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ABSTRACT

Although a variety of nanoparticles with better-than-bulk material performances can be synthesized, it
remains a challenge to scale the extraordinary properties of individual nanoscale units to the macroscopic
level for bulk nanostructured materials. Here, we report a general and scalable biosynthesis strategy that
involves simultaneous growth of cellulose nanofibrils through microbial fermentation and co-deposition of
various kinds of nanoscale building blocks (NBBs) through aerosol feeding on solid culture substrates. We
employ this biosynthesis strategy to assemble a wide range of NBBs into cellulose nanofibril-based bulk
nanocomposites. In particular, the biosynthesized carbon nanotubes/bacterial cellulose nanocomposites
that consist of integrated 3D cellulose nanofibril networks simultaneously achieve an extremely high
mechanical strength and electrical conductivity, and thus exhibit outstanding performance as high-strength
lightweight electromagnetic interference shielding materials. The biosynthesis approach represents a
general and efficient strategy for large-scale production of functional bulk nanocomposites with enhanced
performances for practical applications. Industrial-scale production of these bulk nanocomposite materials
for practical applications can be expected in the near future.

Keywords: bacterial cellulose, nanoscale building blocks, biosynthesis, electromagnetic shielding, scalable
fabrication

INTRODUCTION

Over the past decades, significant advances in nan-

[5,7,9,10]. Furthermore, the assemblies frequently
go to hybrid structures with multi-components, e.g.
incorporation of nanoparticles into a polymer ma-

otechnology have provided a variety of nanostruc- ) ] ) - ]
. . . o . trix, which enables the creation of materials with new
tured materials with unique properties, including 0D ; ) - o
or improved properties by exploiting synergistic ef-
fects [6,8,11].

The main assembly strategy for generating

quantum dots [1], 1D nanowires and nanotubes [2],
and 2D nanosheets [3]. Although these nanomate-
rials, with superior performance to bulk materials in

their electronic, magnetic, thermal, and mechanical bulk * nanocomposites is based on the post-

properties, have been exploited in nearly every field synthesis.processing of nanoparticle suspensions or
nanoparticle-polymer blends [12]. For example,
chemical or physical crosslinking in solution offers
a direct method to convert nanoscale units into
self-supporting hydrogels or aerogels [13,14].
Membrane or paper-like materials of polymer

of materials, it is still highly challenging to scale their
extraordinary nanoscale properties to the macro-
scopic level, which has long been recognized as the
core issue for practical applications [4,5]. Assem-
bling nanoscale building blocks (NBBs) into bulk

materials (e.g. films, aerogels, etc.) that maintain the nanocomposites with enhanced mechanical and

conductive properties could be prepared by
casting or spin-coating of carefully processed
nanoparticle-polymer blends [11,15,16]. Although
these solution-processing strategies are certainly

unique characteristics of individual units would sup-
ply enhanced and scalable performance [4,6-8]. An
additional benefit of assembly is the emergence of
‘collective’ properties and unexpected functionali-

ties that are not ascribable to the individual units ~ PTO™S& the challenge lies in the ambiguity of
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Figure 1. Schematic illustration of the aerosol-assisted biosynthesis of functional bulk
nanocomposites. (a) Scheme of the bioreactor. Aerosols of liquid nutrients and nanoscale
building block suspension were fed into the bioreactor with filtered compressed air, which
was controlled by an automatic control system. (b}—(d) Schematic illustration of the for-
mation uniform BC-based nanocomposites with 0D nanoparticles (b), 1D nanotubes or
nanowires (c), and 2D nanosheets (d).

the key factors that influence the particle-polymer
interactions and the suspension stability [16-18].
Asa crystalline cellulosic polymer, bacterial cellu-
lose (BC) nanofibrils possess a high tensile strength
(almost the same as steel and Kevlar) and spon-
taneously form a robust 3D nanofibrous network
[19], which makes them an ideal platform for the
design of functional bulk nanocomposites [8,20,21].
The conventional process of fabricating uniform BC
nanocomposites involves the disintegration of 3D
network structure for solution processing, which,
however, seriously impairs the mechanical perfor-
mance of the nanocomposites [22]. Pure BC can be
manufactured nowadays in large quantities at low
cost via a fermentation process in the food indus-
try [23]. Nevertheless, the method for industrial-
scale production of BC based on static fermentation
failed to produce BC nanocomposites due to the dif-
fusion limitation of nanoscale units from the liquid
medium to the upper surface layer of newly grown
BC. So far only millimeter-sized, spherical or floc-
culent BC nanocomposites rather than bulk mate-
rials could be prepared on a small scale by agitated
fermentation in laboratories [24-27]. We overcome
these limitations and achieve scalable mass pro-
duction of bulk BC-based nanocomposites, which
consist of integrated 3D cellulose nanofibril net-
works, by a biosynthesis system composed of a solid
culture substrate and a continuous aerosol feeding

