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A novel electroless deposition (ELD) of copper (Cu) on carbon fibers (CFs) with environmentally friendly
processes, silver (Ag) aerosol activation and subsequent nonformaldehyde Cu ELD, was developed. Spark-
generated Ag aerosol nanoparticles (�10 nm in mode diameter) were deposited (48.4 lg Ag/g CF in acti-
vation intensity) onto the surfaces of CFs. After annealing (at 220 �C in a nitrogen atmosphere), the cat-
alytically activated CFs were placed into a solution for Cu ELD (at 82 �C). Homogeneous Cu coating
(�5.1 nm/min) on CFs was achieved with 90 min of deposition and the corresponding mass deposition
rate and Cu grain size for 30–90 min of deposition had ranges of 0.25–1.14 mg Cu/g CF-min and 14.8–
37.2 nm, respectively. The porosity of CFs decreased by depositing the Cu for 30–90 min, and the specific
surface area and pore volume of CFs decreased from 1536 to 1399 m2/g and from 0.65 to 0.57 cm3/g,
respectively.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Fine metal particle layers or films have a prominent role in mod-
ern technology due to their novel physicochemical properties differ-
ing significantly from bulk metal phases and have attracted great
interest because of their significant potential applications in the
field of material sciences [1–4]. Recently, metal layers supported
by fibrous materials have been widely exploited for use in the cata-
lytic elimination of environmental pollutants and as membranes for
energy-related processes, conductive or optical components for
electronic devices, insulators for electromagnetic wave interference,
reinforcements, templates, and antimicrobial agents [5–15].

The methods for preparing metal particle layers on fibrous sub-
strates include chemical vapor deposition, electrodeposition, elec-
troless deposition (ELD), etc. The ELD technique enables metallic
components such as copper (Cu) to easily and uniformly deposit
on surfaces with complex configuration [16] and likewise on fibrous
materials [17], without an external electric current, via oxidation–
reduction reactions [18]. Initiation of the ELD process is preceded
by surface activation to provide the catalytic sites (usually palla-
dium (Pd)) on the material surface [19,20]. Pd particles act as initia-
tors of the following ELD, which were generally derived by tin (Sn)
sensitization in conventional activations. However, Sn is not an ac-
tive catalyst for ELD and thus growth of the Cu deposit was inhibited
[21]. Moreover, conventional activations require a long process time
and intermittent water rinsing and drying, involve the loss of expen-
ll rights reserved.
sive metal ions, and create environmental pollution problems
[22,23]. Some studies have examined methods of advanced activa-
tion using lasers [24], ultraviolet (UV) lasers or UV/VUV (vacuum
ultraviolet) excimer lamps [25], plasma [26], and ion beams [27].
Recently, Byeon et al. [28] reported catalytic activation of micropo-
rous carbon fibers (CFs) via Pd aerosol nanoparticles for use in silver
(Ag) coating. However, the above techniques require specialized
conditions and/or expensive Pd compounds for coating catalysts
[25,29]. In order to circumvent these problems, some studies
[19,21,30–32] tried to successfully replace the costlier Pd catalyst
with a cheaper Ag catalyst without affecting the properties of Cu
coating. Even though a cheaper activation could be performed, it
was still necessary to perform wet chemical steps which might also
create environmental pollution problems.

In this study, an ELD of Cu on microporous CFs (as support) with
environmentally friendly processes was developed. Ag aerosol acti-
vation is a simple, inexpensive, and environmentally friendly pro-
cess and was used to catalytically Ag activate the CFs and thus, to
introduce metallic Ag sites onto the CFs surface for nonformalde-
hyde (glyoxylic acid used) ELD of Cu. Cu ELD solutions have typically
contained Cu ions, complexing and reducing agents. Formaldehyde
is an effective reducing agent, which is widely used in Cu ELD pro-
cesses; however, it is banned in many places, and there is a dire need
to find alternative reducing agents [33]. Therefore, Cu ELD solutions
using nonformaldehyde reducing agents are attractive because of
their better environmental safety than ELD using formaldehyde
[33–35]. Microporous CFs are widely used in various separation,
purification, and catalytic processes [36,37]. Recently, CFs have been
used in electric-double-layer capacitor (EDLC) electrodes on account
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of their large specific surface area and high electrical conductivity
[38]. This work presented an effective strategy to fabricate
metal-coated fiber structures because of its process simplicity and
environmental friendliness and will provide a conceptual leap for
applications of environmental remediation devices, electromag-
netic interference shielding materials, energy generation devices,
(opto)electronic devices, etc.

