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ABSTRACT: We present a study of the seeded growth of copper on the surface of two classes
of single-walled carbon nanotubes (SWNTSs) in order to compare the effects of surface functional
groups. Pyridine functionalized HiPco SWNTs and ultra-short SWNTs (US-SWNTs) were
synthesized (py-SWNTs and py-US-SWNTs, respectively) and the functionality used as seed
sites for copper, via an aqueous electroless deposition reaction, as a comparison to carboxylic
acid functionality present on piranha etched SWNTSs and the native US-SWNTs. UV-visible
spectroscopy demonstrated the take-up of Cu(Il) ions by the functionalized SWNTs. TEM
showed that the SWNTs with pyridine functionality more rapidly produced a more even
distribution of copper seeds with a narrower size distribution (3-12 nm for py-US-SWNTs) than

those SWNTs with oxygen functional groups (ca. 30 nm), showing the adventitious role of



pyridine functional group in the seeding process. Seed composition was confirmed as Cu(0) by
XPS and SAED. Copper growth rate and morphology were shown to be affected by degree of

pyridine functionality, the length of the SWNT and the electroless reaction solvent used.

KEYWORDS: clectroless, deposition, copper, seeding, single-walled carbon nanotubes,

functionalization, nano-particles

INTRODUCTION

Most of power distribution today is via the electrical grid, which relies on copper (or aluminum)
cables within an iron sheath. Unfortunately, over 10% of the power transmitted is lost due, in the
main, to resistive heating effects within the cables. To compensate for each 200 MW of line loss,
another coal plant must be on-line. In 2011, summertime electrical generation in the US was
1,026 GW. Therefore, a 10% loss would be equivalent to ca. 200 average-sized coal power
plants. In addition to issues associated with power loss, the weight of any conductor has a
significant impact on energy consumption. This is particularly true in the automotive and
aerospace industries.'

Proposed long term solutions to low transmission losses of electricity involve carbon
nanotubes (CNTs), in particular metallic single walled carbon nanotubes (SWNTSs),>” or high
temperature superconducting materials.* Both of these approaches have significant technical
challenges to be overcome; however, a near term solution involves the improvement in
conductivity and ampacity of copper by the addition of CNTs, resulting in a Cu-CNT composite
material termed ultra-conductive copper.”’ The fabrication of such composites has been
accomplished in a variety of different ways including electrolytic co-deposition,”” powder
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metallurgy, powder injection molding,"” and electroless plating.”'* One of the best



performing Cu-CNT composites was reported by Subramaniam et al.,’ showing a conductivity of
4.7 x 10° S/cm and an ampacity of 630 x 10° A/cm?, which is a 100 fold increase in the ampacity
of the Cu-CNT composite versus Cu. Although the reported ampacity’ may be artificially high
due to heat transfer from the short test structure (50 um) to the contacts and the substrate,” we
were interested in their Cu growth method nonetheless. They reported that the Cu was grown on
the CNTs in a two-step process: organic electroplating of seed particles followed by aqueous
electroplating to create the bulk.” They proposed that a controlled homogeneous seeding of Cu
onto the surface is key to their results,” suggesting that an understanding of the factors that
control this seeding process are important in controlling the Cu-CNT composite formation, and
hence its performance.

Careful study of the protocol reported by Subramaniam et al.” shows that they also appear to
pre-coordinate Cu(Il) ions to the CNTs presumably via sidewall functional groups.' It is well
known that as prepared and after purification CNTs have significant sidewall functionality,"”"®
and since the main influence of the CNTs (in Cu-CNT) is to reduce the temperature coefficient
of resistivity as compared to Cu, rather than act as additional conduction pathways,”" sidewall
purity would not be expected to be important. In fact in the wide range of Cu-CNT studies, no
special care was taken in purifying the CNTs with regard to functional groups. The goal of this
study was to understand the effect of different functional group on the seeded growth of Cu on
the CNTs.

A commonly used approach to facilitate the deposition of Cu nanoparticles on CNTs is
through oxidation of the CNTs to graft epoxide, hydroxyl, and carboxyl groups on the surface.””
*> We have also shown that functionalization with pyridine, phosphines, and thiols of CNTs can

be achieved in a number of ways and this allows for coordination of metal ions, compounds or



nanoparticles.”>" Of these substituents, pyridine functionality not only acts as an efficient
ligand,”**** but also facilitates a decrease in the copper reduction potential, resulting in the
preferential reduction of the surface bound Cu(Il) to Cu(I).”*° This coordinated Cu can then act
as a catalyst for the deposition of further Cu(Il) ions from solution, allowing controlled seeded
growth by electroless deposition.”**** In the case of CNTs, we have reported that pyridine (py)
functionalization may be achieved through 1,3-dicyclohexylcarbodiimide (DCC) coupling of
isonicotinic acid (with CNT-OH groups) or 4-hydroxypyridine (with CNT-CO,H groups).**
Based upon the forgoing, we proposed a study to understand and control the seeded growth of
Cu on functionalized CNTs in order to synthesize templates for subsequent Cu growth. In the
present study, we have investigated two classes of CNTs: acid purified HiPco SWNTs and
oxidized ultra-short SWNTs (US-SWNTs). The latter have lengths <100 nm and extensively
oxidized sidewalls, including carboxylic groups.””* In the study we contrast the difference
between Cu seeded on pyridine functionalized and carboxylic acid functionalized CNTs; to our
knowledge there is no prior study of pyridine functionality in the Cu seeding of CNTs, although
we have reported pyridine versus hydroxyls activation on alumina surfaces.”® The comparison
between py-functionalized SWNTs (py-SWNTs) and py-functionalized US-SWNTs (py-US-
SWNTs) allows for the effects of the concentration of the functional groups (i.e., py:C ratio) to

be studied.

EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from Sigma Aldrich Ltd. and used as
received unless otherwise noted. 4-Hydroxypyridine was dried over sulfuric acid for 2 days in a
vacuum desiccator before use. Oxidized US-SWNTs were donated by the Wilson group at Rice

University and were placed under vacuum for an hour before use. Raw HiPco SWNTs, 09-



HiPco-0093 batch No. 195.7, were obtained from the Carbon Nanotube Laboratory (CNL) at
Rice University and used as received.

X-ray photoelectron spectra (XPS) were recorded on a PHI Quantera XPS Scanning
Microprobe using a monochromated Al-K, X-ray source (1486.7 eV). All spectra were recorded
using a charge neutralizer to limit differential charging and subsequently calibrated to the carbon
peak at a binding energy of 284.5 eV. Survey scans were recorded at a pass energy of 140 eV
and high-resolution data at a pass energy of 26 eV. Data was fitted using MultiPak software.
Transmission electron microscopy (TEM) images were recorded using a Jeol 1230 High Contrast
TEM with a W filament and an operating voltage of 80 kV or using a Jeol 2100 TEM with a field
emission electron gun and an operating voltage of 200 kV. TEM samples were prepared by drop-
drying a dilute solution of carbon nanotubes suspended in ethanol onto a 300-mesh gold grid
with a lacey carbon film (Agar-Scientific Ltd). Selective area diffraction (SAED) patterns and
electron dispersive X-ray (EDS) spectra were acquired using a Jeol 2100 TEM with a field
emission electron gun and an operating voltage of 200 kV. UV-visible absorption spectra were
acquired using Cary 100 and Agilent 8453 UV-visible spectrophotometers, scanning between
550 and 900 nm with a step size of 0.5 nm. 'H nuclear magnetic resonance (NMR) experiments
were performed on a Bruker 400 MHz instrument in D,O at 25 °C. Thermogravimetric analysis
(TGA) was carried out using a TA Instruments SDT Q600 thermo-gravimetric analyzer. All
samples for TGA were purged for 1 h then ramped at 10 “C/min to 100 °C, where they remained
for 1 h under 100 mL/min flow of argon. For TGA experiments run in argon, the temperature
was then ramped at 10 °C/min to 1000 °C. For TGA experiments run in air, the gas was switched
to air with a 100 mL/min flow rate and the samples were held at 100 °C for another 5 min. Then,

the temperature was ramped at a rate of 10 “C/min to 1100 °C. Raman spectra were recorded on



a Renishaw InVia confocal Raman spectrometer with the exciting wavelength at 532 nm and a
50x objective lens.

Synthesis of Piranha-Etched SWNTs. Raw HiPco SWNTs were purified by a method
adapted from the literature.” Raw HiPco SWNTs (100 mg) were oxidised in wet air at 225 °C
for 18 h, followed by sonication in hydrochloric acid (37 %, 300 mL) for 15 mins to remove
metal catalyst particles. The SWNTSs were then filtered over a PTFE filter, washed several times
with deionized water and finally annealed in argon at 800 °C for 1 h. These purified SWNTs
were then piranha-etched using a method adapted from the literature.”* Room temperature
piranha solution (4:1, vol/vol 96 % H,SO,/30 % H,0,) was added to purified SWNTs (I mL
piranha/l mg of nanotubes) and stirred for 60 mins. The oxidation was then quenched by a
twenty-fold dilution with deionized water, followed by filtration over a polycarbonate filter,
washing with deionized water until pH neutral and finally washing with ethanol. The resulting
piranha-etched SWNT's were dried in vacuo.

Synthesis of US-SWNT-COCI. This method was adapted from the literature.** Oxidized
US-SWNTs (30 mg) were added to a Schlenk flask under argon with anhydrous
dimethylformamide (DMF, 0.3 mL) and thionyl chloride (7.25 mL). The suspension was stirred
at 60 °C for 48 h under argon. Dichloromethane was added to bring the total volume to ca. 25
mL. After decanting off excess solvent, the functionalized US-SWNTs were dried in vacuo then
stored under argon.

Synthesis of Py-US-SWNT. This method was adapted from the literature.”
Hydroxypyridine (90 mg) and US-SWNT-COCI (30 mg) were added to a Schlenk flask under

argon with dichloromethane (25 mL). The suspension was stirred at 50 °C for 48 h under argon,



and then the product was filtered over a PTFE filter and washed with dichloromethane and
ethanol. Finally the py-US-SWNTs were dried in vacuo.

Synthesis of Py-SWNT. This method was adapted from the literature.”* DCC (269 mg), 4-
hydroxypyridine (126 mg) and 4-dimethyl-aminopyridine (DMAP, 12 mg) were dissolved in
methanol (10 mL) and piranha-etched SWNTs (100 mL, 200 mg.L™") in methanol were added to
the solution. The suspension was stirred at 50 °C for 48 h, and then the product was filtered over
a PTFE filter and washed with methanol. Finally the py-SWNTs were dried in vacuo.