system (Figs la and 2). The aerosol bioreactor can
automatically generate an aerosol spray of NBB sus-
pension and nutrient solution that are both fed di-
rectly to the living bacteria on the medium-air inter-
face. The solid culture substrate can effectively avoid
the disturbance of the medium-air interface during
the fermentation process and guarantees the forma-
tion of a uniform NBB/BC nanocomposite pellicles.
As expected, our efforts at static fermentation in a
conical flask failed to produce NBB/BC nanocom-
posites (Fig. 2a). Note that the aerosol feeding has
been reported previously for the production of pure
BC [28].

RESULTS AND DISCUSSION

Biosynthesis of functional bulk
nanocomposites and larger-scale
fabrication

The first step of the aerosol-assisted biosynthesis was
growth of a thin film of pure BC onto a solid agar
substrate with a bacterial strain, i.e. Gluconacetobac-
ter xylinus 1.1812, for 24 h in a cylindrical bioreac-
tor (Fig. 1a). Then, continuous and stable aerosol
was produced by an intermittent spray of liquid nu-
trient and nanoscale building block suspension with
filtered compressed air; these were fed on to the top
of the bioreactor (Fig. 2b, c). The spray interval was
optimized as 30 min according to the electrical con-
ductivity of the BC/carbon nanotube (CNT) com-
posite (Supplementary Fig. 1). The whole spray pro-
cess was controlled by an automatic control system.
With the settling of the aerosol, the NBBs reaching
the medium-air interface were entangled by the cel-
lulose microfibrils that were secreted by the bacteria
to form a uniform nanocomposite (Fig. 1b-d). Af-
ter continuous fermentation for 5 to 7 d, wet pelli-
cles with a thickness of ca. 10 mm that consisted of
NBBs and cellulose nanofibrils were harvested from
the solid substrate (Fig. 2d).

To demonstrate the versatility of the aerosol-
assisted biosynthesis, we assembled a variety of
NBBs into cellulose nanofibril-based nanocompos-
ites by the biosynthesis strategy (Fig. 3), including
0D carbon black, SiO, and Fe;0O, microspheres;
1D carbon nanotubes (CNTs), CaSiO; and SiC
nanowires; and 2D graphene oxide (GO), BN
and montmorillonite (MMT) nanosheets (Supple-
mentary Fig. 2). Macroscopically, the synthesized
nanocomposites are mechanically robust wet gels
with different colors depending on the NBBs (Fig. 3,
insets). Scanning electron microscopy (SEM) ob-
servations of the freeze-dried gels revealed that
the NBBs were uniformly mixed with cellulose
nanofibrils (Fig. 3 and Supplementary Fig. 3).



66 | Natl Sci Rev, 2019, Vol. 6, No. 1

Aerosol-assisted fermentation

(a) static fermentation (b)

Solid substrate -

Air filter -

Control system -

4

Solenoid valves -

(c) Tyndall effect of aerosol

Figure 2. Comparison between traditional static fermentation and aerosol-assisted
biosynthesis. (a) Static fermentation in the liquid nutrient dispersed with CNTs. The
static fermentation in the liquid media failed to produce CNT/BC nanocomposite. (b)
Experimental apparatus. Air is compressed by the air compressor and flows through
the air filter to remove microorganisms. The liquid nutrients or NBB suspension are
siphoned to the sprays and atomized into aerosol droplets with the compressed and
filtered air, which is controlled by the solenoid valves and operated by the control sys-
tem. (c) Tyndall effect of the aerosol. The Tyndall effect was observed after the spray of
liquid nutrients and NBB suspension. (d) Photographs of CNT/BC nanocomposite pel-
licles. Uniform CNT/BC nanocomposite pellicle could be harvested directly from the
solid substrate and the biosynthesized CNT/BC nanocomposites are flexible and me-
chanically robust.

