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Carbon nanotube (CNT)-copper nanocomposites are promising materials for light-weight high-ampacity
conductors. The key issue in hybridization of CNT and metal is creating a strong bonding between them.
This requires proper modification of the CNT surface. However, experimental works on determining the
effect of interfacial functionalization on the properties of the metal/CNT system is scarce. In this paper,
the effect of CNT surface modification on the morphology, interfacial interactions, and electrical prop-
erties Cu/CNT hybrid system is investigated. For this purpose, CNTs with carboxyl, thiol, and nitrogen
doped surface groups were used as substrate for growth of Cu particles via a facile electrochemical
process. It is observed that not only the morphology but also the chemical state of the Cu deposits are
affected by the surface functional group on CNT. Thiol group significantly enhances copper wettability
towards CNT, facilitating a uniform deposition of copper, and impedes oxidation. Also, Cu/CNT thin films
fabricated via vacuum filtration that contain thiol-activated CNTs shows four and seven times higher
electrical conductivity compared with systems that contain carboxyl and N-doped surface groups,
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1. Introduction

Copper has been the conductive material of choice in electronic
devices for years due to its superior electrical conductivity, abun-
dance, and thermal resistance among others. Future technological
advances, from portable electronics to space explorations, demand
electronics with smaller size and lower weight, parameters that
metals such as copper fail to satisfy. However, recent developments
in nanotechnology have provided new materials which possess the
potential to surpass copper in terms of electrical conductivity,
weight, and ampacity. Among these, carbon nanotubes (CNTs)
stand out on the basis of their high electrical and thermal con-
ductivity, remarkable ampacity, low density, abundance of pre-
cursor materials, and supreme mechanical properties [1].

Individual CNTs are hollow quantum wires with extremely
narrow diameters in the range of several atomic distances. The
charge carriers are free to travel only along the axial directions and
show ballistic electron transport at room temperature [2]. Never-
theless, research into translating these properties from nanoscale
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to macro scale have not been straightforward. Attempts to fabricate
highly conductive macrostructures like sheets and yarns have
shown some promising results, but only through complex pro-
cessing and intensive and expensive chemical treatments [3—6]. A
different approach, inspired by the theoretical work of Hjorstam
et al. [7], is to employ the CNTs as nanofillers in copper matrix. By
simple effective-medium model, it was predicted that at a
30—40 vol% loading, metallic single-walled CNTs (SWCNTSs)-copper
composites could present room temperature electrical conductiv-
ities about twice that of annealed copper. This conclusion is of
course under ideal conditions, such as uniform dispersion of CNTs
and a perfect interface with the matrix. Unfortunately, experi-
mental efforts have not been able to achieve these predicted con-
ductivities even though a tremendous potential has already been
demonstrated. For example, Subramaniam et al. [8] fabricated a Cu-
CNT (45vol%) sheet that had room temperature conductivity
comparable to copper (81%), and ampacity and specific conduc-
tivity 100 times and 26% higher than copper, respectively.

One of the remedies to close the gap between theoretical and
experimental results is to enhance the interfacial interactions be-
tween the CNT and the matrix. For polymer-based composites, this
subject has been widely studied leading to development of
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numerous CNT surface treatment approaches with successful re-
sults [9—12]. These surface modification techniques have also been
implemented in CNT-metal nanocomposites with some promising
results, especially in terms of mechanical properties [13—18].
Nonetheless, research that have experimentally and systematically
compared the effect of different surface groups on CNT-metal
interface are scarce. These studies are necessary when significant
number of research efforts are focusing on the CNT-metal and metal
oxide systems in various applications such as energy storage, sen-
sors, catalysts, and portable electronics [1,19,20].

In the present work, the effect of CNT surface treatment on the
morphology, structure, and electrical conductivity of the Cu-CNT
system has been investigated. Compared to other metals, Cu has
weak interactions with CNTs [21], but this issue has been tackled in
this work by utilizing a proper surface treatment and synthesis
method. Three of the most common and promising functionaliza-
tion groups have been chosen for the study, namely, carboxyl (two
different conditions), N-doping and thiol. Functionalized CNTs are
coated in nanoscale via a facile and versatile electrochemical
method. Our findings show that not only the morphology but also
the composition of the metallic deposits are affected by the CNT
surface treatment. Thiol group, which is known to have strong in-
teractions with precious metals [22], shows the best affinity to-
wards Cu. The thiol activated CNTs are uniformly coated with Cu
and show electrochemical stability. Subsequently, Cu-seeded CNTSs
with different functionalities were used to fabricate CNT/Cu thin
films. These composite thin films are produced via vacuum filtra-
tion and a subsequent electroless deposition methods. It is
observed that CNT surface groups have significant effect on the
electrical conductivity of these fibers; the thiol-activated CNT/Cu
system shows the highest conductance, four and seven times
higher than systems containing carboxyl and N-doped CNTs,
respectively. Our results show that by proper tailoring of the CNT
surface functionality, one can develop light-weight Cu-CNT nano-
composite wires with remarkable conductivity. The present find-
ings can be used in a wide variety of applications, such as CNT (or
graphene)-inorganic hybrid materials for energy storage, sensors,
and catalysts; applications in which high surface area and electrical
conductivity are desired.

2. Materials and methods
2.1. Materials

Multi-walled CNTs (MWCNT) with a purity of 95 wt%, diameter
of 10 nm and length of 1-10 um were supplied by Arkema Inc. To be
concise, they will be referred to as CNTs. All other chemicals were
obtained from Sigma-Aldrich and were used as received.

2.2. Pretreatment of CNTs

To study the effect of surface chemistry, CNTs were subjected to
4 different functionalization treatments, as described below.

