater [10, 15]. As schematized in Fig. 1,
the coater was composed by a variable speed conveyor and
a commercial high-pressure spray system (paint crew,
Wagner) which were operated at a speed ranging from
1 to 4mmin~' and at a constant slurry mass flow of
0.75 kg min~"', respectively.

The excess water was removed from the deposited slurry
by vacuum suction using the sheet forming section of a
rapid kothen hand sheet former (Fig. 1e). After dewatering,
a coated cardboard was superposed to the wet MFC-SiO,
mat, and the whole stack was compressed using a 3 kg roll
(Fig. 1f). The wet mat sandwiched between the two card-
boards was then dried in the vacuum drying section of the
rapid kothen hand sheet former during 20 min at 90 °C
(Fig. 1g). Finally, the two cardboards were gently peeled
off, and a 20 cm diameter, self-standing, MFC-SiO, com-
posite film was obtained (Fig. 1h).

Under the assumption of complete MFC and SiO, re-
tention on the wet cardboard during the fabrication process
and their homogeneous distribution over the main impact
zone, the basis weight (bwyrc) of the MFC film was cal-
culated from the spray operating conditions and the ge-
ometry of the experimental set up using the Eq. [15].

m-c

2D -tan0 -V’ ()
where m and c are the mass flow and the consistency of the
MEFC-SiO, slurry, respectively, D is the distance of the
spray nozzle from the substrate (0.36 m), V is the conveyor
speed and 0 is the spray jet angle (i.e., 56°). Basis weights
obtained from Eq. (1) and experimental ones were used to
evaluate the retention of MFC and SiO, in the composite
sheet.

bwmrc =

MFC-SiO, sheets characterization

In order to assess MFC and SiO, distribution, the surface
and the cross section of composite films were imaged by
electronic microscopy (SEM-FEG, Zeiss Ultra 55).

The overall film thickness was measured with a me-
chanical caliper (Adamel Lhomargy, MI20) and used to
calculate the film (apparent) geometric density, piApp’ from
the corresponding basis weight. The film (apparent)
gravimetric density, pﬁipp, was also determined using a
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Fig. 1 Scheme of MFC-SiO, composite nanopaper fabrication pro-
cess. a Positioning of the wet cardboard on the rapid kdthen copper
screen, b pre-mixing of MFC and SiO, nanopowder, ¢ variable speed
conveyor, d high-pressure pump feeding the spray nozzle,

Mettler-Toledo measurement kit, water and propanol as
test liquids and the equation.
Mg

Papp = “(p1 = Pa) + Pas (2)

mqg — ny
where m,, m; are the sample weights in air and in the test
liquid, and p, and p, are the densities of air and of the test
liquid, respectively.

The geometric and gravimetric apparent densities and
the nominal SiO, weight fraction were used to calculate air
(air), SiOz (¢si0,) and MFC volume fractions (¢Pmec)
according to the Eq. [18]:

p
dair = Wsio, (1 - App) + WMFC(

S

Psio, Pcen
P
bsio, = Wsio, —=, (4)
Si0,
Pa
drrc = Ware —2, (5)

PCeu

where papp is the film apparent density, pg;o, and pcen are
the silica particle and cellulose densities (i.e., 2400 and
1500 kg m, respectively) and Ws;o, and Wygc are silica
and MFC weight fractions in the film. According to the
different determination principle, the difference between

{ cardboard —
MFC wet film ——& /
Cardboard /:
Cu screen/frame ®

— 1

e dewatering section of the rapid kothen handsheet former, f cardboard
stacking and compression, g vacuum drying in the drying section of
the rapid kothen handsheet former, h removal of the two cardboards
and final composite sheet

air volume fractions obtained by the geometric and the
gravimetric method was used to evaluate the sheet open
porosity.

The film intrinsic air permeability was measured using a
Bendtsen tester (Lorentzen and Wettre) operated with a
differential pressure of 19.2 kPa, and it was expressed
using the Darcy’s formalism, namely

Q-p-d
=TAP (6)
where Q is the air flow passing through the composite film,
S is the cross sectional area of the test sample (i.e.,
10 cm?), p is air dynamic viscosity, d is the film thickness
and AP is the applied pressure.