Specifically, the 0D nanoparticles tended to be ab-
sorbed onto the surface of the cellulose nanofib-
rils (Fig. 3a—c and Supplementary Fig. 3a—c), while
the 1D nanowires/nanotubes were intertwined with
the cellulose nanofibrils (Fig. 3d-f and Supplemen-
tary Fig. 3d-f) and the 2D nanosheets were ran-
domly distributed throughout the whole nanofibril
network (Fig. 3g-i and Supplementary Fig. 3g-1).
When the microfibrils (3-7 nm in diameter) of
a glucose chain are secreted through a bacteria cell
wall, they tend to aggregate together through strong
hydrogen bonds to form wide cellulose nanorib-
bons to reduce their high surface energy [19]. The
incorporation of NBBs disrupted the bundling of
microfibrils into ribbons during biosynthesis and
resulted in thinner cellulose fibrils in the compos-
ites compared to a pure BC sample. For example,
the addition of MMT interrupted the crystalliza-
tion of BC, leading to a higher transparency of the
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MMT/BC hydrogel and film compared to pure BC
samples as a result of the thinner BC nanofibrils in
MMT/BC (Supplementary Figs 4 and S). A simi-
lar phenomenon of size reduction of BC was also
observed for the case of SiO,/BC (Supplementary
Fig. 6). X-ray powder diffraction (XRD) analyses
showed decreased ratios of the (101)/(002) peaks
of the cellulose in the composites, further confirm-
ing the disruption of NBBs on the bundling of mi-
crofibrils in the biosynthesis (Supplementary Figs 7
and 8).

The aerosol-assisted biosynthesis could be eas-
ily scaled up for potentially industrial applications
by using large reactors and increasing the number
of nozzles. For example, we fabricated a large-sized
CNT/BC composite gel with a volume of 800 X
800 x 8 mm® (Fig. 4a) by using a large reactor
equipped with 18 nozzles (Supplementary Fig. 9a).
Thermogravimetric analysis (TGA) analyses veri-
fied that the distribution of CNTs throughout the
whole nanocomposite gel was highly uniform (Sup-

plementary Fig. 9b, ).

Properties of biosynthesized functional
bulk nanocomposites

Benefiting from the uniform distribution of NBBs
in the biosynthesized nanocomposites, the extraor-
dinary properties of the NBBs as well as the cellu-
lose nanofibrils were successfully scaled up to the
macroscopic level. For example, freeze-drying of
the CNT/BC composite gel resulted in an electri-
cally conductive, ultralight, and mechanically robust
aerogel (Fig. 4b, inset). Importantly, the CNT con-
tentin the composites could be easily tuned in awide
range from 1.5 wt% to 75 wt% by changing the con-
centration of the CNT suspension. The conductiv-
ity of a nanocomposite with rigid filler particles (e.g.
CNTs) is typically described with a power-law rela-
tionship and 3D percolation theory as [29]:

o =o0oo(v—1u.), (1)

where o is the conductivity of the composite, 0 is
a scaling factor proportional to the intrinsic conduc-
tivity of the filler, v is the volume fraction of conduc-
tive filler, v, is the volumetric fraction at the perco-
lation threshold, and ¢ is the critical exponent of the
conductivity. The best fitting of the conductivity data
to the laws of power give a percolation threshold of
~0.1 vol.% and a critical exponent of ~2.1 accord-
ing to Eq. (1) in the CN'T/BC aerogels (Fig. 4b).
Remarkably, the conductivity of the CNT/BC com-
posite aerogels reached ca. 1.5 and 6.0 S m™" for
the samples with 60 wt% and 75 wt% CNTs, respec-
tively, which is higher than that of PVA-reinforced
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Figure 3. SEM and photographs of BC-based nanocomposites. (a) Silica colloids/BC. (b) Fe30, nanoparticles/BC. (c) Carbon
black/BC. (d) CNTs/BC. (e) SiC nanowires/BC. (f) CaSiO3 nanowires/BC. (g) GO nanosheets/BC. (h) BN nanosheets/BC. (i)

MMT nanosheets/BC. All scale bars are 1 pem.

CNT aerogels (107> Sm™") [13] and comparable
to that of CNT-modified nanofibrillated cellulose
aerogels (1.0 S m™') [30]. Note that monolithic
CNT sponges with high conductivity (ca. 160 S
m™!) could be prepared by the chemical vapor de-
position (CVD) method [31].

