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Optimizing conductive ink for Direct-Write Additive Manufacturing, this work explores the
effect of carboxylic functionalization of multi-walled carbon nanotubes on their affinity to
silver nanoparticles deposited on them. We show a correlation between functionalization
and the size of the resulted NPs: the diameter of the silver NPs deposited on pristine CNTs
(~5 nm diameter) is third of that of NPs deposited on functionalized CNTs (~15 nm).
Electrical characterization of the silver-decorated CNT-based ink shows a more significant
improvement in conductivity of the functionalized CNTs-decorated with silver compared to
the pristine one (maximal ~40 and ~20% increase in conductivity over their undecorated
counterpart, respectively). However, CNT functionalization severely damages the
conductivity of the CNTs themselves, resulting in a much lower conductivity. This
“double-edged sword” effect of functionalization results in the highest absolute specific
conductivity (3.79 × 103 S/m) achieved by decorating pristine CNTs with 25 wt% of silver.
Nevertheless, the observed enhanced conductivity and the ability to control the
composite’s morphology by functionalization allow fine-tuning of morphology-based
properties, such as surface enhanced Raman scattering and optimization of the ink for
sensing applications.
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1 INTRODUCTION

Innovations in the fields of electronics, robotics and the “internet of things” (“IOT”) have
pushed the boundaries of imagination. Such applications have accelerated the ever-growing
need for circuits to become smaller, lighter, and more efficient. However, the conventional,
subtractive method of electronic circuit production - selectively removing copper from printed
circuit boards (PCBs) (Mosses and Brackenridge 2003) - is both inefficient and
environmentally unfriendly (Espera et al., 2019). To keep up with the demands of the
ever-advancing industry, new manufacturing processes have been developed. These
processes allow the design of electronic circuits that would be impossible to produce by
classical PCB method.

Additive manufacturing (AM) provides one such alternative to the subtractive fabrication
process. In AM, the electronic circuit is produced from the bottom up via the selective
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deposition or growth of conductive and dielectric materials
(Espera et al., 2019). These materials may be deposited layer
by layer in a manner similar to that of three-dimensional
printing, to create a monolithic circuit of unorthodox
geometries; or they may be deposited onto an existing
substrate, transforming it into an electronic circuit. The
AM method chosen, and the conductive materials used,
will have a direct impact on the quality, efficiency, and
scalability of the resulting electronic circuit.

There is a wide range of conductive inks, dyes and pastes
available on the market, which can be used to deposit
conductive pathways in the AM production of circuits.
These materials are commonly composed of conductive
fillers and a non-conductive matrix which allows their
controlled deposition and adhesion to the substrate during
printing (Kamyshny and Magdassi 2019). The conductive
fillers can vary from metal nanoparticles and nanowires to
organic particles such as carbon nanotubes (CNTs), graphene
and conductive polymers (Kamyshny and Magdassi 2019; Goh
et al., 2019b). Of these, CNTs have several unique advantages,
including high conductivity, low density and the ability to be
processed in ambient conditions without oxidizing or decaying
(Ibrahim, 2013). For this reason, there has been increased
research and interest in this type of conductive filler for its use
in the additive fabrication of electronic circuitry (Sarangdevot
and Sonigara 2015; Goh et al., 2019b).

However, despite the excellent properties of individual CNT
(Tortorich and Choi, 2013), their microscale length requires
electrons to percolate from one CNT to another, sometimes
thousands of times. The CNT-CNT junction higher resistance
greatly reduces the electron mean-free-path, thus reducing the
conductivity of the electrode (Hecht et al., 2006). Attempts to
increase the conductivity of CNT based inks by improving their
dispersibility (Menon et al., 2017; Goh et al., 2019b; Aziz et al.,
2020) or post-treatment (Shimoni et al., 2014) have been proven
insufficient. Therefore, the working hypothesis is that by reducing
the barriers to electron transport at CNT-CNT junctions, it may
be possible to increase the conductivity of the CNT network. To

this end, attempts have been made to add conductive metal
nanoparticles to the network, increasing conductivity by 2-3
orders of magnitude (Ko and Lin 2013). Of these chosen
metals, silver nanoparticles are the most prominent candidates
for improving CNT network conductivities, due to their high
conductivity (Gall, 2016), chemical stability (Fernandes et al.,
2020), and sintering compatibility even at low temperatures
(Moon et al., 2005).