1) Mild oxidation: 200 mg of as received-CNTs were dispersed in a
mixture of sulfuric (75 mL) and nitric acids (25 mL) and ultra-
sonicatated in a sonication bath for 2 h at room temperature.
Subsequently, 150 mL deionized water (DI-H,0) was added and
the solution was sonicated for another hour at room tempera-
ture. After oxidation, oxidized MWCNTs were washed four times
with DI-H;0 and collected on a polyvinylidine fluoride (PVDF)
filter membrane (Millipore, Durapore, 0.45 um pore size) under
vacuum. Finally, they were dispersed in DI-H,0. From here on
these mildly oxidized MWCNTs are going to be referred as MO-
CNTs.

2) Harsh oxidation: Similar to the first surface treatment process
except that before diluting the CNTs with DI-H,0, they were
stirred for 6 h at 70 °C under reflux. They are referred to as HO-
CNTs from here on.

3) Nitrogen-doping: N-doping has a low interference with unique
structure of CNTs. Also, by first principle calculations, it was
recently shown to effectively enhance both mechanical and
electrical properties of Cu-CNTs [23]. Respectively, N-doped
CNTs (N-CNTs) were provided by from Arkema Inc., and used as
substrate for deposition of Copper. According to the supplier, the
MWCNTs have an average diameter of 10 nm and average length
of 5 um with 7 at% N.

4) Thiol functionalization: 100 mg MO-CNTs obtained from the
mild oxidation process described above are dispersed in 200 mL
ethanol. N, N’-Dicyclohexylcarbodiimide (DCC) was added to the
solution in weight ratio of 1:1 w/w compared with CNTs. This
mixture was then sonicated for 30 min and then stirred at room
temperature for 1 h. Next, 150 mg cysteamine was added in a
weight ratio of 3:2 compared with MWCNTs and the mixture
was stirred at room temperature for 24h. Thiol activated
MWCNTSs (SH-CNTs) were washed at least four times using PVDF
filter membrane (Millipore, Durapore, 0.45 um pore size) under
vacuum.

2.3. Preparation of Cu/CNTs

CNTs with different surface groups (f-CNTs) were similarly
coated with Cu using electroless deposition technique as described
in Ref. [19]. Concisely, 50 mg of f-CNTs were dispersed in 100 mL
aqueous solution of SnCl, (1 g) and HCl (0.25 mL). The mixture was
sonicated for 30 minat room temperature. Next, Sn-sensitized
CNTs were activated using PdCl; (0.01 g) and HCI (0.25 mL) 50 mL
aqueous solution by ultrasonication for 30 min at room tempera-
ture followed by rinsing in DI-H,O using centrifuge. This washing
step should be done carefully to remove all the excessive or unat-
tached Pd and Sn ions from the solution. Finally, the activated CNTs
were introduced to a 100 mL Cu electroless deposition bath. The
composition and conditions of the plating bath are given in Table 1.

2.4. Fabrication of CNT-Cu film for electrical conductivity
measurements

Vacuum filtration was utilized for fabrication of CNT-Cu films
similar to Ref. [24]. Firstly, 50 mg f-CNTs were seeded by copper
using similar electroless deposition process explained in section
2.3. The only difference is that the concentration of all the metallic
salts and 2Na-EDTA were cut in half to minimize the free particle
formation and to promote copper nucleation. Free metallic particles
and impurities were removed by filtering and centrifuge at
2000 rpm for 5 min. To fabricate the thin films, the aqueous solu-
tions containing f-CNT/Cu hybrid systems were vacuum-filtered
using polytetrafluoroethylene (PTFE) membrane filters with pore
size of 450 nm (Millipore). The f~-CNT/Cu were dried using a vacuum

Table 1

The composition and conditions of the copper electroless bath

deposition.
Chemical composition Quantity
CuS04-5H,0 6.2g/l
2Na-EDTA 40 g/l
CHOH (37 vol% in H,0) 20ml/l
Temperature 60°C
pH (NaOH) 13




E. Daneshvar et al. / Carbon 157 (2020) 583—593 585

oven at 50 °C for 12 h. To ensure all the hybrid systems have similar
amount of copper, dried copper seeded f-CNT films were electroless
plated in 150 mL of copper bath with composition presented in
Table 1 for 10—12 min. The copper coated films were dried using a
vacuum oven at 50 °C overnight. The thin films with different CNT
functional groups have the same weight after this process. Finally,
the f~-CNT/Cu films were heated at 250 °C for 2 h in controlled flow
of nitrogen and immediately followed by 1 h in nitrogen-hydrogen
(5vol%) gas under 1KkPa pressure using dynamic mechanical
analyzer (DMA) (ARES 300-G2, TA instruments). For comparison,
the same process was used to fabricate thin film of pristine
MWCNTSs (P-CNTs).

2.5. Characterization

The structural properties and the morphologies of the synthe-
sized Cu/MWCNT hybrid systems were examined using trans-
mission electron microscopy (TEM) (FEI Teccai G2 S-Twin, Philips),
X-Ray diffraction (XRD) (Bruker D8 Advance ECO) with CuKa inci-
dent radiation (A =0.1506 nm), and X-ray photoelectron spectros-
copy (XPS) (Omicron DAR 40 dual Mg/Al x-ray source). XPS plots
were deconvoluted based on Gaussian—Lorentzian peaks and
Shirley background subtraction. Prior to XRD and XPS experiments
the samples were filtered and centrifuged to remove all the free Cu
particles formed in the solution. FEI Tecnai Osiris S/TEM working at
200 keV was used to obtain STEM and EDX. The EDX detectors were
FEI Super-X systems employing 4 Bruker silicon drift detectors for
high collection efficiency (>0.9 sr solid angle) and high count rates
(>250 kcps).