Besides the aerogels, mechanically reinforced
and highly conductive CNT/BC films (Fig. 4c, in-
set) were easily produced by directly hot-pressing
the nanocomposite pellicles under a pressure of
100 MPa at 100°C for 20 min. The conductivity
of the CNT/BC film increased rapidly with the
CNT contents until reaching ca. 2100 S m™" for the
nanocomposite film with 75 wt% CNTs (Fig. 4c).
The estimated percolation threshold according to
the power-law relationship is ~0.5 vol% for the
CNT/BC nanocomposite films, which is consistent
with the values of reported CNT/polymer compos-
ites [32]. Interestingly, the CNT/BC films exhib-
ited a lower critical exponent (t = 1.4) than that
of CNT/BC aerogels (¢ = 2.1), which can be ex-
plained by the reduction of ‘dead arms’ of the CNT
networks present in the CNT/BC gels when hot-
pressing them into dense film samples [33].

The mechanical properties of the CNT/BC films
were also investigated as a function of CNT content.

The stress—strain curves of the pure BC and
CNT/BC composite films clearly indicated that
both of them showed typical brittle properties and
no yielding point was observed (Supplementary
Fig. 10). Although the Young’s modulus and the
tensile strength of the CNT/BC composite films
decreased with increasing CNT content due to the
reduced hydrogen-bonding interaction after the in-
corporation of CNTs (Fig. 4e, f and Supplementary
Fig. 10), an ideal balance of the mechanical strength
and conductivity of the composite films could be
achieved for practical applications by controlling the
CNT content in the composites (Fig. 4d). Remark-
ably, the composite film with 23 wt% CNT's showed
a high tensile strength of 207 MPa as well as a high
electrical conductivity of ca. 500 S m™'; the con-
ductivity of the composite film with 36 wt% CNT's
increased to ca. 830 S m™!; meanwhile the tensile
strength was still higher than 148 MPa. These values
are much higher than the reported values for CNTs
and graphene nanocomposites (Fig. 4d and Sup-
plementary Table 1). The conventional fabrication
method for CNT nanocomposites that requires the
mixing of CNT dispersions with polymer solutions
is only applicable to the preparation of polymer
nanocomposites with low CNTs (< 10 wt%),
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Figure 4. Large-scale biosynthesis of CNT/BC bulk nanocomposites and their properties. (a) Photograph of a large-sized CNT/BC pellicle with a volume
of 800 x 800 x 8 mm?. (b) and (c) Electrical conductivity of the CNT/BC aerogels (b) and films (c) as a function of CNT volume and weight fraction.
The black lines are predictions based on a power-law relationship (Eq. (1) in the main text) and 3D percolation theory. The insets are photographs of
CNT/BC aerogel and film, respectively. (d) Comparison of the electrical conductivity and tensile strength of the biosynthesized CNT/BC nanocomposites
with blended CNT/BC nanocomposites and reported CNT, reduced graphene oxide (RGQ), and graphene-based polymer nanocomposites. Each symbol
indicates a material category set. A detailed description of each data point is presented in Supplementary Table 1. (e) and (f) Comparison of the tensile
strength (e) and Young modulus (f) between the biosynthesized and blended CNT/BC nanocomposites, demonstrating the advantages of the biosynthesis

strategy for preparing mechanically reinforced nanocomposite.

as it is extremely difficult to homogeneously
disperse high-concentration CNTs in polymeric
hosts [32]. In our work, such limitations were
overcome by feeding a large quantity of CNT
aerosol into a bioreactor that produced crystalline
cellulosic polymer nanofibers; the CNT content
in the nanocomposites could be up to 75 wt%,
resulting in a highly conductive nanocomposite
with considerable mechanical strength.

To demonstrate the advantages of the present
biosynthesis strategy for preparing mechanically re-
inforced nanocomposites, CNT/BC nanocompos-
ite films were also prepared for comparison by blend-
ing CNTs and disintegrated BC suspensions with a
mixer into a homogeneous mixture, followed by fil-
tration and hot-pressing of the mixture under the
same conditions (Supplementary Fig. 11). The con-
ductivities of the blended CNT/BC films were al-
most the same as that of biosynthesized CNT/BC
films over the full range of CNT content, fur-
ther confirming the highly uniform distribution of
CNTs in the biosynthesized samples (Supplemen-
tary Fig. 12). More importantly, both the tensile

strength and Young’s modulus of the biosynthesized
CNT/BC nanocomposites were remarkably higher
than the blended samples (Fig. 4d—f). In particular,
the tensile strength and Young’s modulus of the
biosynthesized CNT/BC film with 23 wt% CNTs
were 3.5 and 2.7 times that of blended CNT/BC
film with the same CNT content, respectively. It
is believed that the integrated long BC nanofibril
network in the biosynthesized nanocomposites
contributes their enhanced mechanical properties
[34], which was further verified by the fact that
the directly hot-pressed pure BC films exhibited
much higher tensile strength than the film sample
fabricated from pure disintegrated BC suspension
(Supplementary Fig. 13).