Table 1 shows examples of commercially available CNT based
inks and those published in the literature. Looking at the
commercially available inks, it is apparent that their specific
resistivities are very high, three orders of magnitude above
that of bulk silver (×1.610−6Ω cm), a common benchmark for
resistivities in printed electronics. The low density, high optical
transmission and excellent environmental endurance of carbon-
based inks makes them attractive candidates for electronic
applications even in these high resistvities, but prevents them
from being used for high-power or high frequency electronic
applications. Therefore, reducing carbon-based inks’ resistivity is
still a highly desired goal. Compounding with silver nano-wires
(Oluwalowo et al., 2019) is favorable over graphene nanoparticles
(Shim et al., 2015), and produced a mostly carbon based ink with
a conductivity one order of magnitude below that of silver.
Increasing the silver content to over 80% of the composite has
effectively increase the conductivity of the ink by several orders of
magnitude (Zhao et al., 2012), but these mostly silver-based inks
lose most of the favorable properties of the CNTs. Works such as
these suggest that the addition of metallic nanoparticles as a mean
to improve the conductivity of CNT networks, leading to a
tenfold increase in conductivity (Ko and Lin 2013) can also
preserve the low density, cost, and durability of the CNT network.

In this work, we aim to improve upon past efforts by
decorating multi-walled CNTs (MWCNTs) with silver
nanoparticles via electrochemical reduction, thus binding the
silver nanoparticles to the CNTs to enhance their
improvement of the networks’ conductivities over
simply “mixing in” silver nanoparticles. The MWCNT-silver
nanocomposite particles will then be used to formulate

TABLE 1 | Resistivity comparison of CNT based conductive inks on the market and in the literature.

Source Dispersion CNT Type CNT conc.
[wt %]

Treatment Resistance [Ω
cm]

Commercial inks

Signis AC100 Aqueous SWCNT 0.02 None 1.28 × 10−3

Signis AC200 Aqueous SWCNT 0.1 None 3.23 × 10−1

Southwest Nano VC100 Amine/Alcohol SWCNT 0.05–0.1 None 2 × 10−3

Brewer Science CNTRENE C100 Aqueous 0.5–2.0 None 1.37 × 10−3

Literature
Oluwalowo et al. (2019) None 1:9 AgNW:MWCNT NA 2 h at 200°C 7.7 × 10−5

Wu et al. (2004) Aqueous SWCNTs 0.2 None 1.50 × 10−4

Aziz et al. (2020) Aqueous DWCNT 0.5 Microfluidic shearing 2.78 × 10−4

Hu et al. (2009) Aqueous MWCNTs 1 None 1.00 × 10−3

Menon et al. (2017) Ethanol MWCNT 9 None 1.25 × 10−3

Shimoni et al. (2014) Aqueous SWCNT 0.1 HNO3 post treatment 1.5 × 10−3

Shim et al. (2015) PAN/DMF 89% MWCNT/11% Graphene NP 0.5–2.0 None 8.7 × 10−2
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an aerosol-able ink for deposition of conductive carbon-based
traces.

2 EXPERIMENTAL

2.1 Formulation of Silver Decorated
MWCNTs Based Ink
The protocol for silver decoration of MWCNTs using a Tollen’s
Reagent is based upon the works of Larrude et al. (Larrude et al.,
2014). As-purchased functionalized MWCNTs (>95%, 1.55 wt%
carboxilic groups, US Nano, stock number: US4311) or pristine
MWCNTs (>95%, US Nano, stock number US4312) were
dispersed in an aqueous solution based on distilled water
(18.2 MΩ resistance, Merck “Milliq” water distillation filter)
with aid of a commercial dispersant recommended for CNT
dispersal (BYK, DISPERBYK 190), at 1:10 dispersant to carbon
mass ratio. The solution was then sonicated for an hour in an
ultrasonic bath (40 KHz at 35W Power; Skymen Cleaning
Equipment JP-008) to produce a homogenous 2 wt% aqueous
carbon solution.

