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Abstract For the preparation of electrically conduc-
tive composites, various combinations of cellulose and
conducting materials such as polymers, metals, metal
oxides and carbon have been reported. The conductivity
of these cellulose composites reported to date ranges
from 107® to 10* S cm™'. Cellulose nanocrystals
(CNCs) are excellent building blocks for the production
of high added value coatings. The essential process steps
for preparing such coatings, i.e. surface modification of
CNCs dispersed in water and/or alcohol followed by
application of the dispersion to substrate samples using
dip coating, are low cost and easily scalable. Here, we
present coatings consisting of Ag modified CNCs that
form a percolated network upon solvent evaporation.
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After photonic sintering, the resulting coatings are
electrically conductive with an unprecedented high
conductivity of 2.9 x 10* S cm™". Furthermore, we
report the first colloidal synthesis that yields CNCs with
a high degree of Ag coverage on the surface, which is a
prerequisite for obtaining coatings with high electrical
conductivity.
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Introduction

An important class of advanced cellulose materials are
electrically conductive composites (Shi et al. 2013).
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They are prepared by combining conductive materials
such as polymers (Qaiser et al. 2011; Carlsson et al.
2012), metal oxides (Jur et al. 2011), metals (Za-
betakis et al. 2005) and carbon (Anderson et al. 2010;
Weng et al. 2011) with cellulose. The conductivity of
the composites strongly depends on the conductive
material applied. Using conducting polymers like
polypyrrole (Carlsson et al. 2012; Raqaz et al. 2009;
Shi et al. 2014), polyaniline (Qaiser et al. 2011; Xu
et al. 2016) or PEDOT (Anothumakkool et al. 2015;
Tkalya et al. 2013), conductivities ranging from 107°
to 10> S cm™" were achieved (Shi et al. 2013).
Alternatively, carbon nanotubes (Anderson et al.
2010) or graphene (Weng et al. 2011) were applied
yielding composites with a conductivity between 10>
and 10> S cm™' (Shi et al. 2013). The highest
conductivity reported to date for cellulose composites
is 10> S cm ™' (Weng et al. 2011). This was achieved
through use of metal oxides like ZnO (Jur et al. 2011)
and SnO, (Aoki et al. 2006), and metals like Ag
(Zabetakis et al. 2005; Koga et al. 2014), Au and Cu
(Weng et al. 2011).

Recently, our group demonstrated that silicated
CNCs are excellent natural building blocks for the
production of high added value, antireflective coatings
(Buskens et al. 2015, 2016). The essential process
steps for preparing these coatings, i.e. surface modi-
fication of CNCs dispersed in water and/or alcohol
followed by application of the dispersion to glass
samples using dip coating, are low cost and easily
scalable. Based on this, and our previous work on Ag
decoration of glucose-functionalized polystyrene
latexes for the formation of Ag nanoshells (Mann
et al. 2014, 2016), we hypothesized that it should be
possible to decorate CNCs, which are glucose poly-
mers, with a dense Ag shell through controlled
reduction of Ag™, and subsequently apply the disper-
sion to glass substrates. Assuming that, in analogy to
the silicated CNCs, the Ag modified crystals form a
percolated network upon solvent evaporation, the
resulting coatings should be electrically conductive.
We anticipated that a high degree of coverage of the
CNC surface with Ag was required for obtaining
coatings with high electrical conductivity.

Here, we present a novel method for the surface
decoration of needle shaped CNCs with Ag, yielding
the first CNC-Ag composite particles with a high
degree of surface coverage. The resulting coatings on
glass, prepared through dip coating, displayed an
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unprecedented high conductivity when compared to
previously reported electrically conductive cellulose
composites.