UV-Visible Study of Divalent Copper Adsorption by Py-US-SWNTs and Py-
SWNTSs. Py-US-SWNTs or Py-SWNTs (10 mg) were bath sonicated in methanol (4 mL) for 10
mins, followed by addition of copper nitrate hemi(pentahydrate) (7.4 mg) in methanol (2 mL), a
further 10 mins sonication and finally 24 hours of rotary shaking. The resulting suspension was
then filtered and the filtrate analyzed using UV-Vis spectroscopy (A,,,,=790nm).

Functionalization of Py-US-SWNTs and US-SWNTs with Copper Seeds. This
method was adapted from the literature using 1/8 of the original reagent concentrations.”® An
aqueous room-temperature solution (42 mL) of Py-US-SWNTs (12.9 mg), CuSO,-5H,0 (62 mg)
and ethylenediaminetetraacetic acid (EDTA, 47 mg) was bath sonicated for 10 mins, then
hydrazine (78%, 0.15 mL) was added dropwise whilst stirring. Aliquots of solution were
removed, filtered and rinsed with deionized water after 2, 5, 10, 15 and 30 mins of reaction time
and then dried in vacuo.

Preparation of Pyridine-Capped Seeds for '"H NMR Spectroscopy. Hydrazine (0.22

mL) was added dropwise to a stirred aqueous solution (42 mL) of CuSO,5H,0 (90 mg) and

EDTA (70 mg). Once bubbling had stopped, the product was filtered and placed in a D,O



solution of pyridine (3.5 mL and 0.35 mL, respectively) to form an orange-brown solution which

was filtered and analyzed by 'H NMR and TEM.

RESULTS AND DISCUSSION
Characterization of Py-SWNTs and Py-US-SWNTs. Pyridine functionalized HiPco
SWNTs and US-SWNTs were prepared according to modifications of previously reported

methods (Figure 1).**
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Figure 1. Schematic of the two synthetic routes to pyridine-functionalized SWNTs using 4-
hydroxypyridine/DCC/DMAP in MeOH (a) for HiPco SWNTs or for US-SWNTs (b)

SOCL,/DMF followed by (c) 4-hydroxypyridine in CHCI; (c).

SEM analysis of HiPco SWNTs confirmed their length as ca. 2-3.5 um (Figure S1, Supporting
Information), whilst TEM analysis of US-SWNTs confirmed their length as less than 100 nm
and their width as 1-2 nm (Figure S2, Supporting Information). After cleaning by wet oxidation
and HCI washing, TEM analysis of HiPco SWNTs showed the presence of small unevenly
shaped particles (ca. 3-8 nm), which, given the presence of Fe in the XPS (see below), are likely
to be residue from the iron catalyst used in the HiPco process. Furthermore, after piranha-etching
and py-functionalization, some unevenly shaped small particles are still present, albeit

heterogeneously distributed across the sample.



In contrast to the HiPco SWNTs, TEM analysis of py-US-SWNTs does not show any
significant concentration of nanoparticles, suggesting that the Fe catalyst residue (from the
HiPco SWNTs from which the US-SWNTs are made) is removed during the synthesis of US-
SWNTs.”?*#'** This is confirmed by the lack of Fe in the XPS spectrum, although the residue
observed in the TGA (see below) suggests that some (1.3% w/w) catalyst residue is present.

TGA of piranha-etched SWNTs and py-SWNTs in air (Figure S3, Supporting Information)
show weight loss due to functional groups coinciding with the pyrolysis of the SWNTs. The
residue in each case is the oxidized catalyst residue.”* Comparing the initial weight loss
beginning at 200 °C, the py-SWNTs show a more drastic weight decrease than the piranha-
etched SWNTs. This is consistent with the presence of additional functional groups.””* This is
confirmed by the TGA in argon (Figure S3, Supporting Information), where the total weight loss
by 800 °C can be attributed to the loss of the functional groups to leave un-functionalized
SWNTs and the catalyst residue.*® By 800 °C, the purified SWNTs, piranha-etched SWNTs, and
py-SWNTs lose 7.2%, 24.7% and 32.7% respectively. This is consistent with increasing
functionality from mild oxidation during purification (epoxides'®), to more aggressive oxidation
during piranha-etching (carboxylic acid groups®’), and to pyridine functionalization.”* The TGA
analysis in air of oxidized US-SWNTs and py-US-SWNTs (Figure S3, Supporting Information)
shows the weight percent beginning to drop from around 200 °C due to the pyrolysis of
functional groups. In the case of py-US-SWNTs, there is increased weight loss in this region,
indicating that pyridine groups were added to the US-SWNTs (c.f., Figure 1) in agreement with
the XPS data below. There is a final drop in weight beginning at 500 °C corresponding to the
combustion of US-SWNTs. The residue remaining at 800 °C only contributes 1.4% w/w to the

US-SWNT samples, indicating a very small residual catalyst content. This is consistent with



XPS data, which did not indicate any significant Fe content (see below). The TGA in argon of
the US-SWNT samples shows an increase in weight loss by 800 °C from 20.3% to 24.8% w/w
from loss of functional groups from the oxidized US-SWNTs and py-US-SWNTs, respectively,
indicating that the oxidized US-SWNTs were functionalized with pyridine groups.