In order to measure the ionic conductivity of composite
nanopapers when used as separators in Li-ion batteries,
samples were cut in a 9 mm diameter discs, dried in a Buchi
oven under vacuum (10_2 mbar) at 130 °C for 24 h and
transferred in an Ar glove box. After impregnation with a
liquid electrolyte of 0.01 M lithium hexafluorophosphate
(LiPF) in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1/1, m/m), the samples were assembled into
Swagelok® cells, between two blocking electrodes and
ionic conductivity was measured through electrochemical
impedance spectroscopy (EIS) (HP 4192A). Measurements
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were performed using a frequency range of 10 MHz-5 Hz,
an applied voltage of 20 mV and the temperature was sta-
bilized at 25 °C (Votsch VTM 4004 climatic chamber). The
electrochemical properties were provided as the average of
at least five replicates and expressed as the ratio between the
conductivity of the impregnated film (C) and of the elec-
trolyte (Co = 0.073 mS cm ™" at 25 °C). In order to comply
with the concentration of standard liquid electrolytes used
in Li-ion batteries, additional conductivity measurements
were performed using a 1 M LiPF¢ electrolyte. Owing to
the good wetting properties of cellulose and SiO, by car-
bonated solvents [23] and the limited swelling of the MFC
network, ionic conductivity measurements were also used
(with air permeability) to estimate the pores connectivity in
MEFC-SiO, sheets.

Mechanical properties were evaluated by (i) traction
tests (Instron, 5969) on 5 x 1.5 cm strips with a strain rate
of 5 mm min~" and (ii) internal bond strength (Scott Bond,
IDM test IBT-10A) according to the Tappi T569 standard.
Tests were performed after 24 h sample storage under
controlled conditions, i.e., 50 % relative humidity and
23 °C and all properties are provided as the average of five
replicates.

Results and discussion

Figure 2 shows that the use of the spray deposition tech-
nique allowed obtaining homogeneous MFC-SiO, sheets
with basis weight ranging from 14 to 42-62 ¢ m~> when
the conveyor speed was decreased from 4 to 1 m min~".
The addition of SiO, and the corresponding increase of the

slurry consistency from 2 to 3 % led to an increase of both

basis weight (Fig. 2a) and film opacity (Fig. 2b). The good
agreement between experimental data and basis weight
calculated using Eq. (1) was interpreted as reflecting the
good processability of MFC-SiO, slurries, which were
homogeneously distributed over the cardboard, and the
almost complete retention of both MFC and SiO, particles
in the composite sheet during the dewatering stage.

Under the tested conditions, i.e., pH 7 &= 1 and con-
ductivity 400 £ 50 pS cm™!, both cellulose [26, 27], and
silica nanoparticles [28, 29], are negatively charged.
Thereafter, in the presence of moderate conductivity, the
electrolyte concentration is not sufficient to screen surface
charges, and repulsive double-layer forces prevent the ad-
hesion between cellulose and silica surfaces [28, 30]. Due
to the absence of flocculation between MFC and silica, the
high retention of cellulose nanofibres and of the SiO,
nanopowder was associated to the formation of a dense
MFC network which was supposed to prevent both
nanofibre and SiO, to flow out of the hydrogel during fil-
tration [10, 14-16].

SEM analysis shows that, in the absence of SiO,
(Fig. 3a—c), MFC formed a dense film with no visible de-
fects. The film surface presented irregular spots which were
ascribed to the slight surface damage during film
manufacturing (i.e., cardboard peel off). This defect was
visible also in the presence of SiO,.

The addition of SiO, and the progressive increase of its
mass fraction led to the formation of large SiO, nanopar-
ticle clusters embedded in a continuous MFC matrix
(Fig. 3). SEM images show that for a SiO, mass fraction up
to 20 %, the composite sheets display a stratified structure
with no detectable mixture between the two phases at the
particle scale. MFC forms a bulky matrix and SiO, large

(a) (b)
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. 3 X MFC
601 f * 11%Si02
- \
’:.‘-\ 50 : - N N W 20% Si02
L \
E, E § N A 33% Si02
= 40 wa
£ i N 11% Si0
® | SN LA 6210,
o b WO ST
ug’ 30 . \\\\:\ }\\
5 C \\1\ - \\\~ -
8 20+ ‘i:::,\\l\_
10 : = :‘1‘-1:_:_:!
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0 ! 2 3 4 22% Sio, 33% Si0,
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Fig. 2 Production of MFC-SiO, films by spray deposition. a Basis

weight of the composite films plotted as a function of the conveyor
speed and SiO, weight fraction [dotted lines represent basis weights
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calculated using Eq. (1)]. b Images of sheets obtained at a conveyor
speed of 1 m min™' and increasing SiO, weight fractions
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Fig. 3 SEM images of MFC-SiO, composites. MFC sheet, a cross
section at x2000 and surface at (b) x5000 and (c¢) x20000
magnification. 11 % SiO, sheet, d cross section at x2000 and surface
at (e) x 1000 and (f) x20000 magnification. 20 % SiO, sheet, g cross

macroporous clusters. The further increase of silica mass
fraction destructured the MFC matrix and percolation paths
formed among SiO, (Fig. 3i—j). For all tested conditions,
MFC was not detected inside silica clusters (insets in
Fig. 3) leading to the assumption of an incomplete dis-
persion of SiO; in the hydrogel.