Materials and methods
Materials

CNC slurry (11.5 wt% in water) was commercially
obtained from the Process Development Center of the
University of Maine and used without further purifi-
cation. The product specification sheets are available
from their website (https://umaine.edu/pdc/facilities-
available-for-use/nanocellulose-facility/nanocellulose-
spec-sheets-and-safety-data-sheets/). (2,2,6,6-Tetram-
ethylpiperidin-1-yl)oxyl (TEMPO), NaBr, NaOCI (11
wt% in water), NaOH, SnCl,, AgNOs, poly(ethylene
glycol) methyl ether thiol (PEG-thiol, Mw
6000 g mol_l), NH; (28-30 wt% in water), HCI and
ethanol (EtOH) were obtained from Sigma-Aldrich and
used without further purification.

TEMPO mediated oxidation of CNCs

Similar to the procedure reported by Ifuku et al. (Ifuku
et al. 2009), CNC slurry (90.6 g, 11.5 wt% in water)
was diluted with demineralized (demi) water (375 ml)
and sonicated using a Branson Sonifier for 5 min. The
dispersion was added to a solution of TEMPO (25 mg,
0.16 mmol g7l CNC) and NaBr (250 mg) in demi
water (375 ml). NaOCl (40 g of 11 wt% solution in
water; 5.0 mmol g{1 CNC) was added to start the
oxidation, after which the pH of the resulting disper-
sion was adjusted to 10.5 through addition of NaOH.
The suspension was stirred overnight at room temper-
ature, after which the oxidation was terminated by the
addition of ethanol (10 ml). The resulting suspension
was dialyzed against demi water for 7 days until
neutral pH was achieved in the effluent.
Isolated yield: 7.7 g (74%) of oxidized CNC.

Two step procedure for silver deposition on CNCs

First step: Similar to the procedure reported by our
group for Ag deposition on glucose-functionalized
polystyrene latexes (Mann et al. 2014, 2016), a
dispersion of TEMPO-oxidized CNCs (15.0 g, 0.77
wt% in demi water) was added to a solution of SnCl,
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(1.25 g, 5.54 mmol) and HCI1 (2 ml, 37 wt%) in demi
water (100 ml). The mixture was stirred for one hour
on a roller bank at room temperature, and subse-
quently centrifuged for 30 min at 10,000 rpm. Then,
the supernatant was removed, and the residue dis-
persed in demi water (100 ml) using an ultrasonic
bath. The resulting dispersion had a solid content of
0.10 wt%. Subsequently, the mixture was added to a
solution of silver nitrate (600 mg, 3.53 mmol) and
aqueous ammonia (3.75 ml, 28-30 wt% in water) in
water (100 ml). The resulting reaction mixture was
inverted 10 times, immediately centrifuged at
10,000 rpm for 30 min and dispersed in demi water
(50 ml).

Isolated yield: 0.02 g CNC-Ag composite particles
(45 wt% Ag, based on thermogravimetric analysis
(TGA)).

Second step: A dispersion of CNC-Ag composite
particles (16.7 ml, 0.04 wt%, 45 wt% Ag) was added
to a freshly prepared Ag deposition bath. The depo-
sition bath was prepared by combining solution 1 and
2 (Table 1) in an ice bath. Solution 2 was prepared by
adding glucose and tartaric acid to a mixture of ethanol
and demi water, after which the solution was placed in
an ultrasonic bath for 30 min. The particle dispersion
was added to the deposition bath and stirred overnight
on a roller bank. PEG-thiol (Mw 6000, 100 mg,
0.017 mmol) was added to stabilize the metallized
CNC particles. The resulting dispersion was stirred for
one hour on the roller bank, centrifuged at 10,000 rpm
for 30 min, and dispersed in demi water (20 ml) using
an ultrasonic tip (2 min, power level 20%).

Isolated yield: 0.13 g CNC-Ag composite particles
(94 wt% Ag, based on TGA).

UV-VIS extinction spectrophotometry on CNC-
Ag dispersions

For the optical characterization of aqueous CNC-Ag

dispersions, we performed UV-VIS extinction spec-
trophotometry using a Shimadzu 3600 UV-VIS-NIR

Table 1 Solutions for Ag deposition bath

spectrophotometer. The measurements were per-
formed in quartz cuvettes having an optical path
length of 10 mm. Spectra were recorded for the
wavelength range from 300 to 700 nm.