To produce the Tollen’s Reagent, a 2% wt silver nitrate
solution was prepared by dissolving 2 gr of silver nitrate
(>99%, Sigma Aldrich, cat. #209139) in 100 ml distilled water.
To this solution, 1 ml of dilute NaOH (>98%, Sigma Aldrich, cat.
#S5881, 1 gr NaOH per 100 ml distilled water) solution was
added, as this compound aids in the Tollen’s Reaction. Following
this the silver precipitates and the solution becomes opaque. To
this murky solution an aqueous solution of 25 wt% ammonia
(32%, Sigma Aldrich, cat. #1.05426, with an additional 28 ml
distilled water added per 100 ml ammonia solution to achieve
25% final concentration) was added dropwise, until the solution
just starts to become clear.

The desired amount of Tollen’s reagent (calculated by the
silver mass to give 1:4, 1:2 or 1:1 silver to CNT weight ratio,
respectively) is added to the previously prepared CNT samples,
and the resulting CNT/Tollen’s reagent solution is sonicated for
an hour in an ultrasonic bath at 40°C. The purpose of the
sonication during the reaction is to maintain the dispersion of
the CNTs and prevent their agglomeration. After an hour, 100 µL
of formaldehyde (37%, Sigma Aldrich, 252,549) are added to
terminate the reaction and cause the precipitation of the
remaining silver in the solution. The solution was sonicated
for another hour to fully terminate the reaction.

The resulting solution is vacuum filtered using a Büchner filter
through a 70mmWhatmann Grade 44 filter paper (Sigma Aldrich,
WHA1444070), to produce a dry cake of decorated CNTs. The cake
is then washed with distilled water and ethanol (min 99.9% assay,
Biolab Chemicals), three times each, while still in the vacuum filter
basket. The water wash is to remove the water-soluble ions from the
deposition step, and the ethanol aids in the removal of organic
species. The resulting cake is then dried in a vacuumed desiccator for
6 h to remove any remaining solvent.

For ink formulation, different masses of the now dry Ag:CNT
powder was mixed with 10 ml of distilled water, to maintain a
constant 0.5% wt. of CNT in the ink. To aid in the dispersion of
these samples in the aqueous media, the same commercial

dispersant from the decoration step, DISPERBYK 190, was
added to the CNT mass in each sample at a ratio of 1:10
dispersant to CNT. These samples were then all sonicated in
an ultrasonic bath for 2 hours to redisperse the dry powder into
the aqueous solvent.

2.2 Thermogravimetric Analysis
Functionalized (F) and pristine (non-functionalized, NF) CNTs
samples, with an increasing nominal ratio of silver particles (0, 1:
4, 1:2, 1:1 Ag: CNT), were taken at the “dried cake” stage and
analyzed in air using a TGA Q5000 from TA instrument, with an
isothermal at 45°C for 10 min followed by a gradual increase in
temperature from 45 to 800°C at a ramp of 10°C/min.

2.3 Electron Microscopy
Both scanning electron microscopy samples and conductivity
characterization samples (to be described in the next sub-section)
were produced via aerosol deposition using the Optomec AJ300
system, using the ultrasonic atomization unit which utilizes a strong
ultrasonic frequency to aerosolize the ink into vapor of micro-
droplets. This vapor is jetted out of a narrow ceramic tip onto the
substrate, guided by a sheath of pressurized nitrogen gas which
allows deposition of fine conductive traces. The exact printing
parameters are described in the Supplementary Information.

Three samples of silver decorated CNTs: functionalized CNTs
with 1:4 Ag:CNTmass ratio (F 1:4), functionalized CNTs with a 1:
2 mass ratio (F 1:2), and pristine CNTs with a 1:4 mass ratio (NF
1:4), were deposited by aerosol jet onto silicon wafers. The
samples were chosen as they allow a comparison along the
two main variable axes: increase in silver content and effect of
functionalization. Identical samples were exposed to a heating
profile in a reflow oven after deposition. This type of oven utilizes
convection and a tight temperature control loop to increase the
chamber’s temperature quickly and uniformly along a desired
profile. All the samples were then analyzed using a High-
Resolution Scanning Electron Microscope (Zeiss Gemini SEM),
to observe the changes in silver morphology caused by sintering
process. No pretreatment was necessary as the samples are
conductive. The acceleration voltage was 3.0 kV, with a Zeiss
“InLens” detector for secondary electron detection and an
“aBSD” Si solid state backscattered electron detector with all
its segments activated during the scan.