XPS analysis of the purified SWNTSs shows an O:C ratio of 1:12.9 which increases to 1:6.9 for
the piranha-etched SWNTs (Table 1), consistent with significant sidewall functionalization
having taken place. XPS analysis of py-SWNTs and py-US-SWNTs both show the presence of
nitrogen, confirming the functionalization with pyridine substituents (Table 1). If it is assumed
that all of the oxygen present on the samples is in the form of carboxylic acid groups (-CO,H)
and that all of these become functionalized upon reaction (Figure 1) then a N:O ratio of 1:2 is
expected. However, the observed ratio for py-SWNTs is 1:9.7, while for py-US-SWNTs the ratio
is 1:7.1. The lower N:O ratios suggest that either the reaction is incomplete or that much of the O
content is associated with non-carboxylic acid functionality. An explanation for this would be
that more of the oxygen signal in the py-SWNT could be due to sidewall epoxide groups,
consistent with previous studies which show that supposedly purified SWNTs can contain
significant epoxide substitution.'® The N:C ratio represents a measure of the number of pyridine
functional groups per unit length of the CNT. As such, the ratio for py-SWNTs is lower (1:73.0)
than that for py-US-SWNTs (1:38.8), showing that the ultra-short tubes contain a greater amount

of pyridine functionality than the sample derived from piranha-etched SWNTs.
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Table 1. XPS analysis with atomic composition (%) and element ratios for purified and

functionalized SWNTs.
Sample C 0) N Fe N:C 0:C N:O
ratio

(%) (%) (%) (%) ratio ratio
purified SWNT 92.8 7.2 0.0 0.0 n/a 1:129 n/a
Piranha-etched SWNT 86.1 12.5 0.0 14 n/a 1:6.9 n/a
py-SWNT 86.9 11.6 1.2 0.3 1:730  1:75 1:9.7
US-SWNT 87.5 12.5 0.0 0.0 n/a 1:7.0 n/a
py-US-SWNT 82.8 15.0 22 0.0 1:388 1:54 1:7.1

The Ols XP spectra of piranha-etched SWNTs and US-SWNTs may be deconvoluted to
multiple oxygen species attributable to carboxylic acid groups, epoxides, hydroxyls, and
carbonyl groups groups (Figure S4, Supporting Information). Deconvoluted oxygen peaks for
piranha-etched SWNTs are slightly shifted compared to those for US-SWNTs, with the shift
being due to peak broadening attributable to charging.*® The ratio of oxygen atoms in the
carbonyl groups to carbon atoms for piranha-etched SWNTs and US-SWNTs is 1:72 and 1:42,
respectively. This would suggest a higher carboxylic acid functionality content in US-SWNTs,
which is consistent with the higher pyridine functionality. Indeed, these ratios are very similar to
the N:C ratios in Table 1, suggesting that most of the carboxylic acid groups are functionalized
with pyridine. In fact, from the composition, it is possible to determine that for both pyridine
functionalized samples the N:carboxylic acid ratio is ca. 1:1, suggesting both a high conversion
and uniform reactivity for both of the two pyridine functionalization methods used. The
deconvolution of the appropriate Ols XP spectra show peaks due to epoxides, hydroxyls, and

carbonyl groups, but the peak due to carboxylic acid groups observed for the precursors
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disappears, consistent with pyridine functionalization (Figure S5, Supporting Information). With
regard to the Fe content observed in Table 1, it was found that the XPS results varied depending
on the area analyzed, indicating inhomogeneity across the samples. In addition, residual catalyst
is often encapsulated with amorphous carbon, resulting in a lower Fe signal than expected from
TGA. For these reasons, and the low percentage of Fe that is present in the samples, it is difficult
to give a meaningful error estimate for the Fe composition. TGA was therefore used to more
accurately determine bulk Fe content.

Raman spectra of the purified SWNTSs compared to the raw HiPco SWNTs showed a 2.4 times
increase in the G band intensity corresponding to removal of carbonaceous materials during the
cleaning process (Figure S6, Supporting Information). This G band intensity increases by a
further 10 % after piranha-etching of the SWNTs, indicating that carbonaceous material is
continuing to be removed during the etching process. The G/D band intensity ratios of the
purified SWNTSs, piranha-etched SWNTSs and pyridine functionalized SWNTs were 6.1, 6.2 and
5.5 respectively, indicating that there is not a significant change in the number and distribution of
sidewall defects on piranha-etching and pyridine functionalization, but as confirmed by XPS
only the nature of the functional groups has changed.

Cu(ll) Binding to Functionalized SWNTSs. To test the efficacy of copper ions binding to
py-SWNT and py-US-SWNT before they are reduced to zero-valent copper, we investigated
their reaction with a standard solution (0.016 M copper nitrate; see Experimental). As a
comparison, carboxylic acid functionalized SWNTs (US-SWNTs and piranha-etched SWNTs)
were also investigated. The presence of a binding reaction between the SWNTs and the copper

ions is reflected by a drop in the UV-visible absorbance (A, = 790nm) for all of the reaction

max

solutions as a function of time. Based upon the final absorbance intensities at t = 24 hours
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(Figure S7, Supporting Information), the adsorption of copper (mg Cu/g SWNT) may be
calculated (Table 2). These results show that copper ions have a good interaction with the
pyridine functional groups, ensuring that the copper seeds will be bound to those groups upon
reduction. The oxidised SWNTs (piranha-etched SWNTs and US-SWNTs) showed a higher
absorption of copper than their pyridine functionalised SWNT counterparts, which may be
attributed to the multiplicity of oxygen species that can bind the Cu(Il), or the greater steric bulk

of the pyridine functionality hindering binding.*°

Table 2. Weight of copper ions absorbed from a standard divalent copper solution by

SWNTs.