Thermogravimetric analysis

TGA was applied to determine the decomposition
temperature of CNCs in CNC-Ag composite particles,
and the weight ratio CNC to Ag using a Discovery
TGA (TA Instruments). Samples were heated to
900 °C under air with a rate of 20 °C min~".

Coatings on float glass

Coatings comprising CNC-Ag composite particles
were applied to float glass slides from an alcoholic
dispersion (1.0 wt%) using dip coating (KSV NIMA
dipcoater with control software). A withdrawal speed
of 500 mm min~' was applied. The solvent was
evaporated under ambient conditions. Up to eight
layers were applied on top of each other through
sequential dip coating. Photonic sintering was applied
to transform the dip coated nanoparticle layers into a
conductive coating, using a NovaCentrix PulseForge
1300. The sample was half covered with a metal plate.
The other half was exposed to light flashes for
photonic sintering using diverse settings (Table 2).
One sample, resulting from eight sequential dips, was
cured in an oven for 3 h at 450 °C.

Temperature monitoring during photonic sintering

To monitor the increase in coating temperature during
photonic sintering, a sample with an electrical circuit
containing a molybdenum line with known dimen-
sions and temperature coefficient of resistance was
covered with a thick layer of CNC-Ag particles (eight
sequential dips). The line resistance was measured
during photonic sintering, and directly correlated to
the sintering temperature.

Solution 1 (in 133.6 ml demi water)

AgNO; NaOH/ammonia

Solution 2 (in 66.8 ml EtOH/13.4 ml demi water)

Glucose

Tartaric acid

133.6 mg 133.6 mg/560 ul

267.2 mg

26.7 mg
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Table 2 Settings for dip

# Dips Voltage (V) Time (us) # Flashes Frequency (Hz) Flash energy (J Cm_z)
coating and photonic
sintering 2 500 600 1 4

4 500 600 1 4

6 500 600 1 4

8 500 600 1 4

8 500 600 1 4

8 300 1000 10 1 1.3

8 500 300 3 1 2

Zeta potential

The zeta potential of the CNC dispersions was
measured using a Malvern nano Zetasizer. All mea-
surements were performed in translucent disposable
zeta cuvettes (DTS1060C) at 25 °C with an equilibra-
tion time of 2 min. Each measurement was repeated
three times with a delay of 10 s in order to confirm the
quality of the obtained measuring data.

X-ray diffraction

Samples are measured in Bragg—Brentano geometry
with a Bruker D8 Advance diffractometer, equipped
with a motorized slit with opening angle of 0.30°,
primary and secondary soller slit of 2.5° and Lynxeye
detector with opening angle of 2.94°. Data collection
is carried out at room temperature using Cu Ko
radiation (A = 0.15406 nm) in the 26 region between
10° and 40°, step size 0.02 degrees 26. The sample is
deposited on a zero background holder (Si single
crystal (510) wafer) and was rotated at 15 rpm during
the measurement. Generator settings are 40 kV and
40 mA. Phase identification is carried out with the
Bruker program “EVA4.2.”

Fourier transform-infrared spectroscopy

Infrared spectroscopy was used to characterize the
CNCs before and after TEMPO oxidation. Infrared
spectra were recorded on a FT-IR Perkin Elmer
spectrophotometer.

Electron microscopy

The dimensions and composition of CNCs and CNC-

Ag composite particles were determined by transmis-
sion electron microscopy (TEM) using a JEOL
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ARM200F operated at 80 kV. Dried dispersions of
CNC typically display a high degree of aggregation as
a result of drying during sample preparation. There-
fore, cryogenic dispersion samples were prepared on
copper-supported lacey carbon by rapid vitrification in
liquid ethane.