To investigate the effect of surface treatment on electrical con-
ductivity of the hybrid systems, thin films of Cuy/MWCNT were
made using vacuum filtering approach. Four-point-probe conduc-
tivity measurements were carried out on free-standing Cu/MWCNT
films with a four-point-probe (Signatone, SP4-40045TBY) on a
resistive stand (Signatone, Model 302). The conductivity was
calculated by using the formula:

~ Lin2
- wVitk

where ¢ is the electrical conductivity (S/m), I (A) is the current
going through the outer two probes, V (V) is the voltage drop
measured across the two inner probes, t is the thickness of the film
(m) (which was obtained by SEM), and k is a correction factor. Three
to four samples were analyzed for each functionalization method
and 10 to 15 measurements were carried out on each sample. The
average and standard deviation are reported.

3. Results and discussion
3.1. Surface treatment of CNTs

XPS was used to investigate the surface and interfacial chem-
istry of functionalized CNTs. The results show that all the samples
contain C and O. In addition, N 1s peak at 399.3 eV and S 2p peak at
169.3 eV are detected for N-CNT and SH-CNT, respectively. The C 1s
peak for all the samples is situated almost at the same binding
energy of 284.35eV, which will be further analyzed in detail. It
should be added that the O 1s peak binding energy depends on the
surface modification technique and varies from 531.5eV for SH-
CNT to 532.5 eV for MO-CNT (Fig. S1).

The high resolution XPS data of C 1s peaks for f-CNTs and their
deconvoluted peaks are represented in Fig. 1a and b. As can be
observed, MO-CNT sample is mainly consisted of C=C (284.3 eV)
and C—C (285.5 eV) structures. The strong C 1s peak corresponding

to sp? carbon, which is more or less common for other samples as
well, shows that the conjugated bonds in CNT lattice are preserved
after the surface treatments. Also, C—O—C (or C—0) peak at
286.6 eV, O—C=0 peak (or C=0) at 288.3eV, C—OOH peak at
289.5 eV, and broad m-m peak at 291.5 eV are resolved [25]. With
increasing the intensity of the acid treatment, the C 1 peak becomes
more asymmetric due to emergence of the shoulder at higher
binding energies. The resolved peaks show that the relative in-
tensity of C=C peak (sp?) slightly decreases while the C—C and
oxygen containing species become stronger suggesting that the
CNT structure is more distorted and more defects are introduced to
the HO-CNT surface. The carboxyl group content in each sample is
estimated based on the area beneath the resolved peaks. The result
shows that carboxyl group content in MO-CNT and HO-CNT sam-
ples are around 7.5 at% and 12 at%, respectively. Moreover, based on
the deconvolution of O 1s, the HO-CNT sample contained contains
relatively higher C=0 bonds concentration (Fig. S1).

Compared to carboxyl functionalized samples, the full width at
half maximum (FWHM) is higher for N-CNT and SH-CNT samples
even though the oxygen containing groups have almost the same
intensity. This is attributed to formation of a new peak at 286.0 eV
which is ascribed to C—N for N-CNT and C—S or C—N for SH-CNT
samples. Finally, compared with MO-CNT and HO-CNT samples,
the intensity of oxygen containing groups decrease in the N-CNT
and SH-CNT samples, which indicates that the oxygen functional-
ities reduction occurs by N-doping and thiol grafting. The nature of
these changes can be revealed by analyzing the high resolution XPS
of N 1s and S 2p respectively. High resolution XPS shows that the N
1s core level spectra for N-doped CNTs (Fig. 1c¢) can be deconvoluted
in two peaks related to pyrodinic N at 298.7 eV and graphitic N at
400.7 eV [26]. As illustrated in Fig. 1e, the former represents the
substitution of an N atom with a C atom adjacent to a defect while
the latter represents substitution of N atom with a C atom in a
perfect benzene ring [26]. Moreover, the atomic ratio of these two
structures are calculated by integrating the fitting curve area of N 1s
peak, showing that doped N is almost 70 at% in pyrodinic form and
the rest is in graphitic form.

Fig. 1d displays the S 2p spectra corresponding to the SH-CNT
showing that the thiol groups are successfully formed on the
CNT’s surface. S 2p has two main peaks with one situated at 168 eV
which is attributed to sulfates and one around 164 eV which is a
result of cysteine and thiol formation. The latter is the peak of in-
terest here. Cysteine peak fitting results revealed that it can be
deconvoluted to three components corresponding to C—S 2py; at
163.3 eV, C—S 2p3j at 164.5 eV and a sharp peak at 163.9 eV which
is assigned to SH tail of the thiol group [27]. These results suggest
that thiol groups are formed by the amidation reaction between the
amine groups of cysteine and the carboxylic groups of CNTs [27].
The surface composition of the CNTs was also determined using
XPS, which indicated a 3.2 at% of S.

3.2. Morphology and composition of Cu/CNT systems

TEM analyses of the hybrid systems show that the functional
group on the CNT surface can significantly affect the morphology
and density of the copper deposits. Fig. 2 shows a representative set
of TEM images for Cu/CNT hybrid systems for four different func-
tional groups. In Cu/MO-CNT system, Cu deposits randomly and
scarcely cover the MO-CNTs surface. While some of the CNTs have
no or only a small amounts of Cu, some large deposits can be
observed specifically at the tube ends showing that seeding of Pd
and subsequently deposition of Cu do not occur uniformly on all the
CNTs.