Sample Cu adsorption (mg Cu/g SWNT)
Purified SWNT 0.5

Piranha-Etched SWNTs 14.2

py-SWNT 8.0

US-SWNT 14.7

py-US-SWNT 7.3

Seeded Growth of Cu(0) on Py-US-SWNTs Versus US-SWNTs. Given the low
catalyst content in the py-US-SWNTs and the higher concentration of pyridine functional groups
per C, the seeded growth of Cu on py-US-SWNTs was investigated first. Copper was seeded
onto the py-US-SWNT pyridine groups using electroless plating,”® with hydrazine as reducing
agent (Eq. 1) and EDTA as complexing agent for the Cu(Il) ions. To determine the best method
for Cu seed growth and to understand how different parameters affect the size and quantity of the

seeds, a time and concentration study was conducted (Table 3).
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CuSO, +N,H, > Cu+N, +H,S0, (1)

The initial trial (1 in Table 3) employed the same reagent concentrations as a method reported

282936 and the reaction

in the literature for Cu growth on isonicotinic acid functionalized alumina,
was allowed to proceed until gas evolution stopped. This results in the formation of large (>100
nm) agglomerated cubic particles sparsely distributed across the sample (Figure 2).
Unfortunately, no growth is observed on the majority of the py-US-SWNTs. This suggests that

the reduction of copper is happening too quickly, i.e., once an initial seed occurs, grain growth

occurs rapidly. It is also possible to observe some smaller Cu NPs (ca. 35 nm), see Figure 2.

Table 3. The quantities of reagents used per liter of deionized water in three different trials

of copper electroless plating on py-US-SWNTs.

Trial Py-US-SWNT CuSO,'5H,0 EDTA Hydrazine
(g/L) (g/L) (g/L) (mL/L)

1 0.31 11.84 8.96 28.56

2 0.31 8.88 6.72 21.42

3 0.31 1.48 1.12 3.57

14



Figure 2. TEM image of Cu crystals grown on py-US-SWNTs by electroless deposition using

trial 1 (Table 3) Scale bar = 100 nm.

With a view to reducing the reaction rate, the reagent concentrations were reduced to % of their
original quantities (2 in Table 3) and the reaction was run for 5, 10, 15 and 30 minutes. The TEM
images in Figure 3 show large agglomerated cubic crystals of Cu for all four reactions times
(diameter = 120 - 225 nm), with the prevalence of cubes increasing with time. However, the
occurrence of the desired small Cu spheres increased overall relative to the higher concentration

reaction and increases with increasing reaction time (Figure 3d).
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Figure 3. TEM images of the electroless deposition of copper onto py-US-SWNTs using trial 2
in Table 3 for (a) 5 min, (b) 10 min, (c) 15 min, and (d) 30 min of reaction time. Scale bars are

100 nm (a, b, ¢) and 200 nm (d).

In order to eliminate the large cubes and maximize the small spheres, the reaction was run with
'/¢ of the original reagent concentrations for 2, 5, 10, 15 and 30 minutes (3 in Table 3). The TEM

images in Figure 4 show the growth of many of the desired seed particles, which range in size

16



from 3 — 12 nm for reaction times up to 15 minutes. However, beginning at 5 minutes (Figure
4b), larger (>50 nm) spherical particles begin to grow. At 30 minutes, the particles become
hexagonal or square in shape, and many of them are not associated with SWNTs at all (Figure
4f), suggesting homogeneous crystal growth rather than seeded growth. Additionally, there are
very few small spherical particles present after 30 minutes, which may be due to Ostwald
ripening.”’ Therefore, to obtain small copper seeds on the SWNTs, the ideal reagent
concentrations are '/, the reported literature concentrations® and the ideal reaction time is 2
minutes. The resulting material meets the requirements of a uniform dispersion of seeded Cu

NPs on the surface of the SWNTSs without significant homogeneous nucleation.
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Figure 4. TEM images of the electroless deposition of copper onto py-US-SWNTs using trial 3
in Table 3 for (a) 2 min, (b) 5 min, (c) 10 min, (d) 15 min and (e and f) 30 min of reaction time.

Scale bars are (a, b, ¢) 50 nm and (c, d, f) 100 nm.
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The selected area electron diffraction (SAED) pattern (Figure S9, Supporting Information) for
copper seeded SWNTs after 2 mins of growth (Figure 4a) gave a pattern assignable to 111, 200,
220, and 311 atomic planes and corresponding to a face-centered cubic (FCC) lattice structure.”
A calculated lattice parameter of 3.6 A combined with the FCC lattice structure, confirms the
diffraction pattern is from zero-valent copper metal.”> Furthermore, the SAED leaves little doubt
that the observed particles are not from copper oxide, iron, or iron oxides from residual catalyst
material because these species have very different lattice structures; CuO has a monoclinic
structure,” zero-valent iron has a body-centered cubic structure™ and, under ambient conditions,
iron(II) oxide has a rhombohedral or cubic spinel structure.” Therefore, the particles shown in
the TEM image in Figure 4 are confirmed to be zero-valent copper, which is in agreement with
the XPS data below.