High resolution scanning electron microscopy
(SEM) images were recorded with a FEI Nova
NanoSem 650 with the following settings: an accel-
eration voltage of 4 kV, spot size 3, chamber vacuum
of 60 Pa and a gaseous analytical detector, or with an
acceleration voltage of 5 kV, spot size 3, chamber
vacuum of circa 1 mPa and a through lens detector.

Titration to determine the degree of oxidation
of CNCs

The carboxyl content of the CNCs after TEMPO
oxidation was determined by suspending of freeze
dried oxidized CNCs (50-55 mg) into 0.01 M
hydrochloric acid solution (15 ml). The suspension
was treated with an ultrasonic tip for 2 min, after
which the sample was titrated with 0.01 M NaOH. The
carboxyl groups content, or degree of oxidation (DO),
was calculated using following equation:

1 —
DO — 6ZC(V2 Vl)
w —36¢(Va — V)

where V; and V, are the volumes of NaOH (in 1), ¢ is
the concentration NaOH (in mol/l) and w is the weight
of the freeze dried sample (Habibi et al. 2006).

UV-VIS-NIR extinction spectrophotometry

Transmission of the dip coated glass samples was
measured using a Shimadzu 3600 UV-VIS-NIR
spectrophotometer. Spectra were recorded for the
wavelength range from 300 to 1200 nm.
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Sheet resistance

Four point probe measurements for determination of
sheet resistance are not reliable on highly porous
coatings on glass. The probes penetrate the coating
and destroy the three-dimensional network of
nanoparticles, resulting in irreproducible values.
Therefore, resistances were measured between small
dots of conductive silver glue, applied 8 mm apart
from each other, on top of the CNC-Ag coatings. The
sheet resistance Rg can be calculated as described by
Wolf and Tauber (1986).

W(Rr — 2R¢)

R =
§ L

with W as distance between the dots of silver glue (i.e.
8 mm), Ry as total measured resistance and R, as
contact resistance. The conductivity is calculated from
the sheet resistance Rg of the coating and its layer
thickness ¢

Layer thickness

Layer thickness measurements were performed using
a Dektak XT profilometer from Bruker, with 1 mg
stylus force. The coating thickness was determined on
five different positions for each coated sample.
Average values are presented in this report.

Results and discussion
CNC-Ag composite particles

The aim of our study was to prepare CNC-Ag
composite particles with a high degree of Ag coverage
on the surface of the CNCs, and to use these Ag-
decorated CNCs for the preparation of electrically
conductive coatings. Very recently, our group reported
a two-step procedure for the deposition of Ag on
glucose-functionalized polystyrene particles, yielding
polystyrene-Ag core—shell particles with a high degree
of Ag coverage on the latex surface (>90%) (Mann
et al. 2016). We selected this metallization procedure
for Ag deposition on CNCs (Fig. 1). At the start of the
reported procedure for metallization of the latex

particles, Sn** ions were coordinated to the surface
of glucose-functionalized polystyrene particles to
serve as nucleation points for the reductive deposition
of Ag from Ag" (Mann et al. 2014, 2016). This
pretreatment step is commonly used to deposit Ag on
macroscopic surfaces, and has first been applied as
pretreatment in a multistep process for deposition of
Ag on spherical colloids by Liz-Marzan and cowork-
ers (Kobayashi et al. 2001).

They demonstrated that Sn>* ions coordinated to
the surface of spherical silica particles and reduced
Ag™'to Ag, while Sn** oxidized to Sn**. Coordination
of Sn** ions to the polystyrene particle surface was
demonstrated by the strong increase in zeta potential
(Mann et al. 2014, 2016). However, after pretreatment
of CNCs with SnCl, and subsequent removal of excess
salt through centrifugation and washing, we noticed
that the =zeta potential remained unchanged at
—42.1 mV. Ergo, the Sn*" ions did not coordinate to
the CNC surface.