This defect-dependence deposition has been previously re-
ported in electroless deposition of Cu on graphene [28]. CNT ends



586 E Daneshvar et al. / Carbon 157 (2020) 583—593
(@) [—c s C=C (sp?) (b) T o-c-o/o-c J| (€) . —
Envelope 2843 eV 29]1.5eV 0-C=0/0=c 2866V nvelope 208.7 eV
3 288.3¢eV
C-C (sp”) MO-CNT "
2855V = | eraphiticN
2| 4007ev
C-OOH ! 2
MO 289.5eV = ¥
2
=
. E Jw
— -~ ' N
= =
< |Ho-CNT < ——T—TT—1
2z _’.-__”M 2z 404 402 400 398 396 394
=2 o 2 Binding energy (eV)
2 3
E E (d)[—s=»
C-N/C-S Envelope
286.0/eV C-S 2p;, -SH
164.5 eV 163.9 eV
5 -S0,
N-CNT é _4“ : i C-S2p,,
A Z |168.8 evr‘—llsm eV 1633 eV
2
=
SH-CNT ; SH-CNT
= 1 " 1 L 1 " 1 1 1 L 1 * T v T B T L T d T
292 290 288 286 284 282 292 290 288 286 170 15.3 . 166 164 162 160
Binding energy (eV) Binding energy (eV) Binding energy (eV)
.. SH SH
(e) @ Graphitic N 2 §
O. oH O. .oH @ Pyridinic N
A\ d N/

',j' "..5’:; O.
Y '3"5-‘?"". 904te2e
21l Q0S80 NS 2281008

Carboxyl-activated CNT

N-doped CNT

Fig. 1. High resolution XPS spectra of (a) C1s, (b) C1s between 286 and 293 eV of the CNTs with different surface groups, (c) N 1s peak of N-CNT system, and (d) S 2p of SH-CNT. The
dominant surface functional group for each type of surface treatment is schematically presented in (e). It should be noted that both MO and HO treatments create similar surface
functional groups but in the latter these surface groups will be more abundant. (A colour version of this figure can be viewed online.)

and defects are proper sites for deposition of Cu. Due to the
anisotropy of CNT system, carbon atoms at the tips are more
reactive, can form strong covalent bonds and show stronger in-
teractions with metals [29]. Moreover, CNT sidewalls are resistant
to acid treatment so oxidation usually initiates at and mostly affects
nanotube tips and defects [30]. As a result, oxidation in the mild
acid treatment does not occur uniformly and the distance between
proper nucleation centers may be too far from each other to form a
continuous Cu layer. The scattered deposits on the sidewalls have
smaller size and are readily oxidized which impedes the autocat-
alytic growth of Cu. On the other hand, the already defective tube
ends are mostly affected by acids and carboxyl groups are densely
generated at these locations. This leads to formation of scattered Cu
deposits on the MO-CNT sidewalls and big Cu aggregates at the tips.
It should be noted that free Cu particles were observed in this
sample (not shown here) possibly due to detachment of Pd parti-
cles from the surface during rinsing or detachment of Cu particles
during sonication prior to TEM sample preparation. Due to high
curvature, the surface energy of CNTs is high. Therefore, if a strong
interaction between the CNT and the metallic particles does not
exist, they will detach from the CNT side-wall. Therefore, MO-CNT

fails to provide a proper substrate for nucleation and growth of Cu
layer.

By increasing the intensity of the acid treatment, more carboxyl
groups are expected to from on the surface of CNTs which provides
abundant proper locations for nucleation of Pd and Cu, and leads to
a denser Cu coverage. However, this phenomenon is not observed
in our work. By increasing the surface oxidation intensity, the
density of the Cu deposits on the CNT sidewalls shows a slight
enhancement while the size of the deposits shows a more vivid
increase; specifically large aggregates are formed at the tube ends.
In addition to the deposit size, acid treatment intensity also affects
the morphology of the deposits. As observed in high resolution TEM
image of MO-CNT/Cu system (Fig. 2b), the Cu deposits have a reg-
ular oval shape with diameter around 4 nm. However, in HO-CNT/
Cu sample, the Cu deposits have irregular shapes and are gener-
ally larger. Based on shape irregularity and different fringe di-
rections, it is speculated that they are formed by growth and
aggregation of a few Cu nuclei. It should be noted that based on the
zeta potential measurements (Fig. S2), more aggressive acid treat-
ment results in a more negative surface charge in HO-CNTs. By
considering the XPS results, it can be deduced that larger and more
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Fig. 2. Morphology of the Cu deposits on the sidewalls of CNTs with different functional groups. Scattered Cu deposits with diameter ~4 nm formed on the surface of MO-CNTs
(a—b). Big aggregates of Cu (~100 nm) are observed at the HO-CNT tube ends along with scattered deposits on the sidewalls (c—d). When the CNTs are doped with nitrogen Cu
aggregation at the tube ends decreases and sphere shape deposits (~20 nm) are formed on the sidewalls while some of the N-CNTs are not coated at all (e—f). SH-CNT surface is
wetted by Cu and all the SH-CNTs are uniformly coated with a thin layer of Cu (~4 nm) and negligible Cu aggregation is observed at tube ends (g—h). The effect of CNT’s surface
group on the morphology of the Cu deposits is schematically represented in (i). High resolution TEM of SH-CNT/Cu at the interface (j) and the corresponding processed image based
on Fourier transformation (FT) shows how Cu deposits (green) are integrated in CNT (purple) (k). (A colour version of this figure can be viewed online.)

abundant defect sites are formed on the HO-CNT surface. However,
these sites are not uniformly distributed on the CNT surface and
large Cu aggregates (that can reach to 100 nm in size) are formed at
the tips of some of the CNTs (Fig. S3). While these aggregates were
also observed on MO-CNT, their size rarely exceeded 40 nm. Strong
electrostatic forces at these locations attracts more Pd*? and Cu®*
ions. Therefore, large spheres at the HO-CNT tube ends are the
result of formation of functional groups, and subsequently larger
catalytic particles that effectively initiates Cu deposition.