TGA was used to determine how much Cu was added to the py-US-SWNTs. In this regard, the
2 min and 30 min products were analyzed by TGA in air, such that the residue should represent
Cu (oxide) only. In agreement with the TEM images (Figure 4a and e), the results in Figure 5
clearly show an increase in copper with increased reaction time. Comparing these results with
those from the UV-visible Cu(Il) adsorption experiment (above), more copper was seeded onto
the tubes in the 2 min electroless deposition (~220 mg Cu/g py-US-SWNTs) than was adsorbed
on the py-US-SWNTs (7.3 mg Cu/g py-US-SWNT). This is expected, since the functional
groups on the electroless deposited py-US-SWNTs are bound to seeds that contain many atoms,
while the functional groups in the UV-visible experiment are presumably bound to single copper
ions. Doing a similar comparison for the 30 min electroless deposition shows that 2.6 times more
copper was deposited on py-US-SWNTs compared to the 2 min reaction. However, as discussed

previously, the TEM image in Figure 4e shows sparse coverage of the py-US-SWNTs with large
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copper particles for the 30 min reaction time. Thus, there are not necessarily more pyridine
groups bound by Cu but, rather, there are just larger Cu particles. The TGA results in Figure 5
show the onset of combustion starting around 200 °C which continues until about 400 °C.
Compared to the data for py-US-SWNTs, the range of combustion is shifted down by 200 °C.
We suspect that this is due to the combustion catalytic activity of the copper.” A steady weight
percent is reached at 400 °C for the 2 minute reaction and at 500 °C for the 30 minute reaction.
At this point, the only species left to contribute to the weight percent is copper oxides (assuming

negligible residual catalyst content).
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Figure 5. TGA in air of Cu-py-US-SWNTs prepared using trial 3 (Table 3) for 2 min and 30 min

of reaction time.

The XPS analysis of Cu-py-US-SWNT confirms the presence of copper for the 2, 5, 10, 15 and
30 min reaction times (Table 4). The amount of Cu increases from 2 to 5 min of reaction time.
However, reaction times between 5 and 15 min show similar Cu content, and the 30 min reaction

time shows a decrease in Cu. These Cu percentages reflect that XPS is a surface technique, and
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the location of analysis is crucial. Greater weight should therefore be placed on the TGA results,

which as a bulk technique clearly show an increase in Cu content with reaction time.

Table 4. XPS analysis and element ration for Cu seeded py-US-SWNTs.

Reaction time C O N Cu
(mins) (%) (%) (%) (%)
2 74.0 18.8 23 49
5 73.6 18.1 1.6 6.6
10 72.1 19.7 1.8 6.5
15 72.8 18.8 1.8 6.6
30 743 19.1 23 42

In agreement with the SAED data, deconvolution of the high resolution Cu 2p,, XPS signal for
the 2 min reaction gave a 91-93% Cu(0) contribution to the overall Cu signal (932.4 eV).* The
remaining signal was consistent with CuO (933.8 eV), which is presumably on the particle
surface. The amount of CuO increases for the 30 min reaction time, resulting in a slightly lower
Cu(0) content at 86%.

We have shown that with the correct choice of reaction time and reagent concentration, py-US-
SWNTs can be decorated with seed crystals of Cu(0). 'H NMR spectroscopy was used to
investigate whether the copper seeds were bound to the pyridine functional groups. Free Cu
particles in solution were used to determine Cu’s interaction with pyridine in Cu-py-US-SWNTs.
The copper particles were synthesized according to trial 3 in Table 3, but without the presence of
py-US-SWNTs. The particles were filtered and mixed with a D,O solution of pyridine, causing

the particles to dissolve and generating a clear, brown-orange solution. This solution was filtered
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and the '"H NMR spectrum of the resulting filtrate compared to that of pyridine, where the peaks
in the presence of the Cu NPs are shifted downfield and are broadened as compared to the
spectra of pyridine, while TEM confirms that copper nanoparticles were present in the NMR
sample (Figure S10, Supporting Information).
In order to determine the effect that the pyridine functional groups have on Cu morphology,
oxidized US-SWNTs were deposited with Cu using the optimized method for py-US-SWNTs
(3 in Table 3). As the TEM images in Figure 6 show, deposition on oxidized US-SWNTs
results in the formation of Cu particles with a wider size distribution than those on py-US-
SWNTs. After 2 minutes of reaction time, there is a clear difference between the seed growth
on US-SWNTs (Figure 6a) and seed growth on py-US-SWNTs (Figure 4a). Growth on py-US-
SWNTs shows small Cu seeds of a narrow size distribution (3-12 nm) well distributed across
the py-US-SWNTs (Figure 4a). In contrast, seed growth on US-SWNTs results in Cu particles
that are comparatively large (~30 nm) and also agglomerated (Figure 6a). Beginning at 5 min
(Figure 6b), even larger particles (~100 nm) grow and become more closely packed with
increasing reaction time (Figure 6b-d). After 30 minutes, large agglomerated particles are seen,
but square particles are also formed (Figure 6e). Although large amorphous particles are also
seen after 5 minutes of reaction time in the presence of py-US-SWNTs, they are much more
abundant on the oxidized US-SWNTs. Further, small Cu seeds (2.5-5 nm) on oxidized US-
SWNTs only occurred intermittently at all reaction times and did not seem to grow in size with
deposition time (see, Figure 6f for a representative image). On the contrary, py-US-SWNTs
showed uniform copper seed deposition between 2 and 15 min of reaction time (Figure 4a-d).
These results show that pyridine functional groups are crucial to the formation of well