This behaviour was ascribed to nanoparticles irre-
versible agglomeration during synthesis and drying, the
subsequent incomplete dispersion of the SiO, nanopowder
in water and the formation of large aggregates which, for
the commercial silica used in this study, have an average
size of 740 nm [29].

As illustrated by SEM images and by the plot of the
sheet basis weight versus thickness (Fig. 4), silica induced
a general increase in the film thickness and the apparent
geometric density, provided by the slope of interpolating

section at x2000 and surface at (h) x1000 and (i) %x20000
magnification. 33 % SiO, sheet sheets, j cross section at x2000
and surface at (k) x1000 and (I) x20000 magnification

straight lines in Fig. 4, dropped from 1440 to 730 kg m >
when considering bulk MFC and films containing 33 % of
Si0,, respectively. The apparent sheet density determined
by the gravimetric method was systematically higher than
the one determined by weight (named geometric density)
(Fig. 5). This mismatch was ascribed to the presence of
both open and closed pores.

Since the apparent geometric density is affected by the
total porosity, while the apparent gravimetric density is
affected by pores not accessible by test liquids, air volume
fractions corresponding to total and closed porosity were
evaluated using Eq. (3). In line with the progressive de-
structuration of the MFC matrix (Fig. 3) by SiO,, Fig. 5
shows that the open porosity, calculated as the difference
between air volume fractions obtained from geometric and
gravimetric apparent densities, progressively increased
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Fig. 5 Influence of the SiO, mass fraction on the apparent density
and air volume fraction

with the rise of the silica weight fraction. Air permeability
and ionic conductivity through the Z-axis of composite
films (Fig. 6) exhibited nearly constant values with an
abrupt increase for total air volume fractions higher than
0.4 (corresponding to 20 % of SiO,). As illustrated in
Fig. 3, this behaviour was associated to the formation of a
percolation path among SiO, clusters which favoured air
permeation, electrolyte impregnation and Li-ion transport.

Overall, composite sheets displayed air barrier proper-
ties which were in line with those obtained for bulk MFC
films and coatings [10-13]. Ionic conductivity, which at-
tained 25 % of the bare electrolyte conductivity (corre-
sponding to a Mac Mullin number N, = 5) for the highest
SiO, mass fraction, was higher than typical numbers of
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Fig. 6 Intrinsic air permeability and relative Li-ion conductivity
along the Z-axis of composite sheets plotted as a function of the total
air volume fraction

PE-PP based membranes for Li-ion batteries, i.e., 10 % of
electrolyte conductivity, Ny, = 10 [23, 31].

Moreover, the impregnation of a one molar electrolyte,
permits to exhibit a conductivity of 1.5 mS cm ™' at 25 °C
for the highest SiO, mass fraction, which is in the range of
values needed for a separator.

As observed in a previous study on MFC films [10],
tensile properties of composite sheets were strongly af-
fected by the film thickness. Indeed, for all tested SiO,
mass fractions, the decrease of film thickness was accom-
panied by a linear decrease of the stress and strain at break
(Fig. 7a). Since the Young’s modulus was not affected by
the sheet thickness (Fig. 7a), this trend was associated to
(i) a transition from a slightly plastic to a brittle behaviour
and ii) an increased contribution of micron-sized SiO,
clusters and MFC large debris in fracture nucleation/
propagation in thin films.

Stress—strain curves of MFC-SiO, sheets with similar
thickness of 27 £+ 3 pum (Fig. 7b) show that the presence of
macroporous SiO, clusters impairs the sheet tensile prop-
erties. The plot of the Young’s modulus and stress at break
as a function of the MFC volume fraction (Fig. 8a) high-
lights a linear decay when ¢yrc was decreased from 0.96
to 0.33. According to the film microstructure shown in
Fig. 3, i.e., macroporous SiO, nanoparticle clusters em-
bedded in a dense MFC matrix with limited interphase
synergy. The film was described as a bilayer composed by
dense MFC and porous SiO, clusters. Owing to the por-
osity of each phase calculated using Egs. (3)-(5), viz.
Pair = 0.04 and ¢,; = 0.85 for the MFC film and SiO,
clusters, respectively, and the granular nature of the mac-
roporous silica layer, the mechanical resistance was sup-
posed to be provided by the MFC layer.
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Under these assumptions, the applied stress and the
Young’s modulus of the MFC layer during traction tests,
are given by

g

omrc = 22 (7)
Purc
E

Enpe = 22 (8)
Pmrc

where 0app, Eapp and ¢umpc are the apparent stress and
Young’s modulus and the MFC volume fraction,
respectively.