The deposits on the surface of the N-CNTs have a more uniform
shape and morphology. TEM results show that most of the N-CNTs
sphere metallic deposit with diameter around 20 nm (Fig. 2e and f).
Similar to carboxyl group, N-doped CNTs contains atoms with lone
electron pair which theoretically can bind with metal ions through
sharing an electron pair [31]. Recently, by theoretical and experi-
mental studies, Milowska et al. [23] showed that N-doping of CNTs
would enhance the adhesion of sputtered Cu to CNTs and results in
a composite with improved mechanical and electrical properties.
However, N-doped CNTs are hydrophobic and show poor

dispersion in water compared to MO-CNTs and HO-CNTs. This can
impede interactions between Pd*? and Cu?* ions with N-doped
CNTs in aqueous solutions. In addition, N-doped CNTs are proton-
ated in water which shifts the pH at point of zero charge (pHgpc) to
higher values compared with MO-CNTs and HO-CNTs (Fig. S2). This
will cause a repulsive electrostatic force between divalent metal
ions, such as Cu?* and N-CNTs, and reduces the Cu adsorption on N-
CNTs’ surface. On the other hand, the N atoms are able to share their
electrons with the Pd*? andjor Cu®* ions. The combination of
repulsive forces between the hydrophobic inert CNT surface and
the ions, and the attraction of metallic ions to the pyrodinic N can
lead to the formation of spherical Cu structure with minimal con-
tact to the CNT surface, as observed in Fig. 2e and f.

The morphology of the SH-CNT/Cu hybrid system is represented
in Fig. 2g, h and 2j. The crystalline structure of SH-CNTs indicates
that the CNT structure is preserved after surface treatment. In
addition, the SH-CNTs are more uniformly coated and almost all of
the CNTs are covered by Cu deposits. It is well-know that thiol has
strong affinity for some metals and can bond with them through its
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sulfur group [32—34]. Moreover, as previous studies have shown
when CNTs are thiol activated, the noble metal particles are not
agglomerated but uniformly attached to CNT sidewall surface
[32,33]. As a result, it can be deduced that Pd has been seeded
uniformly on SH-CNT surface. Cu nucleation is initiated from these
seeds and then grow and form Cu clusters, forming a uniform
coating on SH-CNT surface. By investigating at the Cu deposits
morphology at higher magnifications, another interesting differ-
ence against other treatment conditions becomes apparent. Unlike
the MO-CNT/Cu and HO-CNT/Cu samples, the Cu particles on SH-
CNT are not spherical but have elongated trapezium shape,
showing a better wetting toward the SH-CNT surface, suggesting
that there is a stronger interaction between Cu and SH-CNT (Fig. 2j).
As a result, CNT surface functionality strongly influences not only
the Cu coverage but also their shape.

STEM images and nanoscale elemental maps of the electroless
deposited CNTs are presented in Fig. 3. For each sample several
locations were investigated. In all cases, Cu was the main constit-
uent of the deposits along with oxygen and in tin. Also, in almost all
the cases, Pd was not detected showing its content is below the
detection limits of the equipment. The only exception was the HO-
CNT/Cu sample in which Pd was detected in specific areas (Fig. S4).
As it was discussed before, this sample contains relatively large Cu
particles which can be formed due to accumulation of catalytic
seeds. Pd was only detected around the large aggregates showing
that indeed they are formed due to densely packed catalyst

MO-CNT/Cu

< R
]
M. -»

particles at HO-CNT defect sites. The corresponding EDX plots are
provided in the supplementary (Fig. S5).

XPS was used to analyze the surface chemistry of functionalized
CNTs and hybrid systems. After Cu deposition, all the hybrid sys-
tems contain Cu, O, C, and to a lesser extent Sn and Pd (Fig. 4). Peaks
at binding energies of 335, 486.6 and 932.5 eV are associated with
Pd 3d, Sn 3d and Cu 2p respectively. C 1s and O 1s peaks are located
at 284.5 and 530 eV, respectively. Except for Cu 2p, the rest of the
metallic peaks have similarly symmetric shape independent of the
CNT surface functional groups. Hence, they will not be discussed
further. More details about Pd 3d and Sn 3d peaks were presented
in our previous work [19].

Fig. 4a shows the normalized high resolution XPS spectra of Cu
2p of CNT/Cu systems. Two characteristic peaks of Cu 2p can be
observed for all the systems. One is the Cu 2p3; at around 932.5 eV
and the other is located at binding energy of 951.6 eV, which rep-
resents the Cu 2pj;; component. Cu®*, and specifically Cu* and
metallic Cu main peaks are located very closely to each other.
However, CuO presence can be identified by the strong satellite
peaks at 961.8 and 941.6 eV, which can be attributed to metallic Cu
or Cuy0 [35—38]. Compared with other systems, MO-CNT/Cu sys-
tem contains significantly stronger satellite peaks which indicates
that a significant amount of CuO is present in this sample.
Accordingly, less pronounced satellite peaks are detected for HO-
CNT/Cu and SH-CNT/Cu systems while they are not observed for
N-CNT/Cu sample. Although during electroless deposition process,