Because it is well known that Sn*" coordinates to
carboxylate groups, we decided to use surface oxi-
dized CNCs as templates for reductive Ag deposition.
Following the procedure developed by Ifuku et al.
(Ifuku et al. 2009), we subjected the CNCs to TEMPO
mediated oxidation (Saito and Isogai 2004). The use of
this technique has attracted a number of investigations,
which demonstrated that only the hydroxymethyl
groups of polysaccharides were oxidized, whereas
the secondary hydroxyls remained unaffected (Ifuku
et al. 2009). After TEMPO oxidation and subsequent
purification of the CNCs, we analyzed the surface-
oxidized CNCs using cryo-TEM (Fig. 2a), XRD
(Fig. 2b) and FT-IR spectrometry (Fig. 2c), and
compared their properties to those of the non-oxidized
crystals. As demonstrated by the cryo-TEM (Fig. 2a)
and XRD analyses (Fig. 2b) of untreated and oxidized
CNCs, the oxidation did not significantly affect the
CNC size and crystallinity, respectively. The average
length and width of both the untreated and oxidized
needle-shaped CNCs is 150-200 and 5 nm, respec-
tively. Both materials show the X-ray fingerprint
which is typical for crystalline cellulose (Buskens
et al. 2015). In the FT-IR spectrum, the presence of
carboxylic acid groups on the surface of oxidized
CNC:s is confirmed by the occurrence of the absorption
band at 1730 cm™" representing the C=0 stretching
vibration (Fig. 2c, Online Resource la) (Li et al.
2015).
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Fig. 1 Schematic
representation of TEMPO
oxidation of CNCs, and
subsequent two-step
metallization procedure for
Ag deposition on oxidized
CNCs

TEMPO oxidation of CNCs:
TEMPO
Glucose OH Mfedla.ted Glucuronate COO"
| oxidation 1

CNC | T’
@ b
ov-—

Two-step metallization procedure for Ag deposition on CNCs:

Glucuronate COO"

CNC |

Furthermore, we noticed an additional absorption
band at 1601 cm™! for the TEMPO oxidized CNCs,
representing the COO- antisymmetric stretching in
carboxylic acid salts. From the FT-IR spectrum of
TEMPO oxidized CNCs, we calculated a degree of
oxidation (DO) of 0.110 (Habibi et al. 20006).
Furthermore, we noticed from the FT-IR spectra that
neither the total crystallinity index (7CI = 1.00 and
TCI,, = 0.99) nor the lateral order index (LOI = 1.00
and LOI,, = 1.01) changed upon TEMPO oxidation
(Lietal. 2015). The hydrogen bond intensity increased
upon TEMPO oxidation from HBI = 0.06 to HBI,, =
0.11 (Li et al. 2015), which can be expected upon
formation of carboxylic acid groups.

For a more accurate determination of the DO, we
performed a conductometric acid-base titration using
the method reported by Vignon and coworkers (Fig. 3)
(Da Silva Perez et al. 2003; Habibi et al. 2006).

Based on these results, we obtained a carboxyl
group content of 0.60 mmol g~', which corresponds
to a DO of 0.105. This is in good agreement with the
DO obtained through FT-IR analysis.

The stability of the dispersions of unmodified and
oxidized CNCs at neutral pH was determined through
measurement of the zeta potential. For the unmodified
and oxidized CNCs, we determined a zeta potential of
—42.1 and —43.5 mV, respectively, which indicates
that both dispersions are stable at neutral pH.

To validate the surface coordination of Sn>* ions,
the dispersion of oxidized CNCs was mixed with an
aqueous solution of SnCl,. After one hour at room
temperature, excess SnCl, was removed through
centrifugation and washing, and the resulting CNCs
were dispersed in demi water. After treatment, we
measured a significant increase in zeta potential from
—435 to +42.14 mV, demonstrating successful
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coordination of Sn*" ions to the carboxylate groups
of the oxidized CNCs. This was confirmed by TEM-
EDX analysis of the TEMPO oxidized CNCs after
treatment with SnCl, (Fig. 4).

