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A B S T R A C T

The ability to translate the high electrical conductivity of individual carbon nanotubes to bulk carbon nanotube
materials has proven challenging. In this work, we present the use of reduction expansion synthesis to attach
copper nanoparticles to the surface of tubes within carbon nanotube sheets. Those metallic particulates serve as a
link between the tube strands in the carbon nanotube network and promote an increase in electrical con-
ductivity. The reduction expansion synthesis process included the introduction of copper salts into the carbon
nanotube structure and thermal treatment of the sheets in the presence of urea, under inert atmospheres. As a
result, through the reduction process promoted by the urea decomposition byproducts, copper nanoparticles
directly nucleate on the nanotube surface. The enhanced conductive nature of the Cu-carbon nanotube sheets
observed establishes reduction expansion synthesis as an inexpensive, rapid and scalable alternative to increase
the electrical conductivity of bulk carbon nanotube materials.

1. Introduction

While the electrical conductive capabilities of CNTs have long been
recognized following their formal discovery in 1991 [1], translating the
individual nanotube conductivity to high levels of conductivity in
various bulk CNT forms (yarns, sheets, composites, etc.) has proven
challenging [2]. CNTs have routinely been investigated as a filler ma-
terial in composites [3–5] and have been processed in order to create
CNT yarns and sheets with desirable properties [2]. Since the 1990s,
CNT production has significantly increased [6], however the electrical,
mechanical, and thermal properties of bulk CNT materials do not
yet align with the properties of individual CNTs [6,7]. For example, the
electrical conductivity of single-walled CNTs (SWCNT) has been re-
ported to be on the order of 102 to 106 S/cm, multi-walled CNTs
(MWCNT) are 103 to 105 S/cm [8] and CNT fibers have conductivities
that could vary in orders of magnitude, ranging from 10 to 67,000 S/cm
[2]. The potential for the use of CNTs in electrical applications such as
electrostatic discharge [3], electromagnetic interference prevention
[3], and actual wiring [2] requires higher conductivities than the ones
observed experimentally in extended structures such as sheets, ropes

and wires, thus, efforts focused on improving the electrical performance
are of vital importance for the applicability of these materials.

Improving and/or tailoring of the electrical conductivity of CNTs is
not a novel idea and multiple efforts to achieve higher performance
have been reported, most of them have focused on the doping of CNTs
[9,10]. Doping efforts have been achieved through the intercalation of
elements such as potassium, iodine, lithium, metallic chlorides, halo-
gens, and nitrogen in both, SWCNTs and MWCNTs [9,11–13]. Sig-
nificant work with nitrogen doping of CNTs has been done though a
substitutional process to form heteronanotubes and through endohedral
doping where CNTs are filled with the dopant [12]. Other efforts to
improve electrical conductivity have been focused on direct modifica-
tion of individual CNTs, i.e. dispersed in solution [10] or during their
CVD growth process. Introduction of secondary phases has been ac-
complished by the precipitation of gold nanoparticles onto CNTs [10].
However, there are only a few reports in regard to the introduction of
secondary phases or dopants into CNTs once that those are part of a
yarn, sheet, wire, or composite. Zhao et al reported the doping of CNT
sheets and cables with iodine, which resulted in a reduction of double
walled CNT cables’ resistivity from an undoped value of ∼5 × 10−7
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Ohm-m to a doped value of ∼1.5 × 10−7 Ohm-m (electrical con-
ductivity changed from ∼2 × 106 S/m to ∼6.7 × 106 S/m) [14].
Doping CNT sheets and yarns with iodine monobromide by Bucossi
et al. resulted in electrical conductivity improving from 1.0 × 105 S/m
to 0.85 × 106 S/m for CNT sheets and from 1.0 × 105 S/m to 14 × 105

S/m for CNT yarns [15]. Additionally, densification of CNT wires via
tungsten carbide drawing and subsequent doping by exposure to a
potassium tetrabromoaurate solution, a bulk electrical conductivity of
1.3 × 106 S/m (approximately one order of magnitude increase from
undoped to doped) was obtained by Alvarenga, et al. [16]. Recently,
efforts to create copper-CNT hybrids using CVD by Leggiero et al. re-
sulted in conductivities of 28.1 × 106 S/m, an increase from 4.94 ×
104 S/m, however, with a relatively high copper weight concentration
of 94.2 % [17]. Herein, the Reduction Expansion Synthesis (RES) pro-
cess, a relatively new technique, is used to improve the overall elec-
trical conductivity of CNT sheets using inexpensive precursors by a
process that barely changes the sample weight, only takes a minimal
amount of time per batch, and has great potential for scalability and
adoption.