Based on the outstanding electrical conduc-
tivity and mechanical properties, the electromag-
netic interference (EMI) shielding properties of
the CNT/BC nanocomposite films with a high
electrical conductivity of ~1300 S m™" (57 wt%
CNTs) were investigated over a broad frequency
range from 3 x 10~* to 18 GHz (Fig. Sa). Clearly,
our biosynthesized CNT/BC nanocomposite films
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Figure 5. EMI SE of CNT/BC bulk nanocomposites. (a) EMI SE of the biosynthesized CNT/BC nanocomposite films at different
thicknesses. (b) Comparison of EMI SE with reported CNT, RGO, and graphite-based polymer nanocomposites. Each symbol
indicates a material category set. A detailed description of each data point is presented in Supplementary Table 2.

exhibited attractive shielding performance over all
the measured frequency region, and the EMI shield-
ing effectiveness (SE) increased from about 18 to
75 dB in the X-band as the thickness increased
from 42 to 610 pum. Although adequate shield-
ing can be achieved by using thick conventional
materials, lightweight and mechanically robust film
samples are advantageous for use in aerospace and
telecommunication applications [35]. Taking the
density and thickness into account, the CNT/BC
nanocomposite films were significantly superior to
most carbon/polymer composites for EMI shield-
ing reported to date (Fig. Sb and Supplemen-
tary Tables 2 and 3). Note that even though
the CNT/polyurethane nanocomposites exhibited
a high EMI SE of 80 dB at a thickness of 800 um
[36], its tensile strength (only 2.6 MPa) is not sat-
isfied for many practical applications and is much
lower than that of our CNT/BC nanocomposite
films (108 MPa).

Despite the fact that we are currently focusing
on CNT-based nanocomposite aerogels and films in
this work, all the biosynthesized pellicles can be con-
verted into corresponding functional bulk nanocom-
posites. For example, the biosynthesized Fe;04/BC
nanocomposite films exhibited superparamagnetic
behavior and high tensile strength and are expected
to be useful as flexible electromagnetic actuators
(Supplementary Fig. 14).

CONCLUSION

In this study, we have reported a general and scal-
able biosynthesis strategy that involves simultane-
ous growth of cellulose nanofibrils through micro-
bial fermentation and co-deposition of various kinds
of NBBs through aerosol feeding on solid culture
substrates. A wide range of cellulose nanofibril-
based bulk nanocomposites with high performance

was prepared by the biosynthesis strategy. The
biosynthesized carbon nanotube/bacterial cellulose
nanocomposites that consist of integrated 3D cellu-
lose nanofibril networks simultaneously achieve an
extremely high mechanical strength and electrical
conductivity, and thus exhibit outstanding perfor-
mance as high-strength lightweight electromagnetic
interference shielding materials. By upgrading the
state-of-the-art production line that produces pure
BC pellicles, industrial-scale production of these
bulk nanocomposite materials for practical applica-
tions can be expected in the near future.

METHODS

Solid substrate and liquid nutrient media
preparation

All reagents were a commercially available. 1.0 L
aqueous mixture consisting of glucose (50 g L™'),
yeast extract (5gL™'),CaCO; (10gL "), and agar
(20 g L™!); this was heated and stirred to fully dis-
solve all components, and then sterilized in an auto-
clave at 121°C for 30 min. The mixture was cooled
naturally until a solid plate with a height of about
1.0 cm was formed. The diameter and height of the
typical cylindrical bioreactors is 24 and 50 cm, re-
spectively (Supplementary Figs 1 and 10).

1.0 L liquid nutrient media consisted of S0 g L™
glucose, S g L™! yeast extract, 2 g L~ citric acid, 4 g
L' Na,HPO,-12H,0, and 2 g L' KH,PO,. The
media were sterilized in an autoclave at 121°C for 30
min before inoculation and biosynthesis.