dispersed Cu seeds with a narrow size distribution (after 2 min) on SWNTs.
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Figure 6. TEM images of the electroless deposition of copper onto US-SWNTs using trial 3
(Table 4) showing large particle growth at (a) 2 min, (b) 5 min, (¢) 10 min, (d) 15 min and (e) 30
min of reaction time and (f) some intermittent seed growth at all reaction times. Scale bars are (a,

b, ¢, e) 50 nm, (d) 100 nm and (f) 20 nm.
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Seeded Growth of Cu(0) on Py-SWNTs Versus Piranha-Etched SWNTs. Given the
success of the aqueous electroless deposition results with py-US-SWNTs, the first trial
conducted with py-SWNTSs was also in aqueous medium with the same reagent concentrations as
the optimized method for py-US-SWNTs (Table 3), as shown in 4 of Table 5. After 2 min of
reaction time, the TEM image of the resulting sample showed a uniform dark staining of the py-
SWNTs (Figure 7a) compared to unreacted py-SWNTs (Figure 7b). They also showed
irregularly shaped particles that are typical of residual catalyst material. The stained appearance
suggests that Cu is deposited in a very uniform manner along the entire length of the py-SWNTs.
However, as the appearance of a TEM image can change depending on how over- or under-
focused it is, the presence of Cu was also confirmed by energy dispersive X-ray spectroscopy

(EDS) mapping of the surface of py-SWNT after 2 min Cu deposition (Figure 8).

Table 5. The quantities of the reagents used per liter of solvent in two different trials of

copper electroless plating on py-SWNTs.

Trial Py-SWNT CuSO,'5H,0 EDTA Hydrazine Solvent
(g/L) (g/L) (g/L) (mL/L)

4 0.31 1.48 1.12 3.57 H,0

5 1.73 84.07 - 25.38 MeOH
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ige 7. TEM images of (a) the electroless deposition of copper onto py—SWNTs using trial 4
(Table 5) for 2 min of reaction time, (b) py-SWNTs and (c) the electroless deposition of copper
onto py-SWNTs using trial 4 for 30 min of reaction time, showing large particles of copper and

clusters of small copper seeds. Scale bars are (a, b) 10 nm and (c) 100 nm.

Figure 8. STEM image (a) and associated EDS maps of (b) Fe, (¢) Cu and (d) C of a sample of

py-SWNT after electroless deposition of copper using trial 4 (Table 5) for 2 min of reaction time.



The Cu K, EDS map (Figure 8c) shows copper distributed over the entire surface of the
sample, consistent with the dark staining of the py-SWNTs seen in Figure 7a. Furthermore, the
defined particles seen in TEM images are confirmed to be catalyst material by the Fe K, EDS
map (Figure 8b). For comparison, EDS mapping was also used to characterize unreacted py-
SWNTs, however in this instance the Cu K, signal was evenly dispersed across the entire map
area including in regions of vacuum and hence can be attributed to scattered X-rays from the Cu
sample holder. These results confirm that Cu deposition on py-SWNT with short reaction times
results in a highly uniform coating of Cu across the SWNT surface.

When the reaction is allowed to proceed for 30 min, large spherical particles are then formed
as well as small nanoparticle seeds of Cu (Figure 7c). The small seeds show a similar
morphology to the copper seeds obtained with py-US-SWNT after 2 and 5 min reaction times
(Figure 4a and b). However, this result suggests that while a uniform distribution of Cu onto the
SWNT surface is the initial result, either not all these act as potential seeds or, once a seed
grows, Ostwald ripening results in a small number of larger crystals growing.

The above results for the aqueous deposition of Cu on SWNTs shows a clear difference in the
rate at which the Cu particles form on the HiPco nanotubes compared to similar depositions on
US-SWNTs. Although this may be the result of a combination of factors such as tube length and
degree of pyridine functionality, we also suspected that the low dispersibility of SWNTSs in water
might play a role in this as well. For this reason, a second trial (5 in Table 5) of electroless
deposition of copper on the py-SWNTs was conducted in MeOH to aid suspension of the py-
SWNTs. Because EDTA showed low solubility in MeOH, it was omitted from the reaction.
After 30 mins of electroless deposition, the TEM image showed a dark coating over the surface

of the py-SWNTs (Figure 9a), similar to that observed in the aqueous deposition (Figure 7a).
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There was also the presence of small nanoparticles (Figure 9b), but these are likely due to Fe

rather than Cu seeds given their irregular shape and the EDS results above (Figure 8).

s

Figure 9. TEM images of (a) the electroless deposition of copper onto py-SWNTSs using trial §
(Table 5) for 30 min of reaction time, showing SWNTs with a dark coating and (b) residual
catalyst particles; and (c) the electroless deposition of copper onto py-SWNTs using trial §
(Table 5) for 24 h of reaction time, showing the growth of ‘sea urchin’ type structures. Scale bars

are (a, b) 20 nm and (c) 500 nm.