To determine the particle size distribution, the images were
analyzed using ImageJ software. A bandpass filter (1–40 pixels)
was first applied to the images to reduce noise. Then, a threshold
filter was applied, just until all the white silver particles are
included in the image. The particle radii were automatically
calculated by the built-in software tool, with a resolution of
1–5 nm, dependent on the magnification.

Additionaly, TEM images of silver-decorated both pristine
(NF) and functionalized (F) CNT were taken to confirm
decoration. Samples for the TEM were prepared by dispersing
the CNTs powder in ethanol by ultrasonic treatment for 10 min.
The suspension was then casted on a TEM grid with an ultrathin
carbon film. The CNTs were examined in a FEI Tencai 20 TEM,
operated at 200 keV, in bright-field mode and slight under-focus
conditions to increase the contrast.
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2.4 Raman Spectroscopy
Dilute formulations of the functionalized (F) and pristine (not
functionalized, NF) Ag:CNT samples were prepared by
sonicating 1 mg of the sample powder with 1 ml of acetone for
30 s. These samples were then drop-cast onto glass slides and
dried at 80°C to remove traces of solvent. The Raman spectra of
these samples was then obtained using LabRAM HR Evolution,
Horiba, with a wave-length of 532 nm (green laser) in a region
1,000–3,000 cm−1 for ID/IG ratio calculation. All the
measurements were performed at room temperature.

2.5 Conductivity Measurements
In order to measure the conductivities of the printed lines in a
standardized manner, simple probing circuits were produced by
deposition of silver nanoparticle based ink (Sicrys I50-TM) via
the Optomec system onto slides made of epoxy-laminated glass
fibers (FR-4), as seen in Figure 1.

These probing circuits were spaced 2.5 ± 0.05 mm apart,
allowing the standardization of the samples’ lengths. The height
of the silver lines onto which the CNT based ink was deposited
20 μm, allowing for the smooth deposition of the CNT lines
orthogonally to the silver probes with minimal change in height
that could cause necking at the base of the probe. Each silver
probe contained a probing pad with a diameter of 0.5 mm,
allowing for facile resistance measurements using the
multimeter probes. As printed Ag:CNT lines were measured
with a Kiethley 2,200 Multimeter. The in-line resistivity of the
silver lines and multimeter probes was 1–2 [Ohm], which is
three orders of magnitude below that of the printed CNT lines,
and therefore has a negligible effect on these measurements.
After calculating the “as-printed” resistivity of the lines, the
samples underwent a post-processing heat treatment in a Reflow
Oven to sinter the silver nanoparticles and remove remaining
solvents and the insulating dispersant, then measured again in
the same procedure.

To measure the cross-sectional area of the samples, an optical
microscope (HIROX MXB-5000REZ) was used to generate a
three-dimensional rendering of the printed lines. The three
dimensional model was used to calculate the average cross-
sectional area of the conductive trace, allowing calculation of
the samples’ conductivities.

3 RESULTS

3.1 Silver Content in the Composite Ink
TGA results are presented in Figure 2. The thermal
decomposition of all the samples follow a similar behavior,
with a singular decomposition curve that begins at around
300°C and ends at above 650°C–fitting the oxidation of CNT
(Osswald et al., 2007). Above 700°C, no organic species remain in
the samples, and the sample mass remaining constitutes solely of
silver. From the graph, it is evident that the silver ratio added
during the decoration step fits to the silver mass present in the
TGA samples after decomposition. It is thus concluded that the
amount of silver deposited can be precisely controlled by
determining the relative silver content present in the Tollen’s
reagent during CNT decoration, with yield close to 100%, both for
the pristine and functionalized CNT.

An additional observation that can be made from the TGA
curves is the effect of silver decoration on the oxidation
temperature of the CNTs. The undecorated samples begin

FIGURE 1 | Left: Aerosol deposition of ink on FR4 substrate for conductivity measurements. Right: Conductive trace of CNT based ink (black) between two silver-
based electrodes (light-grey), both produced via aerosol deposition.

FIGURE 2 | Thermogravimetric analysis of functionalized (F) and pristine
(non-functionalized -NF) CNT samples with varying silver-to-CNT mass ratios.