Fig. 3. STEM and EDS maps of hybrid systems. Cu, O and Sn are the main constituents of the coatings. No Pd was detected. Large clusters of Cu can be observed in MO-CNT/Cu and
HO-CNT/Cu systems specifically at the CNT ends. In N-CNT/Cu system uniform Cu spheres are formed on the CNT surface. Thiol-activation will result in a uniform coating of Cu on
the surface SH-CNTSs. It seems a thin layer of tin is still present on the surface of the f-CNTs. (A colour version of this figure can be viewed online.)
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reducing and complexing agents were used, due to the small size of
the particles, detection of metallic oxide is not surprising. It has
previously been shown that CNTs inclusion into metallic systems
can result in structure refinement [1,13,14]. Consequently, high
surface area of these nanoparticles makes them more susceptible to
oxidation [39—41]. In addition to the composition, oxidation also
affects the coating morphology. CuO nanoparticles are inert and can
hinder autocatalytic reduction of Cu. Therefore, it is rational to
assume that Cu on MO-CNT system is readily oxidized after
reduction by formaldehyde which hampers the autocatalytic
reduction and leads to discrete and small deposits of CuO on CNTs.
On the other hand, at CNT ends where functionalization is more
intense, larger Cu deposits are formed. In other words, in these
areas, stronger interaction between the CNT and metallic particles
exist. Hence, bigger and more stable catalytic sites are formed
which are more resistant to oxidation. As a result, nucleation and
growth becomes quicker at the CNT tube ends or other defect sites
on the surface [1,42].

The role of CNT surface chemistry on the morphology of the
deposits can also be explained based on thin film growth mecha-
nisms. During electroless deposition, Cu ions have some degree of
mobility on the surface of CNTs. These ions travel on the surface
until they are trapped at either the surface defects to form a new
nucleus, or meet and join an existing Cu island. The coverage or
uniformity of the coating is directly proportional to the diffusion
rate of Cu ions on CNT surface. In other words, a more uniform
coating can be achieved if the mobility of Cu ions on CNT surface is
enhanced. Respectively, it is postulated that in N-CNT system, the
Cu mobility on the surface of CNT is hampered. As a result, lateral
growth does not occur. Also, due to poor wettability of N-CNT
surface, the Cu nucleus formed at the nitrogen defect grows
spherically to minimize its contact and interface energy with the

CNT. On the other hand, for the SH-CNT sample, the surface diffu-
sion of ions is facilitated which leads to lateral growth of Cu de-
posits in a Volmer-Weber mode. This lateral growth continues until
Cu islands meet each other and coalesce [43].

Compared to MO-CNT sample, weaker Cu satellite peaks are
detected for HO-CNT/Cu and SH-CNT/Cu samples showing that the
CuO formation is limited. For more details, the Cu 2p3;; peak at
932.5 eV was resolved and the result is presented in Fig. 4b. By
resolving this peak, two deconvoluted peaks appear, one at binding
energy of around 932.4 eV, which is attributed to Cu™ (i.e., Cu0),
and the other at slightly higher binding energies which is attributed
to Cu®* (i.e., CuO). It should be noted that it has been reported that
formation of a CuyO thin layer on the surface is inevitable [44,45]. It
should be noted that since metallic Cu peak is located almost at the
same binding energy as that of Cu', it is assumed that the peak at
lower binding energies is the result of both Cu and Cu*
components.

The molar ratio of Cu/Cu,0 and CuO are calculated based on the
integrated peak area of their deconvoluted Cu 2p3p peaks [35].
Accordingly, there is 51 at%, 23.8 at% and 15.8 at% CuO in MO-CNT/
Cu, HO-CNT/Cu, SH-CNT/Cu systems, respectively. Consequently,
compared with other samples, the Cu in MO-CNT/Cu tends to be in
higher oxidation states and more CuO is formed. This is attributed
to the discrete deposits of finer particle size, which facilitates re-
action with electrophilic neighboring protons (H') and oxidation
[46]. On the other hand, in thiol treated and harshly oxidized
samples, not only particle size is larger but also proper nucleation
sites are more abundant and closer to each other, which leads to
formation of a continuous Cu layer. This will reduce the surface area
and preserves the deposits from oxidation. Note that based on the
previous studies, we speculate that thiol may also be able to sta-
bilize the Cu deposits. Thiol has strong interactions with metallic
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particles due to free electron pair which forms donor centers. These
donor centers are readily polarized and can form strong interaction
with Cu ions [47]. Rigo et al. [48] studied the interactions between
Cu and thiol using electron spin resonance (ESR), nuclear magnetic
resonance (NMR). They found that thiol groups such as cysteine are
able to reduce Cu*? to Cu™ probably via free radical mechanism. In
addition, it has been reported that thiol has anti-oxidation effect on
Cu nanoparticles [49] and can protect Au nanoparticle against
chemical attacks [50]. All of these previous reports point out that
thiol have strong interaction with metallic nanoparticles and is able
to stabilize and protect them against oxidation.

In the N-CNT/Cu system, no satellite peak is observed, sug-
gesting there is negligible amount of CuO in this hybrid system. As
observed in Fig. 2e and f, large spherical Cu particles are formed on
N-CNTs with comparatively high volume to surface ratio. A thin
oxide layer is formed on the surface of the particle, protecting Cu at
the core of the sphere from oxidation. As a result, they are mostly
composed of Cu or Cu™.