Nanoscale building block suspension
preparation

Silica particles (LUDOX(®) SM-30) were purchased
from Aldrich. The suspension was diluted into



30.0mg mL ™" and sterilized in an autoclave at 121°C
for 30 min.

The Fe;0,4 nanoparticles were prepared accord-
ing to the reported protocol [37]. In a typical pro-
cess, 1.35 g FeCl;-6H,0 was dissolved in 40 mL
ethylene glycol followed by the addition of 3.6 g
NaAc and 1.0 g glycol. Then the mixture was stirred
for 30 min and transferred into a Teflon-lined
stainless-steel autoclave (50 mL in total volume),
which was heated at 200°C for 8 h before cooling
down naturally. The product was washed and dis-
persed into sterile water to form ahomogeneous sus-
pension (15 mgmL™").

The carbon black suspension was prepared by
dispersing acetylene carbon black (STREM Chem-
icals Inc., USA) into sterile water with a concentra-
tion of 2.0 mgmL .

The CNT dispersion (TNWDM-MC2, 2.0 wt%
CNTs, 1.2 wt% dispersing agent) was purchased
from Chengdu Organic Chemicals Co. Ltd
(China). The dispersion was diluted into 0.5,
1.0, 2.0, 4.0, 6.0, 8.0, 10.0, or 12.0 mg mL™! for
preparing CNT/BC nanocomposites with various
CNT contents.

The SiC nanowire suspension was prepared
by homogeneously dispersing CVD SiC nanowire
(Changsha Sinet Advanced Materials Co., Ltd,
China) into sterile water with a concentration of
10.0 mgmL™".

The CaSiO; nanowire was prepared according
to the reported method [38]. In a typical process,
40 mL Ca(NO3), solution (0.5 M) was added drop-
wise into 40 mL Na,SiOj3 solution (0.5 M) at room
temperature under stirring to form a homogeneous
mixture. The mixed solution was then transferred
into a Teflon-lined stainless-steel autoclave (100 mL
in total volume) and heated at 200°C for 24 h before
cooling down naturally. The product was washed by
distilled water and anhydrous ethanol several times
before vacuum filtration and dried at 120°C for 24 h.
The dried product was dispersed into sterile water to
form a CaSiO3 nanowire suspension with a concen-
tration of 5.0 mg mL ™.

The GO was prepared via a modified Hummers
method [39,40]. The concentration of the GO sus-
pension was 1.0 mg mL~L

The BN nanosheet suspension was prepared
by homogeneously dispersing BN nanosheet
(Nanjing XFNANO Materials Tech Co. Ltd,
China) into sterile water with a concentration of
1.0 mgmL™".

Sodium montmorillonite (MMT) clays were
kindly offered by the Zhejiang Fenghong Clay
Co., Ltd, China. For the exfoliation of MMT into
nanosheets, 10 g MMT was dispersed in 2.0 L
deionized water under vigorous stirring for 1 wk.

Afterwards, the supernatant was collected as an
MMT nanosheet solution for further use. The con-
centration of the MMT nanosheet suspension for
biosynthesis was 2.0 mg mL .

Glass bubbles (GBs) were purchased from the
3M company. They were dispersed into sterile water
to form a homogeneous suspension with a total GB
content of 3.0 mg mL .

Inoculation

The pre-inocula for all experiments were thin films
prepared by inoculating Gluconacetobacter xylinus
1.1812 (China General Microbiological Culture
Collection Center, CGMCC) onto an agar culture
media plate at 30°C for 48 h. The thin films were
transferred onto the solid substrates in the bioreac-
tors. A brush was used to ensure uniform and com-
plete coverage of the pre-inoculum over the whole
substrate.

Aerosol-assisted biosynthesis

The agar culture media solid substrate was first in-
oculated for 24 h to form a pure BC thin film.
Afterwards, continuous aerosols of liquid nutrients
and nanoscale building block suspension were pro-
duced by intermittent sprays of liquid nutrients and
nanoscale building block suspension with filtered
compressed air and fed into the top of the biore-
actor. The whole spray process was controlled by
an automatic control system (Fig. 1). The spray du-
ration was 4 s and the interval was 30 min for a
typical process. After continuous fermentation for
S to 7 d, nanocomposite pellicles with a thickness
of ca. 10 mm, which were composed of uniformly
distributed nanoscale building blocks and cellulose
nanofibrils, were harvested from the solid substrate.
The harvested pellicles were then soaked with 2 wt%
NaOH solution and boiled for 30 min, and finally
rinsed with water to neutralize them.