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8277404

Schulman et al. Ag/CNT Aerosol-Jet Deposition Ink

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


their decomposition at 500°C, while the decorated samples begin
to oxidize at 300°C. This temperature decrease can suggest a
catalytic relationship between the silver nano-particles (Ag NP)
and the CNTs, whereby the silver particles enhance carbon
oxidation at lower temperatures, as previously reported (Yusof
et al., 2016).

To verify the decoration and affinity of Ag NP to the CNT,
TEM images of the decorated CNT, both pristine and
functionalized, can be seen in Figure 3. The images clearly
show the darker, heavier Ag particles on the much lighter
carbon nanostructures, demonstrating high affinity between
the Ag NP and CNT even after sonication of the samples.

3.2 Silver Particles Size and Distribution
Figure 4 illustrates the particle size distribution of the 1:4 F, 1:4
NF and 1:2 F as-printed (a, left) and after reflow (b, right) samples
with the frequency of observance as a function of particle radius.
There is a clear difference between the as-printed functionalized
and pristine particle size distributions, with the NF 1:4 samples

having a narrow distribution with a prominent peak at a radius of
5 nm, while for both functionalized samples the most prevalent
particle size observed was 14 nm. There is a slight difference
between the functionalized samples of different silver content,
with the 1:2 Ag:CNT samples having a wider particle distribution
with more particle’s radii observed in the 20–30 nm range.

The difference in silver morphology between pristine and
functionalized CNT can possibly be explained by the
deposition affinity of the silver particles to the carboxylic site
in the decoration of the functionalized CNTs, as opposed to the
random precipitation in the decoration of pristine CNTs. In
addition, the results suggest that the more silver is added, the
larger these particles become. In contrast, the silver particle
nucleation process on pristine CNTs appears to be much less
selective, creating the uniform coverage observed in the SEM
imaging. As the same number of silver particles are deposited
across many more sites on the surface of the pristine CNTs, the
nanoparticles formed are ultimately smaller than those observed
in the functionalized samples.

FIGURE 3 | TEM images demonstrating CNT decoration with silver nanoparticles. (A) pristine (NF) CNT. (B) functionalized (F) CNT.

FIGURE 4 | Particle size distribution of: (A) as-printed silver decorated functionalized and pristine CNT samples; and (B) the samples after reflow heat treatment.
Insets show representative SEM images of the corresponding specimens (the full resolution versions of the images presented here can be found in the SI).
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After printing, the conductive traces undergo post
processing in a reflow oven, to remove remaining solvents
and sinter the nanoparticles together, improving the final
conductivity. There is a noticeable drop in the prominent
peak previously observed in the pristine samples, with the
distribution of the particles’ radii in this sample stretching out
to greater than 40 nm. The particle radii distributions of the
functionalized silver decorated samples are less affected by the
heat treatment, though they do show a growth in the number of
observed particles at the 20–40 nm range. There is also a slight
shift in the particle radii distribution peak of the 1:4 F to the
5 nm range, that would at first seem to suggest the particles are
getting smaller. A more likely explanation is the preferential
agglomeration of larger particles together as a result of the heat
treatment, decreasing their relative share in the particle
distribution and increasing the smaller particles’ share. This
phenomenon is reflected in the difference between the particle
distributions’ numbered averages and weighted averages: 7.8
vs. 14.3 nm, respectively, after heat treatment, compared to the
much more homogenized 15.4 vs 14.0 nm, respectively, for the
as printed specimens. This dissonance hints at a decrease in the
number of smaller particles in the distribution and an increase
in the share of larger particles which pull the weighted average
upwards.

3.3 Raman Spectra, and Decoration Effect
on MWCNT Structural Integrity
After collecting the Raman spectra for each sample, the ID/IG
ratio for each sample, which usually gives an indication of the
degree of defects or disorders in the sample, was calculated.
Figure 5 shows the calculated ID/IG ratios for each of the
drop-cast samples (a, left) and the relative change in ID/IG
ratios as a function of silver mass in the sample (b, right). The
trend shows a clear increase both in pristine and functionalized
ID/IG. From minimal increase in 1:4 Ag:MWCNT (1 and 5.6%,
respectively), through 13 and 16% (again, respectively) in 1:2 Ag:
MWCNT, up to 22% increase in ratio for 1:1 Ag:MWCNT

functionalized samples (but no further increase for the pristine
sample).