In the first metallization step, the Sn** modified
CNCs were subjected to an aqueous solution of
AgNOj; and NHj; at room temperature. An immediate
colour change due to the formation of Ag nanoparti-
cles on CNCs, with their distinct localized plasmon
resonance at about 420 nm, indicated that Ag was
formed rather quickly (Fig. 5a). The reaction mixture
was inverted 10 times at room temperature, after
which the Ag-modified CNCs were isolated through
centrifugation. The resulting supernatant was trans-
parent in the visible, indicating that no free Ag
particles were formed, and that the metallization
procedure is highly selective for CNC surface deco-
ration. The Ag-modified CNCs were then washed and
dispersed in demi water. The Ag content was deter-
mined using TGA (Fig. 5b). The UV-Vis spectrum
displays a rather broad extinction peak with its
maximum at a wavelength of 420 nm, which repre-
sents the localized plasmon resonance of the Ag
nanoparticles deposited on CNCs (Fig. 5a). In the
TGA, the Ag-decorated CNCs display approximately
5% mass loss due to dehydration, followed by a
distinct temperature profile for degradation with
degradation temperatures of 190 and 350 °C (Fig. 5b).
The Ag residue obtained after full decomposition of
cellulose at a temperature above 550 °C represents 45
wt% of the original CNC-Ag composite particles.

Morphology and architecture of the CNC-Ag
composite particles, obtained after the first metalliza-
tion step, were analyzed using high resolution cryo-
TEM (Fig. 6). The cryo-TEM image displays a bundle
of maximum 5 CNCs inhomogeneously decorated
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Fig. 2 Characterization of
TEMPO oxidized CNCs in
comparison to untreated
CNCs; a cryo-TEM images,
b X-ray diffractograms (y
axis are arbitrary units), and
¢ FT-IR spectra
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Fig. 3 Titration curve of 900
the conductometric acid—
base titration of TEMPO
oxidized CNCs (amount of

CNCs w = 0.0495¢; 800
concentration NaOH
¢ =0.0110mol 1I"1)
E 700
]
N
(7,)
2
3 600
=
©
=]
T
S
S 500
400
300
0 2

Vi Vs

4 6 8 10 12
Volume NaOH (mL)

Fig. 4 TEM of the TEMPO oxidized CNCs after treatment with SnCl, and TEM-EDX analysis for Sn (red). (Color figure online)

with individual spherical Ag nanoparticles of a size
between 5 and 10 nm (pointed out by the red arrow in
Fig. 6). This matches the UV-VIS extinction peak at
420 nm.

In analogy to the procedure reported by Buskens and
co-workers for Ag deposition on glucose-modified
polystyrene latex particles (Mann et al. 2016), we
applied a second step for further deposition and growth
of Ag nanoparticles. In this step, the CNC-Ag composite
particles were subjected to a Ag deposition bath at 0 °C.
This bath was prepared through combination of two
individually prepared solutions: an aqueous solution of

@ Springer

Ag[NH;]3 complex and a solution of glucose and
tartaric acid in a mixture of ethanol and demi water.
After finishing the Ag deposition, PEG-SH was added to
ensure colloidal stability of the CNC-Ag composite
particles. The particles were purified through centrifu-
gation and washing, and dispersed in demi water.
Similarly to the first process step, the supernatant was
transparent indicating that Ag was selectively deposited
on the CNC surface. TEM analysis of the resulting
CNC-Ag composite particles revealed an unprece-
dented high level of surface coverage with Ag particles
of a size up to about 50 nm (Fig. 7).
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Fig. 5 a UV-VIS spectrum a 0.16
of Ag-modified CNCs
dispersed in demi water and 0.14

b TGA of Ag-modified
CNC:s; both after the first

metallization step 0.12

0.1
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Extinction
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b 100
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This unprecedented high level of surface coverage
was achieved both through the formation of new Ag
particles on the CNC surface and through the growth
of previously existing Ag nanoparticles. It is well
known that metal nanoparticles such as Ag and Pd
deposited on the surface of a dielectric particle, act as a
catalyst for further Ag deposition and thereby ensure
that reduction of further Ag™ ions only takes place on
the nanoparticle surface (Kobayashi et al. 2001). TGA
analysis showed that the amount of Ag in the
composite particles increased during the second
process step from 45 to 94 wt% (Online Resource
1b). UV-VIS spectrophotometry yielded an extinction