The unique RES process, first described in 2010 [18,19], requires
precursors to be combined with a reducing agent, such as urea, and
heated above the decomposition temperature of the reducing agent in
an inert atmosphere which results in the release of reducing gaseous
species. The individual steps that urea undergoes during its decom-
position have been highlighted elsewhere [18]. As described by Zea
et al. [19], the mechanism for the RES process for metal reduction
transforms the precursors to zero-valence metals and could render fi-
nely divided particulates.

Since the identification of the RES process as an effective tool to
generate reduced products, the method has been used in several ap-
plications. Specifically, the RES process has been used to produce gra-
phene from graphite oxide with urea used as an expansion-reduction
agent [18,20]. This technique has also been adapted to synthesize nano
and micro-scale metallic particles through an aerosol process by So-
liman et al. [21] and to create submicron and nanometal particles
through heating metal nitrates and urea [19]. A consolidated descrip-
tion of the impact of precursors, gas flow rates, and temperatures on the
RES process was provided by Luhrs et al. [22] during the reduction of
metal oxides and hydroxides. The RES process has also been used as a
means to promote and manage nitrogen doping in graphene both using
a standard RES process [23] and through use of a combined microwave
plasma and RES process [24].

Other efforts have been made to use urea as a reducing agent for the
development of graphene nanosheets to be used for transparent con-
ducting films [25] and the synthesis of nitrogen-doped graphene na-
nosheets [26]. Some of the most recent work using the RES process has
branched out into unique applications to include using the RES process
to produce a micron scale chrome coating on metals [27], using the
process to create tin/carbon battery electrodes [28], and using the
process to create platinum nanorafts on an Mo2C substrate for elec-
trocatalysis [29]. The development and use of the RES process has
prompted the consideration of other applications for this novel and
relatively straightforward process for efficiently and effectively redu-
cing metal precursors to zero-valent metallic particles.

2. Experimental methods

2.1. Materials

The CNT samples employed for this work were CNT sheets manu-
factured by Nanocomp Technologies, Inc, A Huntsman Company (New
Hampshire), using an iron catalyst in a CVD process. The sheets con-
sisted of bundles of CNTs that were on the order of hundreds of microns
in width and up to millimeters in length [30] with iron contents in the
order of 22 % by wt. A second type of CNT sheets, produced by re-
moving iron from the former CNT type to achieve approximately 3% by
wt of Fe, were provided by Craytex LLC. A proprietary process invol-
ving energetic gas was employed to clean the polymeric amorphous
carbon and excess iron catalyst from mass-produced CNT sheets. Thus,
two types of CNT sheets of varying iron catalyst amounts (here de-
nominated ‘high Fe’ and ‘low Fe’) were analyzed. Raw materials used
for the RES process included copper (II) nitrite trihydrate
(Cu2(NO3)2.3H2O), urea (CH4N2O), and ethyl alcohol, all obtained from
Sigma Aldrich (St. Louis, Missouri).

2.2. Fabrication protocols

Fabrication involved RES processing of i) as received low Fe CNT
sheets, ii) activated low Fe CNT sheets, and iii) as received high Fe CNT
sheets. Additionally, for comparison purposes, low Fe CNT sheets were
sputter coated with Pt-Pd and conductivity values from a sheet of Cu
foil were obtained. A summary of samples is included in Table 1 below.