As ID/IG ratio is commonly used as an indication of the
number of defects present on the surfaces of the MWCNTs
(Ferrari and Robertson, 2000; Murphy et al., 2006; Puech
et al., 2019), these results may mistakenly suggest that the
silver deposition onto the tubes damages the MWCNTs.
However, such interpretation would be contrasting with the
reaction mechanism. In both the functionalized and pristine
MWCNT decoration reactions, the Ag NP are deposited at
existing nucleation sites, and should not create new defects on
the tubes’ surface. A more likely explanation is based on the well
documented surface enhanced Raman scattering (SERS), whereas
the D mode is slightly amplified by metal nanoparticles due to
doping effects (Lee et al., 2021). SERS enhancement of the ID/IG
ratio in silver decorated MWCNTs is dependent on the both the
silver particles’ size (Stamplecoskie and Scaiano 2011) and the
spacing between the particles (Zhang et al., 2016), generating a
stronger enhancement for larger and more tightly packed silver
nanoparticles–namely, those deposited on functionalized
MWCNT, as identified by the SEM analysis.

3.4 Conductivity
Figure 6A (left) shows the calculated specific conductivities of
functionalized and pristine silver decorated CNTs before and
after heat treatment in a reflow oven, as a function of relative
silver content.

As can be seen, the conductivity of the as printed functionalized
lines is three times less than that of the pristine CNTs. Even after the
heat treatment, the conductivity of the functionalized CNT lines is
still three times less than that of the pristine samples. Both the
functionalized and pristine CNT samples show a 40% improvement
in conductivity after heat treatment, which can be attributed to
solvent and dispersant removal, as there is no macroscopic
geometric difference between the samples before and after heat
treatment. It should be noted that even before heat treatment, both
pristine and functionalized CNT show high conductivity compared
to literature (Goh et al., 2019a).

FIGURE 5 | (A) ID/IG ratios calculated from the Raman spectroscopy results of functionalized (F) and pristine (NF) silver decorated samples of varying silver mass
ratios; (B) calculated percent change in ID/IG ratio compared to the undecorated samples.
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From this disparity in conductivities between the
functionalized and pristine CNTs, it is highly likely that the
functionalization process significantly harms the CNTs
conductivity. This harm is probably caused by the
introduction of defects on the CNT walls during the violent
acid functionalization (Royan et al., 2013). The carboxylic side
groups also act as charge acceptors, withdrawing electrons by
induction and resonance, reducing the conduction efficiency in
the lattice (Montanheiro et al., 2015). Another possible reason for
the increase in resistivity is the possible dispersive effects of the
carboxylic functional groups, whether due to steric or polar/non-
polar dispersion. Though these side groups improve the
dispersion of the CNTs in the ink, their presence creates a less
dense CNT network that might actually decrease the probability
of CNT-CNT junction formation and increasing the junction
resistivity (Montanheiro et al., 2015).

Looking at the trend lines it is evident that for the
functionalized CNT samples, especially after heat treatment,
specific conductivity is increased with increasing silver
content. The same can be observed for the as-printed pristine
CNT samples up to 1:2 Ag:CNT mass loading, though to a lesser
extent. At 1:1 Ag:CNT mass loading the pristine samples
conductivity actually decreases, leaving the samples with a
lower specific conductivity than that of the 1:2 Ag:CNT
samples. However, after heat treatment, the improvement in
conductivity due to silver content diminishes, and even
worsen for the 1:1 Ag:CNT pristine samples. The addition of
silver nanoparticles to the functionalized CNT samples indeed
improves the conductivity of the CNT network up to 1:1 Ag:CNT
mass content in comparison to samples without added silver.
However, in the case of pristine CNTs, the trend is not as clear.

Unfortunately, the 72% improvement of conductivity in the
functionalized CNT samples with a silver mass loading of 1:1 Ag:
CNT leaves them with a specific conductivity of 1.71 × 103 [S/m],
which is still nearly two times less than that of the undecorated
pristine CNTs (specific conductivity of 3.12 × 103 [S/m]. The

greatest specific conductivity measured was that of the pristine 1:2
Ag:CNT samples, with an average specific conductivity of 3.79 ×
103 [S/m].