The peak shift concept in XPS can be considered to obtain a
better understanding of the interactions between the Cu and
functionalized CNTs. If there is a Cu peak shift towards higher
binding energies, it means electron clouds are migrated to the
atoms with higher electronegativities, i.e., O, C, N, or S. Also, the
magnitude of the shift indicates stronger interaction [46,51]. For
example, in CuO, the Cu peak will shift to a higher binding energy
because it shares some electrons with oxygen or when Cu bonds
with sulfur. Consequently, in N-CNT/Cu sample, the Cu 2p3); peak
resides at 933.1 eV, which is very close to the Cu binding energy
reported in the literature (933 eV) [35—38], suggesting that the Cu
particles in this sample do not have much interaction with the N-
CNT or oxygen. Moreover, the O 1s resolved peaks show that Cu
deposition does not have any effect on the relative intensity of the
C—0/COOH and C=0 bonds. This also applies for SH-CNT system.
On the other hand, in MO-CNT and HO-CNT systems, after Cu
deposition, the concentration of C—O/COOH bonds decreases
significantly (Fig. S1). This can be due to the fact that in MO-CNT
and HO-CNT samples, Cu deposits are mostly interacting with
C—0O/C—0O0H, whereas in SH-CNT and N-CNT systems the N and
thiol groups bond with Cu. It is worth noting that the N 1s peak
analysis can give a better understanding of the interactions be-
tween Cu and N-CNT. However, this peak was not detected after Cu
deposition because of the N low weight ratio and being covered by
large Cu spheres. On the other hand, the Cu 2p3); peak for other
samples similarly show a shift towards a higher binding energy of
around 933.5eV. Since each sample has a different fraction of
copper oxides, it is deduced that this shift has a different source in
each sample. The shift for MO-CNT/Cu is attributed to compara-
tively higher CuO content while in SH-CNT/Cu sample, the shift is
mostly caused by strong interactions between copper and sulfur of
thiol functional group. For further evidence, the S2psj; peak at
binding energy of around 164 eV needs to be studied. However, this
peak disappeared in the SH-CNT hybrid system due to its low
content and being covered by the metallic particles.

To confirm the crystalline properties of the nanocrystals, the as-
synthesized hybrid systems were examined using XRD. As pre-
sented in Fig. 5, the nanoparticles display high crystallinity. Due to
low content, Sn and Pd peaks are not detected. The detected peaks
belong mostly to a lower oxidized state of Cu, i.e., Cu0 and metallic
Cu. In carboxyl-treated systems, i.e., MO-CNT/Cu and HO-CNT/Cu,
diffraction peaks at 20 of 36.5°, 42.5°, 61.6°, and 73.4° are present
which can be indexed as the (111), (200), (220), and (311) planes of
Cu,0, respectively (JCPDS card no. 01-080-3714). In addition, the
XRD patterns of N-CNT/Cu and SH-CNT/Cu systems show peaks at
(200) peaks at 43.2°, 50.4° and 74.1° which can be identified as
(111), (200), and (220) planes of metallic copper (JCPDS card no. 01-

071-3761). Due to relatively low content of CNT, only a weak peak of
(200) graphite is detected at 26 of 26° (JCPDS card no. 01-071-
3739). Differentiation of (111) and (220) peaks of Cu from (200) and
(311) peaks of Cu,0 is challenging since they are situated very close
to each other (compare 43.2° and 74.1° for Cu to 42.5° and 73.4° for
Cu,0). Here, these peaks are located at slightly lower degrees for
carboxyl-activated samples. Therefore, they are attributed to Cu;0.
Also, the metallic copper (200) peak at 50.4° only appears for SH-
CNT/Cu and N-CNT/Cu samples. As shown, the strong Cu,0O peak
at 20 of 36.5° is common in all samples along with a weak (220)
peak of Cuy0 at 61.6°. However, the intensity of these common
peaks is relatively lower in amine and thiol treated samples. These
results confirm the XPS analyses, indicating that Cu is present
mainly in oxide state in MO-CNT/Cu and HO-CNT/Cu samples while
there is metallic copper along with Cu;0 in SH-CNT/Cu and N-CNT/
Cu. The presence of metallic copper in amine-treated sample is
expected since most of the reduced copper are large particles
formed in the solution which are not as easily oxidized. In other
words, in amine-treated sample, unlike the thiol-activated one,
formation of metallic copper is not related to the CNT interface but
is a result of larger Cu particle size and lower surface area. Finally, in
all samples, the [111] faces are the dominant crystal orientation
regardless of the oxidation state of deposits. This is due to the fact
that growth direction strongly depends on parameters such as
complexing agent and pH which is similar in all samples [39,52]. It
is worth mentioning that the direction of growth for Cu-based
nanoparticles becomes important in catalysis applications since
some of the planes have higher reactivity [41].

3.3. Electrical conductivity

The thin films with different CNT surface functional groups have
a similar weight of around 300 mg after Cu electroless deposition,
suggesting they have equal amount of copper. This means each thin
film contains around 16 wt% (45 vol%) of f-CNTs and the composite
thin film has a theoretical density of 5.8 g/cm>. Consequently, it can
be deduced that any difference in the electrical conductivity is the
results of the interaction between Cu and CNTs containing different
surface functional group types. The electrical conductivity mea-
surement results are presented in Table 2. The SH-CNT/Cu film has
the highest conductivity of 0.82 MS/m, which is more than seven
times higher than that of the N-CNT/Cu sample. The conductivity of
samples containing carboxyl-activated CNTs, i.e., MO-CNT/Cu and
HO-CNT/Cu, are similar at around 0.20 MS/m.