The addition of a second phase (copper) to CNT sheets was ac-
complished through the RES-Cu process as described below. A sample
of the CNT sheet was cut into a small strip, weighed, and measured in
order to determine the amount of copper salts (copper (II) nitrite tri-
hydrate) to be used during the RES process based on a molar mass
calculation and target copper concentrations of 3%, 10 %, and 15 %.
The copper salts were then dissolved in ethyl alcohol and the solution
was applied to both sides of the CNT sheet and allowed to air dry. In an
attempt to ensure a relatively even distribution of copper across the
sheet, the solution was carefully spread over the length of the sheet
using a dropper. Following drying of the CNT sheet and copper solu-
tion, the necessary amount of urea was calculated, crushed using a
mortar and pestle, and placed in the bottom of an alumina boat. The
amount of urea used was based on a copper nitrate:urea 1:5 ratio. A
sheet of grafoil, perforated with small holes, was placed over the urea in
order to allow byproducts from the urea decomposition to diffuse
through the grafoil during heating and be flushed out via an inert gas
flow of argon. The CNT sheet was then placed on top of the grafoil and
the entire boat assembly (Fig. 1) was placed in a quartz tube. The quartz
tube was flushed with argon for approximately one hour and then
placed in a tube furnace (Thermo Scientific Lindberg/Blue M model
TF55035A-1) for 10 min at 800 degrees C. Following thermal treat-
ment, the sample was removed from the furnace and allowed to cool
before further analysis.

Some of the low Fe CNT sheets were subjected to an activation
process that consisted of heating the CNT sheets in an open ended
quartz tube, thus exposed to air, and raising temperature to 500 degrees
Celsius over 30 min, holding at 500 degrees Celsius for two hours and
then cooling to room temperature. The activation process was used in

Table 1
Summary of Samples Analyzed.

Sample RES Process Details

High Fe CNT Sheet (As-Received) Yes 0% Cu, 3% Cu, 10 % Cu, 15 % Cu
Low Fe CNT Sheet (As-Received) Yes 0% Cu, 3% Cu, 10 % Cu, 15 % Cu
Low Fe CNT Sheet (Activated) Yes 0% Cu, 3% Cu, 10 % Cu, 15 % Cu
Low Fe CNT Sheet (Pt-Pd Sputtered) No 3 nm Pt-Pd, 10 nm Pt-Pd
Cu Foil No As-Received
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an attempt to increase the number oxygen species and dangling bonds
in the CNTs surface to promote the attachment of copper particles to the
CNTs.

Some as-received low Fe CNT sheets were separately coated with
thin layers of Pt-Pd via sputter coating (Pt-Pd 80/20 target) to de-
termine the impact on electrical conductivity and provide another
comparison point. Samples were coated with two different Pt-Pd
coating thicknesses (3 nm and 10 nm) using a Cressington Sputter
Coater 208HR.

2.3. Characterization techniques

A Scanning electron microscope (SEM) was used to analyze the CNT
sheet microstructure and Cu distribution. A Zeiss Neon 40 (Carl Zeiss
Inc., Thornwood, NY, USA) field emission SEM operating between 1–20
kV and coupled with an EDAX Energy Dispersive X-ray Microanalysis
system with Analytical Drift Detector was used for analysis. High re-
solution Transmission electron microscopy (HRTEM) images to support
CNT sheet microstructural analysis before and after copper addition
were obtained using an FEI Titan 80−300 kV scanning TEM (STEM) at
an accelerating voltage of 300 kV and an FEI Tecnai Osiris STEM op-
erating at 200 kV, respectively. Raman scattering measurements of CNT
sheets were performed using a Renishaw In-Via Raman spectrometer.
The employed laser wavelength and the power were 785 nm and 0.25
mW, respectively. During measurements, an objective lens magnifica-
tion of 50x and a grating spacing of 1200 L/mm were used. Spectral
resolution in data is 1 cm−1. In order to thermally characterize samples,
a Netzsch STA 449 Jupiter F3 simultaneous thermal analyzer was used
primarily to determine the amount of iron catalyst present in as-re-
ceived CNT sheet samples. The samples were heated at a rate of 20
degrees Celsius per minute from 25 degrees to 900 degrees in a 20 % O2

and 80 % N2 atmosphere.