Considering the effect of the heat treatment, as-printed
functionalized samples do not change their conductivity much
with increasing silver content, whereas pristine samples do
increase their conductivity with silver decoration. One possible
explanation for this phenomenon is the lack of dispersive forces
in the pristine samples, allowing their silver decoration to
improve their conductivity. In contrast, the carboxylic groups
in the functionalized CNTs keep the network’s conductivity
constant with increased silver decoration through steric
dispersion. This trend is inverted after the heat treatment,
where there is little variance in the conductivities of the heat-
treated pristine samples with increased silver content, while the
conductivity of the heat-treated functionalized CNT networks
greatly improves as more silver is added. As was observed under
the SEM, the heat treatment of the printed Ag: CNT composites
results in a growth in average silver particle diameter, which was
much more acute in the case of the pristine samples. Based on the
images, it was hypothesized that the lack of ionic bonding
between the deposited silver and the CNTs in the case of
pristine samples allowed migration of the particles upon heat
treatment into the formation of agglomerates. On the other hand,
the silver particles that were ionically bound to the functionalized
CNTs were less likely to form large agglomerations and instead
only managed to increase the average particle size slightly by
coalescing with neighboring silver particles in their vicinity. This
behavior effectively densifies the conductive CNT network by
both brining the tubes closer together and creating new CNT-Ag-
CNT junctions. Figure 6B illustrates schematically this
hypothesized process of network densification, in comparison
to the process of silver particle agglomeration in the pristine
samples. It is thus concluded that whatever conductivity
improvement after heat treatment in the pristine samples is
mainly due to the vaporization and removal of the

FIGURE 6 | (A) Calculated conductivities of functionalized (F) and pristine (NF) silver decorated CNTs, before and after reflow oven heat treatment. (B) Proposed
mechanism of nanoparticle agglomeration after sintering of pristine (non functionalized - NF) and functionalized (F) CNTs.
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contaminating species, and not the silver content of the samples.
However, in the case of silver decorating functionalized CNTs,
the heat treatment greatly improves their conductivity via
network densification, which overcomes the dispersive forces
of the carboxylic functional groups.

4 CONCLUSION

This study evaluated the decoration of MWCNTs with silver
nanoparticles as a mean of formulating a conductive carbon-
based ink for aerosol jet deposition, examining the effect of the
CNT carboxylic functionalization on such decoration both
morphologically and electrically. It was found that the pristine
samples that underwent heat treatment have a much more drastic
particle population change after the reflow oven than the
functionalized samples. The assumption is that silver particles
in the pristine samples have greater freedom to migrate, as they
are not ionically bound to the CNT by carboxyl functionalized
sites. Also observed is an increase in ID/IG ratio of both
functionalized and pristine MWCNTs following decoration
with Ag NP, and this increase is enhanced by
functionalization. The effect is attributed to SERS, supported
by subsequent microscopy imaging of the samples, showing a
difference in the particle sizes between the functionalized and
pristine samples. The larger, more closely packed silver
nanoparticles decorating the functionalized samples are
theorized to have selectively amplified the Raman D-band of
the MWCNT, causing a more noticeable increase in the ID/
IG ratio.

Regarding conductivity, and especially post-heat treatment
results, silver decoration has been shown to significantly improve
the conductivity of the functionalized CNTs, with direct
correlation to silver mass loadings. In contrast, pristine CNTs
did not show such correlation. The improvement in conductivity
of the functionalized CNTs is attributed to CNT network
densification after heat treatment, as observed via SEM
imaging, which does not occur in the case of the pristine
samples. However, the improvement was not enough to
overcome the intrinsically lower conductivity of the
functionalized CNTs in comparison to the pristine samples.
Gentler functionalization processes, or at different
functionalization degrees, might be able to reduce the
deterioration in conductivity of the undecorated samples to
increase the improvement in conductivity of the decorated
samples. Nevertheless, the ability to control silver nanoparticle

size and distribution through CNT functionalization can be
proven useful for sensing electrodes, where the absolute
conductivity is less important than the change in signal
following substrate detection.
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