Indeed, the thiol groups show the highest affinity towards
copper. TEM results show that all the SH-CNTs are coated and
copper is able to effectively wet SH-CNT surfaces. Also, based on
XPS results, copper deposits have the strongest interaction with
SH-CNT and are better preserved against oxidation. As a result,
these thiol functionalized sites act as preferred sites for deposition
of copper and promote uniform deposition of copper (Fig. S6). This
leads to higher conductivity of SH-CNT/Cu system compared with
other systems. Compared with MO-CNTs, HO-CNTs show better
affinity towards Cu. However, their composite film shows a slightly
lower conductivity. XPS results show that, as a result of the harsh
acid treatment, the defects population increases significantly. These
defects, specifically oxygen in carboxyl groups, can scatter the
electrons and impair ballistic conductance of CNTs [53]. More
importantly, harsh acid treatment can shorten the length of CNTs
which can reduce the conductivity as a result of increase junctions
of CNTs and the matrix [54].

The N-CNT/Cu system shows the lowest conductivity. Although
it has been reported that N-doping will cause the least disturbance
in the pure sp? structure of CNT and can even enhance the con-
ductivity of Cu/CNT systems [23], N-CNTs are not seeded effectively



E. Daneshvar et al. / Carbon 157 (2020) 583—593 591

CNT | Cu,0 | Cuy0 | Cu
(200) ! i | @ooy (111
i | N
MO-CNT/Cu ! |
HO-CNIT/Cu

1
1
1
|

1

N-CNTiCu

Intensity (a.u.)

Cu,O
(311)

E Cu Cu,0
| 200) 39

20 30 40

50
20(°)

60 70 80

Fig. 5. XRD patterns of hybrid systems. These results show that N-CNT/Cu and SH-CNT/Cu systems mostly contain metallic copper while the MO-CNT/CU system contain significant
amounts of CuO. Sn or Pd are not detected. (A colour version of this figure can be viewed online.)

Table 2
Electrical conductivity and specific conductivity of thin films made of pristine CNTs
and different CNT/Cu systems.

Sample Electrical conductivity (S/m)  Specific conductivity (Sm?/Kg)?
P-CNTs 3 x 10% (+760) 0.33

MO-CNT/Cu 1.9 x 10° (+2000) 32.76

HO-CNT/Cu 2.0 x 10° (+2100) 34.48

N-CNT/Cu 9.8 x 10* (+1860) 16.90

SH-CNT/Cu 8.2 x 10° (+1530) 141.38

@ Specific conductivity numbers are based on theoretical densities.

and show the lowest affinity towards copper, hence resulting in the
lowest electrical conductivity due to hydrophobicity and stereo-
hindrance effect. Examining the cross section of the thin films re-
veals that the N-CNT/Cu thin films were not as compact as other
systems and Cu deposits formed discrete patches (Figure S6 c and
g); while for SH-CNT/Cu system, Cu was more uniformly distrib-
uted within the thin film (Figure S6 e and f).

The above findings show that functional groups on the surface
of CNTs have a great effect on the morphology, composition and
final properties of CNT-Cu composites. It should be noted that
length and quality of CNTs are very important factors which can
significantly affect the final properties of the composite. In this
work we used commercially available CNTs but it is speculated that
by using longer CNTs, higher conductivities can be achieved.

By understanding the effect of CNT surface functionalization on

the deposited Cu morphology and composition, we can design new
hybrid systems for specific application needs. For example, thiol
activation can remarkably enhance the wettability of CNT surface
towards Cu and improve the electrical conductivity of CNT/Cu
system. As a result, portable and flexible electronics, and nano-
composites for structural applications can be benefitted from the
uniform coating of Cu on SH-CNTs. On the other hand, in applica-
tion where surface area and reactivity are important, such as
catalysis and energy storage, carboxylated and N-doped CNTs can
perform better. Also, the above findings are not limited to CNT/Cu
systems and can be applied to other carbon nanostructures, such as
graphene and other transitional metals, including Ni, Co, and Pd.

4. Conclusion

CNTs were functionalized by N-doping, carboxyl (7 at% and 12 at
%, respectively) and thiol groups. They were subsequently coated
with copper via electroless deposition approach. The interaction
between CNT functionalized with the above four different surface
functional groups and copper were examined. By utilizing HRTEM,
STEM, EDX, XPS, and XRD, the effect of CNT surface functional
groups on the interfacial interaction, morphology and composition
of copper deposits were studied in detail. The nanoscale analyses
have revealed how the CNTs surface functional groups interact with
Cu to form different morphologies and chemical states. Moreover,
the effect of CNT surface functionality on the electrical conductivity
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of CNT/Cu films produced by vacuum filtration was analyzed by
using four-point electrical conductivity measurements, indicating
that the thiol group can enhance the wettability of the CNTs to-
wards copper deposition. Thiol has lone pairs of electrons and can
be deprotonated, resulting in formation of a strong bond with
palladium and subsequently copper. Uniformly adsorbed palladium
particles on CNT acts as nucleation sites for copper. These nuclei
that are located in a proximity of each other, resulting in a dense
and uniform coating on SH-CNT surface. This dense coating helps
protect against oxidation. On the other hand, the carboxyl treated
CNTs do not have the same affinity towards metal ions. The
wettability is low and copper will form as discrete and small
spheres on the MO-CNT and HO-CNT surfaces which are prone to
oxidation due to their higher surface energy state. Moreover, on N-
CNTs, spherical Cu particles with diameter around 20nm are
formed that have minimal contact with the CNT surface. Thus,
copper coating on N-CNTs cannot be effectively achieved mainly
due to their hydrophobicity and low wettability. Accordingly, thin
films made of SH-CNT/Cu system in which copper is seeded uni-
formly shows the highest electrical conductivity, which is four
times higher than composites containing carboxylated CNTs and
seven times higher than N-doped CNTs.
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