2.4. Electrical resistivity measurements

After completion of the RES-Cu process, electrical resistivity mea-
surements were performed using a four-point probe with sample
thickness determined using digital calipers and a thickness gauge.
Electrical resistivity measurements were conducted using a Lucas Labs
Pro4 four-point probe in accordance to ASTM Standard F84-99 (ASTM
F84-99). Testing with the four-point probe included taking measure-
ments in an X-Z direction with the probes aligned in the same direction
as the CNT sheet (Fig. 2). Electrical resistivity measurements were also
performed on the sputter coated low Fe CNT sheets and a 0.5 mm thick
sheet of copper foil in order to compare with CNT sheets that under-
went RES-Cu process. All resistivity measurements were converted to
conductivity values to support comparison with values reported in
other references.

3. Results and discussion

3.1. As-received CNT sheet characterization

The CNT sheets received from both Nanocomp Technologies, Inc.
and Craytex LLC consisted of bundled CNTs with iron catalyst particles
remaining from the production process. The iron catalyst percentages

were determined via thermogravimetric analysis using oxygen con-
taining atmospheres. Iron catalyst percentages were determined to vary
between ∼2.5−5% wt based on multiple analyses from different
sample locations on the low Fe CNT sheets and were approximately
∼22 % wt for the high Fe CNT sheets.

CNT sheets were analyzed using SEM and TEM in order to gain an
understanding of the ‘as received’ sheets microstructures for the high
and low Fe CNT sheets. Fig. 3 shows an SEM image of an as-received
high Fe CNT sheet. At low magnifications (Fig. 3(a)), the iron catalyst
particles are not easily distinguished from the CNTs, however at higher
magnifications iron catalyst particles are clearly evident throughout the
CNT sheet (Fig. 3(b)). The iron particulates consist of nearly spherical
shapes for those of approximately 5 nm and irregular shapes for the
ones in the 100 nm range. The lower magnification image shows a
certain level of alignment of the CNT bundles in the direction of the
CNT sheet.

HRTEM shows nanoparticles of metallic catalyst (Fe) encapsulated
in few-layered graphitic shells or amorphous carbon in as-received high
Fe CNT sheet (Fig. 4(a) and (b)) and mostly empty graphitic shells in
the low Fe CNT sheets (Fig. 4(c) and (d)).

Raman spectroscopy was performed in order to evaluate the degree
of crystallinity of the CNT sheets. Fig. 5 compares the high-frequency
Raman spectra of the high Fe CNT sheet (solid blue) and low Fe CNT
sheet (solid red). The curves show the two characteristic peaks of multi-
walled CNTs: the G-band at1580 cm−1and the D-band at 1308 cm−1

[31]. The G-band is indicative of well-ordered structure associated with
sp2 carbon atoms in the CNT sidewalls while the D-band corresponds to
either sp3 carbon atoms at defect sites in the CNT sidewalls or amor-
phous carbon [32]. While no noticeable shift in frequency of the two
peaks before and after cleaning was observed, the analysis of the in-
tensity of D and G band shows that the intensity ratio (ID/IG) value
drastically decreased from 0.56 (high Fe CNT) to 0.16 (low Fe CNT
(Fig. 5), indicating that after the treatment the degree of crystallinity is
increased [33].

3.2. CNT sheet microstructure following RES process

SEM and TEM were also used to compare pre and post-RES-Cu
process CNT sheet samples to observe and analyze the morphology and
amount of copper deposited on the CNT sheets. Following the RES-Cu
process, designed to generate target copper concentrations by weight of
0%, 3%, 10 %, and 15 %, SEM images showed the size of copper

Fig. 1. Fabrication Setup Employed During RES Process.

Fig. 2. CNT Sheet Orientation During Four Point Probe Measurements.
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particle agglomerates, increases with increasing copper concentration
(Fig. 6). At a concentration of 3% copper, the copper particle sizes
range from approximately 20 nm–150 nm with a relatively even dis-
persion on the CNT sheet. At a concentration of 10 % copper, the
smaller copper particles are relatively homogenously dispersed across
the CNT sheet, however, some of the particles agglomerated into larger
particles with sizes up to about 400 nm. At a concentration of 15 %
copper, more significant agglomeration occurred with combined par-
ticles as large as ∼800 nm and the dispersion of the smallest copper
particles appeared more varied on the CNT sheet.