400 450 500

550 600 650 700
Wavelength (nm)

200 300 400 500 600 700
Temperature (2C)

spectrum (Online Resource 1c) almost identical to the
one for the CNC-Ag composites after the first process
step (Fig. Sa).

Conductive coatings

For the preparation of conductive coatings comprising
the CNC-Ag composite particles obtained after the
second process step, we prepared a 1.0 wt% dispersion
in ethanol. The particles were applied to float glass
slides through dip coating using the particle dispersion
as coating liquid. We used a withdrawal speed of
500 mm min~', and applied multiple layers of
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Fig. 6 Cryo-TEM image of CNC-Ag composite particles
obtained after the first metallization step

Fig. 7 TEM analysis of CNC-Ag composites formed after the
second process step

particles on top of each other through sequential
dipping and drying. After evaporation of all volatiles,
we photonically sintered the thin film using pulsed
light from a flash lamp. This is a common technique
for sintering of metal inks, and is frequently used in
printed electronics (Schroder 2011). Sintered samples
resulting from 2, 4, 6 and 8 sequential dips were
analyzed using SEM (Fig. 8). As depicted in the SEM
images, the degree of surface coverage and the coating
layer thickness ¢t increase with increasing number of
dips. For the sample resulting from 8 sequential dips,
we performed SEM analysis before photonic sintering
(Fig. 9a). From comparison between the sintered
(Fig. 8d) and non-sintered coating, we conclude that
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the morphology of the structures did not significantly
change during photonic sintering. Furthermore, we
performed a reference experiment through application
of an oven cure (Fig. 9b).

By applying a coating (8 sequential dips) on top of
an electrical circuit containing a molybdenum line
with known dimensions and temperature coefficient of
resistance, we determined that the maximum temper-
ature reached during photonic sintering was approx-
imately 450 °C (Online Resource 1d). Therefore, we
performed the oven cure at that temperature for a
duration of 3 h.

After removal of the coating from one side of the
substrate, we determined the UV-Vis transmission
using spectrophotometry (Fig. 10). The average trans-
mission in the visible (425-675 nm) T,;, decreased
with increasing layer thickness from 92.7% (uncoated
float glass) to 18.0% (4 dips), 12.7% (6 dips) and 5.9%
(8 dips) (Fig. 10, Table 3, Online Resource le). The
morphology change of the oven cured samples is
reflected in the transmission curve yielding an average
visible transmission of 28.6%. Using a Dektak
profilometer, we determined the average layer thick-
ness ¢ of the coatings obtained after 4, 6, and 8 dips
(Table 3). As expected, the average layer thickness
increased with increasing number of sequential dips
from 70.5 nm (4 dips) to0 92.6 nm (6 dips) and 99.4 nm
(8 dips). For flat and dense coating layers of the same
material applied on top of each other in sequential
dips, the coating thickness should linearly increase
with the number of dips, provided that the same liquid
coating formulation and withdrawal speed are used.
Apparently, this is not the case for the porous coatings
consisting of CNC-Ag nanoparticles. With increasing
number of dips, the average coating thickness
achieved per dip decreases (17.6 nm for 4 dips,
15.4 nm for 6 dips, 12.4 nm for 8 dips). Nonetheless,
it is reasonable to expect that the same amount of
coating material is applied during each dip, which
means that with increasing thickness of the porous
layers, the additional coating material is preferably
deposited inside the porous network instead of on top.