Nanocomposite aerogel and film
preparation

Nanoscale building block/BC aerogels were pro-
duced by freeze-drying or CO, supercritical drying
of the harvested purified pellicles. Nanocomposite
films were produced by direct hot-pressing of the pu-
rified wet pellicles under a pressure of 100 MPa at
80°C for 10 min.



Blended CNT/BC nanocomposite film
fabrication

Pure BC pellicles were cut into pieces and disinte-
grated by a blender. The BC suspension and CNT
dispersion in different ratios were mixed by vigorous
stirring for 30 min, and then vacuum-filtered to ob-
tain wet film. The wet films were hot-pressed under
a pressure of 100 MPa at 80°C for 10 min.

Sample characterizations

SEM images were taken with a Carl Zeiss Supra
40 field emission scanning electron microscope
(2-5 kV, depending on the sample state). All sam-
ples were measured in the form of aerogels that
were prepared by freeze-drying of the purified wet
nanocomposite pellicles. All aerogel samples were
sputtered with gold for 30 s at a constant current
of 30 mA before observation. Transmission elec-
tron microscopy (TEM) images were acquired using
a JEOL JEM-ARM?200F transmission electron mi-
croscope (200 kV). XRD data were measured by a
PANalytical X’pert PRO MRD X-ray diffractometer
equipped with Cu Ko radiation (A = 1.54056 A).
The samples were tested in the form of films pre-
pared by hot-pressing of the purified wet nanocom-
posite pellicles. UV-vis spectra were recorded on
UV-2501PC/2550 at room temperature (Shimadzu
Corporation, Japan). TGA data were measured in a
nitrogen atmosphere with a TA Instruments SDT
Q600 thermogravimetric analyzer. All the samples
were tested in the form of films.

Tensile tests

Tensile tests were performed on an Instron 5565A
universal testing machine. The samples were tested
in the form of film strips with a size of 2 mm X
25 mm. The test was carried out at room tempera-

ture with a displacement rate of 1.0 mm min ',

Electrical conductivity measurements

The electrical conductivity of the CNT/BC aerogels
and films was measured by a two-probe method with
a multimeter at room temperature in air. A layer of
Ag paste was uniformly pasted on two opposite sides
of the samples as electrode pairs.

Electromagnetic shielding effectiveness

The measurement at the frequency of 300 KHz-
2.6 GHz was performed by the flange coaxial
method and the diameter of the sample was 133 mm.

Table 1. The sample sizes for the measurement at different
frequency.

Frequency (GHz) Sample size (mm?)
2.6-3.95 114 x 76
3.95-5.85 89 x 64

5.85-8.2 68.5 x 49
8.2-12.4 41.5 X 41.5
12.4-18 33.5 x 33.5

The measurement at the frequency of 2.6-18 GHz
was performed by TE 10 waveguide techniques. The
sample sizes for the measurement by the TE 10
waveguide techniques are shown in Table 1.

Magnetic property measurements

The magnetic properties of the samples were inves-
tigated using a superconducting quantum interface
device (SQUID) magnetometer (Quantum Design
MPMS XL).

Calculation of specific shielding
effectiveness (SSE)

The SSE was obtained by dividing the EMI SE by the
density of the material [41,42]:

SSE = EMI SE/density = dB cm® g (2)

Accounting for the contribution of thickness (t),
the absolute effectiveness (SSE;) was used [41,42]:

SSE; =SSE/t =dB cm® g' cm™! = dB cm® g~!
(3)

Calculation of the CNT content through
TGA data

The CNT content in the biosynthesized CNT/BC
nanocomposite was estimated based on the TGA
data:

QjO s Mo = QCNT -mcent + Q)cellulose * Mellulose »

4)
where (), is the total residual ratio of TGA at nitro-
gen atmosphere, m is the total mass of composite,
@cnr is the residual ratio of pure CNT under the
same test conditions, mcnt is the CNT mass in the
composite, eelllose 1S the residual ratio of pure bac-
terial cellulose under the same TGA measurement
conditions and 7 cu0se i the mass of cellulose in
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the composite:

Mo = Mecellulose T~ MCNT

wtent% = meNT x 100% — Bo — Deeltulose
mo cNT — Deellulose
x 100% (5)
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