Small particles are assessed to have formed at active sites, perhaps
defects. As the copper concentration increases, these sites become sa-
turated and no additional metal can attach to the carbon. Thus, addi-
tional metal atoms only weakly attach to the “basal plane” sites on the
CNT probably via Van der Waals forces. Weakly bound metal atoms
migrate rapidly, interacting with other weakly bound metal atoms or
clusters of atoms. This leads to particle growth via agglomeration as

discussed above. The same model of metal particle growth on carbon,
the so-called weak metal support interaction (WMSI) model was pos-
tulated earlier to explain platinum and palladium growth on carbon
[34,35] and discussed in terms of CNT production with Fe/Al2O3 and
Fe-Ni/Al2O3 catalysts [36].

The coagulation of copper particles and formation of agglomerates
can be related to the statistical model proposed by Smoluchowski in
1916 [37] and further expanded upon by others to explain particle
dynamics during a period of nucleation, coagulation, and surface
growth occurring at the same time [38,39]. Similar discussion of par-
ticle aggregation is routinely discussed when describing the formation
of soot [40,41]. Fig. 6 illustrates this increased agglomeration as copper
percentage is increased during the RES process for a high iron content
non-activated CNT sheet. At higher magnifications, the sizes of the
metallic particles can be more clearly seen.

Fig. 7 shows SEM images at diverse magnifications (a and b) and
EDS analysis (c) of a CNT sheet with 10 % copper. In those particular

Fig. 3. SEM Images of the As-Received CNT Sheet. a) Taken at 5,000x Magnification Showing the Overall Sheet Features and b) 100,000x Magnification Highlighting
Iron Particles within the CNT Bundles.

Fig. 4. HR-TEM Images of As-Received High Fe CNTs at a) Low and b) High Magnification Showing Significant Number of Fe Catalyst Particles Encapsulated in
Graphitic Shells and of Low Fe CNTs at c) Low and d) High Magnification Showing Empty Graphitic Carbon Shells from which Fe was Removed.
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locations, the majority of the individual CNTs and CNT bundles can be
seen to have a horizontal alignment with clear gaps between the CNT
structures, which provide optimal locations for the copper particles to
nucleate and attach to the CNTs. The copper particles provide a con-
nection between adjacent CNTs and are assessed to be the reason for
improved electrical conductivity after copper is added to the CNT
sheets. Particles of approximately 25–300 nm size can be clearly seen
providing a bridge on top (a) or in between (b) nearby CNTs. Energy
dispersive spectroscopy (EDS) of the area in Fig. 7(a), consistent with
other areas analyzed, identifies C, Cu and S as elemental constituents of
the sample. The carbon signal originates from the CNTs, copper from
the particulates added, and sulfur from the CNT sheet fabrication pro-
cess environment.

TEM analysis was conducted on CNT sheet samples that had been
subjected to the RES-Cu process in order to identify the areas of in-
teraction between copper particles and CNTs. Fig. 8(a) shows a TEM

image of an activated low Fe content 10 % copper sample showing a
copper particle attached to CNTs and providing a bridge between CNTs
similar to that seen in the SEM image above. Fig. 8(b) presents a
HAADF image and Fig. 8(c–e) are X-Ray EDS microanalysis maps used
to positively identify the particle as copper and the location of the
carbon nanotubes and iron catalyst particles that are present in nearby
locations. Fig. 8(a) clearly supports the theory that copper particles are
providing connections between adjacent CNTs and improving electrical
conductivity. Given the presence of a graphitic shell surrounding some
of the Cu particles, it is believed that, at least to some extent, the forces
keeping the Cu and CNT bundles together include van der Waals in-
teractions.

3.3. Factors that impact CNT sheet electrical conductivity

CNT sheet electrical conductivity for low and high Fe content
samples was clearly impacted by the presence of metallic particles (iron
catalyst and deposited copper particles) and the activation process
employed in an attempt to create more dangling bonds in the CNT
sheet. A detailed description of the specific factors is provided below.