The applied stress and the corresponding Young’s
modulus of the MFC phase (determined as the slope of
straight lines interpolating the experimental data in Fig. 8a)
had values close to that obtained for the bulk MFC film
(i.e., 78.6 MPa and 7.2 GPa against 75 MPa and 6.8 GPa)
and confirmed that the deformation stress was supported by

MFC volume fraction

Fig. 8 a Effect of the SiO, mass fraction on the Young’s modulus.
Dotted lines represent data interpolation with Egs. (7) and (8).
b Internal bond strength of composite sheets. The dotted line
represents the Scott Bond versus cellulose volume fraction correlation
for softwood pulp paper [32]. The grey area represents the highest
bond energy detectable by the testing device

the MFC matrix, while SiO, acted as inert macroporous
filler.

All composite films exhibited extremely high internal
bond strength. Above a MFC volume fraction of 0.67, the
Scott Bond was higher than the maximum energy de-
tectable by the testing device (i.e., 1316 J m™2), and even
for the lowest MFC volume fraction the internal bond re-
mained higher than that of conventional papers with similar
apparent density [32] thus highlighting the excellent
bonding ability of MFC.

As summarized in Table 1, when compared to com-
posite MFC-based separators fabricated by filtration, MFC-
SiO, nanopapers processed by spray deposition display
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Table 1 Comparison of composite nanopaper separators fabricated by filtration dewatering

Fabrication method Young’s Stress at Strain at Mac Intrinsic air Ionic conductivity
and composition modulus break break (%) Mullin permeability in 1 M LiFgP
(GPa) (MPa) number  (nm®) (mS cm™")
This study Consist 2-3 % spray 7-2.4 76-23 1-2.4 64 0.7-12 1.5
deposition MFC-SiO,
Ref [24] Consist nd fabric filter CF- 0.69 45 6.5 4 2000* 2
SiO,- Alginate
Ref [22] Consist nd screen filter MFC- 1.3-0.5 30-9 nd 57-6.1 13-190* 0.14-1.28
Al,O3-PVDF
Ref [23] Consist 0.05-0.6 % copper nd nd nd 5.4-3.1 110-300 1.41-3.15
wire filter time 10 min
Ref [31] Consist nd paper filter MFC- 3.2-6.4 21-55 nd 9.9-338 nd 0.02-0.77

isopropyl alcohol

Consist is for slurry consistency and nd is for not determined
* Derived from available data

excellent mechanical properties and ionic conductivity thus
showing that the fabrication method proposed in this study
can represent a viable solution for the rapid production of
separators for Li-ion batteries and, overall, of large area
composite nanopapers.

Conclusion

Large area MFC-silica composite nanopapers were fabri-
cated by the sequential spray deposition of concentrated
MFC-SiO, suspensions ad filtration dewatering. Despite
the presence of nanoparticles, all suspended solids were
retained in the wet MFC mat, and the basis weight of the
final composite sheet was tuned from ca. 12 to 65 g m™ > by
varying the deposition conditions (i.e., conveyor speed and
suspension concentration).

For a silica mass fraction below 20 %, the structure of
composite nanopapers was characterized by the presence of
SiO, nanoparticle clusters dispersed in a continuous MFC
matrix. The low air permeability and constant ionic con-
ductivity measured for SiO, mass fractions below 20 %
were therefore associated to the presence of closed porosity
which did not contribute to air and ion transport.

Above 20 % of SiO,, percolation paths formed among
SiO; clusters with a net increase of both air permeability
and ionic conductivity which, attaining 1.5 mS cm™ ' in a
1 M LiPFg electrolyte, was in line with the conductivity of
most MFC-based separators for Li-ion batteries and higher
than that of conventional PP/PE separators.

Whatever the SiO, content, composite nanopapers dis-
played excellent mechanical properties (i.e. higher than
those of conventional paper) with Young’s modulus and
stress at break ranging from 2.2 to 6.8 GPa and from 23 to
75 MPa when the SiO, mass fraction was decreased from
33 t0o 0 %.

@ Springer

Overall, this work demonstrates that MFC-SiO, com-
posite nanopapers and their fabrication by spray deposition
are promising alternatives to conventional filtration pro-
cedures for the fabrication of composite nanopapers.
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