When the electroless deposition proceeded for 24 h, eventually the copper growth formed ‘sea
urchin’ type structures (Figure 9c). Although the concentration of the SWNTs and CuSO,-5H,0
are higher than any of the US-SWNT trials, it is interesting that the morphology of the Cu is
vastly different from that with extended growth using py-US-SWNTs. Furthermore, the 30
minute deposition in MeOH with higher CuSO,5H,0 and without Cu(Il)-complexing EDTA

resulted in the same Cu morphology as the 2 minute aqueous reaction. Because the 30 minute
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aqueous reaction showed the presence of large particles and Cu seeds, it seems that the MeOH
actually reduces the reaction rate or alters the solubility/reactivity of the py-SWNTs.

To determine how much copper has been grown on the py-SWNTs, the 2 min and 24 h
electroless deposition products were analyzed by TGA in air (Figure S11, Supporting
Information). Residues at the end of the TGA analysis can be attributed to copper and iron
oxides, with the 24 h sample clearly showing a greater residue than the 2 min sample, in
agreement with the TEM images.

Electroless deposition of copper was also carried out on piranha-etched SWNTs to determine
the efficacy of deposition in the absence of pyridine functionality, using the optimized method 4
in Table 5. Deposition of copper on piranha-etched SWNTs after 2 and 5 mins reaction time
resulted in a similar uniform dark staining (Figure 10a) to that seen for deposition on py-SWNTs
(Figure 7a), however by 30 mins reaction time the TEM image in Figure 10b shows the growth
of the desired copper seed particles, ranging in size from 2-10 nm. Additionally, there are also
larger (35-60 nm) agglomerated copper particles present. Although the copper seed particles are
not evenly distributed across the piranha-etched SWNTs, their distribution is less patchy than
those seen on the py-SWNT sample (Figure 7c), and there are more of them. This improved
seeding at 30 mins reaction time for piranha-etched SWNTs compared to py-SWNT can be
attributed to the greater ease of dispersion of piranha-etched SWNTs in an aqueous medium
compared to py-SWNT. Despite the benefits brought about by the greater ease of dispersion,
seeding with piranha-etched SWNTs does not exclusively give small copper seeds at 30 reaction
time; larger (35-60 nm) particles are also present. This contrasts with seeded growth with py-

SWNTs where evenly dispersed small seeds of a small size distribution (3-12 nm) can be
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obtained. Carboxylic acid and other oxygen functional groups therefore do not give the

controlled seeding that pyridine groups on well-dispersed SWNTs are capable of producing.

Figure 10. TEM images of the electroless deposition of copper onto piranha-etched SWNTs
using trial 4 in Table 5 for (a) 2 min and (b) 30 min of reaction time. Scale bars are (a) 20 nm

and (b) 50 nm.

CONCLUSIONS

The goal of this study was to understand the effects of different functional groups on the process
of seeding Cu on CNTs. The Cu seeded CNTs have applications in Cu-CNT composite
fabrication,” for which electrical properties offer an interim solution to power distribution.””
Pyridine functionalized SWNTs and US-SWNTs were synthesized and functionalized with
copper seeds, and contrasted with piranha-etched SWNTs and native carboxylic acid US-
SWNTs. XPS analysis of the samples showed that US-SWNTs contain a higher atomic % of

carboxylic acid groups and, correspondingly, the py-US-SWNTs contain a higher concentration

of pyridine groups as compared to the piranha-etched SWNTs and py-SWNTs. A UV-visible
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spectroscopy experiment showed that Cu(Il) ions are taken up by py-functionalized SWNTs and
US-SWNTs, confirming the ions’ interaction with the pyridine groups. After optimization of
reaction time and concentration, 3-12 nm Cu seeds were deposited uniformly on py-US-SWNTs.
These were confirmed as Cu(0) by XPS and SAED. A 'H NMR study showed that free copper
seeds are capped by pyridine groups, indicating that the seeds are indeed bound to the pyridine
groups on py-US-SWNTs and py-SWNTs. A comparison of Cu deposition using the optimized
method on py-US-SWNTs and oxidized US-SWNTs indicated that the pyridine groups are
critical to the formation of evenly dispersed Cu seed particles with a small size distribution.
However, using the same 2 min optimized protocol with py-SWNTs resulted in the observation
of dark coatings on the tubes in TEM, suggesting the formation of small Cu clusters on the tubes.
This was verified using EDS mapping, which showed a uniform layer of Cu across the py-
SWNTs. The reduced rate of Cu seeding on py-SWNTs compared to py-US-SWNTs is likely
due to their lower dispersibility, but tube length and a decreased level of pyridine
functionalization may play a part. However, when a higher CuSO, concentration was used
without EDTA in MeOH for 30 min of deposition time, the py-SWNTs were deposited with a
dark coating of Cu similar to the optimized aqueous 2 min reaction. Given the higher Cu(Il)
concentration, lack of Cu(II)-complexing EDTA and increased reaction time, these results are
unexpected. Despite better dispersion of py-SWNTs in MeOH, our results suggest that it slows
the Cu deposition rate. Allowing the MeOH solution to proceed for 24 h resulted in large ‘sea
urchin’ type structures. These results suggest that the length of the SWNT and/or the degree of
pyridine functionality, as well as the choice of solvent, all have an effect on Cu growth rate and

morphology.
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