3.3.1. Metal particles (Fe catalyst and Cu as secondary phase)
The electrical conductivity for CNT sheets increased with copper

additions of 3%, 10 %, and 15 % wt regardless of activation status or Fe
content. For non-activated low Fe CNT sheet, a 10 % copper content
showed the most significant impact with an approximately 3.4X mag-
nitude increase from the as-received CNT sheet. For activated low Fe
CNT sheet with a 10 % copper content, the increase was approximately
4.0X. For the non-activated high Fe CNT sheets, the increase was less
significant with an approximate 1.7X increase for 10 % copper content.
While conductivity values at copper concentrations of 15 % are still
higher than 0% copper samples, the increase in conductivity is not as
great as the 10 % copper sample. Fig. 9(a) illustrates observed values
for the high Fe CNT sheet and presents a maximum magnitude con-
ductivity value at 10 % copper. It is worth noting that each measure-
ment presented in Fig. 9 represents the average of five measurement
locations on each sample. As previously discussed and as can be seen in

Fig. 5. Comparison of Raman Spectra of CNT sheets Before (red line) and After
Cleaning (blue line).

Fig. 6. SEM Images Taken at 10,000x Magnification of CNT Sheets a) 0% Copper, b) 3% Copper, c) 10 % Copper, and d) 15 % Copper.
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Fig. 6, at higher concentrations, the copper particles seem to agglom-
erate more, resulting in less copper particles throughout the CNT sheet
to support bridging between CNTs. As a result, the improved con-
ductivity tends to drop off at higher copper concentration levels.

Fig. 9(b) shows normalized conductivity values of the low and high
Fe CNT sheets for activated (low Fe) and non-activated (low and high
Fe) samples with varying amounts of copper including the as-received
condition, 3% copper, 10 % copper, and 15 % copper. The as-received
CNT sheet conditions for low and high Fe content were used to nor-
malize the values for conductivity. Absolute conductivity values of the
high Fe samples (Fig. 9(a)) are higher than the absolute conductivity
values of low Fe samples which is consistent with a CNT composite
study that show higher conductivities for samples with higher catalyst
percentages [42]. It is believed that the magnitude increase in con-
ductivity for the low Fe samples is higher than for the high Fe samples
because the additional iron in the high Fe samples resulted in less lo-
cations for the copper particles to deposit onto the CNT active sites.

3.3.2. CNT sheet activation
As shown in Fig. 9(b), the activation of the low Fe CNT sheets re-

sulted in an improvement of conductivity for 3% and 10 % copper
concentrations. Activated carbon structures are known for their high
porosity and large surface area that is a result of defects and disorder
from the activation process [43,44]. The improved performance of the
activated CNT sheets is assessed to be due to the creation of more
dangling bonds during the activation process, which provide a greater
likelihood for copper carbon attachment during the RES process.

While other work, using both a two-step sensitization and chemical
activation process and a single step chemical activation process, de-
monstrated the ability for coating of CNTs with copper and nickel [45],
this basic activation presented herein and subsequent RES process
provides a different method for attaching copper particles to CNTs.

3.3.3. Conductivity comparison between Cu-CNT, sputtered Pt/Pd CNT and
bare copper foil

Sputter coating a 3 nm and 10 nm Pt-Pd layer on the CNT sheets
improved conductivity from 3.1 × 104 S/m to 6.1 × 104 S/m and 6.8
× 104 S/m, respectively, whereas a copper concentration of 10 % using
the RES process improved conductivity up to 5.4 × 104 S/m for a high
Fe CNT sheet. The conductivity values for the Pt-Pd coating on the CNT
sheets are below nominal bulk conductivity values of Platinum and
Palladium (9.4 × 106 S/m and 1.0 × 107 S/m, respectively), however
this is likely due to the thin coating layers. The improvement in CNT
sheet conductivity via copper addition using the RES process is com-
parable to the improvement achieved by sputter coating various
thicknesses of Pt-Pd onto the CNT sheet. The Pt-Pd coating is a con-
tinuous layer on top of the CNT sheet that is not well adhered and is
highly susceptible to delamination. Additionally, the use of Pt-Pd
sputter coating leads to increased weight and cost that would be un-
desirable in most applications. A copper foil sheet with a measured
conductivity of 1.0 × 107 S/m represents a much more conductive
material and was employed for reference. While the electrical con-
ductivity of the CNT sheets is not yet on the same order of magnitude as
measured copper foil, the RES process clearly improved conductivity
and this method is a step towards bulk CNT materials being able to
obtain the electrically conductive properties of their individual CNTs. A
comparison of CNT sheets with copper deposition, CNT sheets sputter
coated with Pt-Pd, and 0.5 mm thick copper foil is provided in Fig. 10.