Regular probes used in four point probe measure-
ments for the determination of the sheet resistance of the
coating penetrate the particle layer, and consequently
destroy the three dimensional coating network. There-
fore, this method is not suited for determining the
conductivity. Instead, we measured resistances between
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¢ 6 and d 8 sequential dips after photonic sintering

b 4,

s

Fig. 8 Coated samples resulting from a 2.

and b after 3 h oven cure at 450 °C

Fig. 9 Coating from 8 sequential dips a before photonic sintering,

as function of their distance L (Fig. 11), sheet Ry and

small dots of conductive silver glue applied at distances
of 8, 16, 24 and 32 mm from each other. When plotting
the measured resistance Ry between these contact points

contact resistance R can be derived from the slope and

axis intersection, respectively,
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Fig. 10 Transmission of 100
glass samples single-sided
coated with CNC-Ag 90
composite particles
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Table 3 Thickness, visible transmission and conductivity of
photonically sintered coatings (settings photonic sintering:
U = 500 V, 1 flash, flash time = 600 ps, E = 4.0 J cm™2)

# Dips t (nm) Tis (%) o (Scm™h
4 70.5 18.0 54 x 107!
92.6 12.7 3.5 x 10°
8 99.4 5.9 2.9 x 10*
Rs

Ry =, L+2Rc

with W as width of the conducting path (Wolf and
Tauber 1986).

For the coatings prepared using 6 and 8 sequential
dips, the sheet resistances were determined using 10
(Online Resource 1f) and 20 mm wide conducting
paths (Fig. 11). The average sheet resistance values
resulting from these measurements are 31 Q sq~' (6
dips, t+=92.6nm) and 3.6Qsq ' (8 dips,
t = 99.4 nm). The corresponding linear regressions
display a coefficient of determination R* of 0.99,
which underlines that the regression line excellently
fits the experimental data points. This is not the case
for the sample resulting from 4 sequential dips: using a
linear regression, the sheet resistance of this sample
could be determined as 5.6 x 10° Qsq™' (4 dips,
t = 70.5 nm), albeit with a poor fit of the regression
line with the experimental data points (R* = 0.80-
0.86, Online Resource 1 g). Note that the decrease in
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——4 dipcoats / 500V / 600 ps / 1x
6 dipcoats / 500V / 600 ps / 1x

——8 dipcoats / 500V / 600 ps / 1x
8 dipcoats / 3h 450°C

——uncoated glass

600 700 800 900 1000 1100 1200
wavelength (nm)

sheet resistance cannot simply be explained by an
increase in coating thickness with increasing number
of dips. Although the difference in coating thickness
between the layers produced in 6 and 8 sequential dips
is only minor, the difference in the number of
conductive CNC-Ag nanoparticles per surface area
of substrate is more than 30% (vide supra).The
conductivity ¢ of these coatings can be derived from
Rs and layer thickness 7,

and was calculated as 5.4 x 107'Scm™!,
3.5 x 10° S cm_l, and 2.9 x 10* S cm_l, respec-
tively. Latter conductivity exceeds the conductivity of
the best performing cellulose composites reported to
date by a factor ~30 (Shi et al. 2013).

Conclusions

We have successfully developed a conductive coating
consisting of Ag-decorated CNCs, with a conductivity
that exceeds the best performing cellulose composites
reported to date by a factor 30. In line with our previous
work on CNC-based antireflective coatings, we demon-
strated that surface modified CNCs are interesting
building blocks for application in high tech functional
coatings, and realized the first conductive coating based
on CNCs. Here, we decorated the CNC surface with Ag
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using a two-step metallization procedure, and realized References

CNC-Ag composite particles with an unprecedented
high degree of metal coverage. These were dispersed in
ethanol and applied to glass substrates through dip
coating. The resulting particle layers were photonically
sintered, yielding coatings with an electrical conduc-
tivity up to 2.9 x 10* S em™".
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