3.4. RES as unique method for addition of second phase metal to CNT
sheets

Previous work by others has focused on the addition of second
phases to CNTs by methods such as doping [9,10] and less commonly
on the addition of metals to CNT sheets. The RES process provides an
effective method to add a second phase (copper metal) to CNT sheets,
leading to relative changes in conductivity (1.4X to 4.0X increase) ap-
proaching increases seen in monobromide doping of CNT sheets (8.5X)

Fig. 7. SEM Images Showing Copper Particles Bridging a) the Top Layer or b) Internal Regions of CNTs in Specimen with 10 % Copper. c) EDS Analysis of the Area
Presented in a).
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[15]. Methods such as iodine doping of DWCNT cables [14] have a
similar magnitude increase in conductivity (3.33X) as compared to the
RES process (1.4X to 4.0X) whereas densification and doping of CNT
wires with potassium tetrabromoaurate [16] and the creation of
copper-CNT hybrids via site specific CVD [17] have substantially higher
changes in conductivity, 13X and 569X, respectively. It is important to
note that conductivity improvement of CNT wires via densification and
doping requires two steps to include use of a drawing die and com-
pletion of a doping process [16]. Additionally, the copper-CNT hybrids
discussed above, while demonstrating an exceptional increase in con-
ductivity, use a substantial amount of copper (94.2 wt% Cu) [17] which

may impact their use in some weight sensitive applications. Table 2
below provides a summary of some of the conductivity increases found
in literature and presented in this article.

In sum, this unique method of depositing a solution of copper salts
on CNT sheets and reducing the salts through use of a reducing agent
(urea), effectively bridges a metal (copper) to CNT bundles and is
shown to improve electrical conductivity. SEM and TEM images in
Figs. 7 and 8 clearly illustrate effective bridging between CNTs through
the use of copper particles, generating what could be considered a Cu
nanoparticle - CNT sheet composite or a metal – carbon hybrid struc-
ture. By dissolving copper salts in ethanol, applying this solution to CNT

Fig. 8. a) TEM Image Showing Copper-CNT Interaction in CNT Sheet with 10 % Copper, b) HAADF Image of Copper Particle, c) X-Ray EDS Map of Copper, d) X-Ray
EDS Map of Carbon, and e) X-Ray EDS Map of Iron (scale bars for b-e are 40 nm).
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sheets, and then exposing the sheet to decomposing urea in a high
temperature inert atmosphere, copper particles are able to be attached
to CNT sheets and result in an increase in electrical conductivity. This
overall process is illustrated in Fig. 11 which provides a schematic of
the basic premise and goal of the RES process for metal reduction and
attaching of copper particles to CNTs in the sheets.

4. Conclusions

The focus of this work was to develop a process for the addition of
copper to CNT sheets as a potential means to improve electrical con-
ductivity. CNT sheets, through a RES process, are able to be modified
with copper particles to improve electrical conductivity from as-

Fig. 9. a) High Fe CNT Sheet Conductivity at Varying Copper Percentages and b) Normalized Conductivity for CNT Sheets with Differing Fe Content and Activation
Conditions at Varying Copper Percentages.

Fig. 10. Comparison of Conductivity Between CNT Sheets with Copper via RES Process, Pt-Pd Sputter Coated CNT Sheets, and Copper Foil.
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received CNT sheets by a magnitude of between 1.4X and 4.0X. The RES
process presented is a scalable and cost-effective method that can be
readily adapted to current processing methods. While direct doping of
CNTs may prove beneficial, our proposed method has the potential to
more rapidly impact electrical conductivity of manufactured CNT-
sheets. By forming direct bridges between metal particles and CNTs, the
RES method provides a unique means to directly attach metallic par-
ticles to CNTs that are already part of sheets and significantly improve
electrical conductivity.
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