2. Materials and methods

Our catalytic surface activation (Fig. 1) involved the spark gener-
ation of Ag aerosol nanoparticles and their filtration by rayon-based
microporous CFs (38 mm in diameter and 2.6 mm in thickness, KF-
1600, Toyobo). A spark was generated between two identical Ag rods
(diameter, 3 mm; length, 100 mm, Nilaco, Japan) inside a reactor in a
pure nitrogen environment at standard temperature and pressure
(STP) [39]. The flow rate of the nitrogen gas, which was controlled
by a mass flow controller, was set to 6 L/min. The electrical circuit
specifications were as follows: resistance of 0.5 MX; capacitance
of 10 nF; loading current of 2.2 mA; applied voltage of 2.9 kV; and
frequency of 700 Hz. In order to prevent the detachment of nanopar-
ticles from the surface of the CFs, the CFs were separated from the
holder and annealed in nitrogen (N2) gas at 220 �C for 10 min after
separating it from the holder. Once the CFs were activated by the
aerosol surface activation, the CFs were immersed (Fig. 1) in an
ELD solution (80 mL) for the deposition of Cu onto the surface of
the activated CFs. The composition of the Cu ELD solution used in
the experiment was as follows: CuSO4�5H2O (3.8 g/L), as the source
of Cu ions, ethylenediamine tetraacetic acid (EDTA, 40 g/L), as the
complexing agent, glyoxylic acid monohydrate (6.0 g/L), as a reduc-
ing agent, and additional agents such as 2,20-dipyridine polyethyl-
ene glycol and RE-610. The pH of the solution was adjusted to
approximately 12 with tetramethylammonium hydroxide (TMAH).
The bath temperature was maintained at 82 �C. The electrons were
transferred across the Ag island and used for the decomposition of
Cu ions into Cu atoms, generating Cu layers onto the Ag seeds as a
product. The CFs were vigorously rinsed with deionized (DI) water
after the ELD to remove the residual and then set aside to be dried.

The size distribution of the Ag aerosol nanoparticles was
measured using a scanning mobility particle sizer (SMPS) consisting
of an electrostatic classifier (TSI 3085, US), ultrafine condensation
particle counter (TSI 3025, US), and aerosol charge neutralizer
(NRD 2U500, US). The SMPS system, which measures the mobility
equivalent diameter, was operated at a sample flow of 0.3 L/min, a
sheath flow of 3 L/min, and a scan time of 180 s (measurement
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Fig. 1. Schematic of aerosol acti
range: 4.61–157 nm). The overall number, area, and mass concen-
tration of the particles were also measured using the SMPS system
both upstream and downstream from the CFs. The morphology
and microstructure of the spark-generated Ag nanoparticles were
analyzed by high-resolution transmission electron microscopy
(HRTEM, JEM-3010, Japan) operated at 300 kV. X-ray photoelectron
spectroscopy (XPS) measurements of the activated CFs were per-
formed using a Kratos Axis HIS spectrometer with a monochroma-
tized Al Ka X-ray source (1486.6 eV photons). All binding energies
(BEs) were referenced to the C1s hydrocarbon peak at 284.6 eV.
Field-emission scanning electron microscope (FESEM, JSM-6500F,
JEOL, Japan) images and energy dispersive X-ray (EDX, JED-2300,
JEOL, Japan) profiles were obtained at an accelerating voltage of
15 kV. The amount of deposited Cu on the CFs was determined by
inductively coupled plasma atomic emission spectroscopy (ICPAES,
Elan 6000, Perkin–Elmer, USA). X-ray diffraction (XRD) studies of the
Cu-deposited CFs were carried out on a Rigaku RINT-2100 diffrac-
tometer equipped with a thin-film attachment using Cu Ka radiation
(40 kV, 40 mA). The 2h angles ranged from 10� to 90� at 4�/min by
step scanning at an interval of 0.08�. A linear sweep voltammetry
(LSV) measurement was carried out using a potentiostat (VERSAS-
TAT3-200, Princeton Applied Research, USA) incorporating a rota-
tion disk electrode (RDE). A three-electrode cell, consisting of a
glassy carbon electrode (GCE, as working electrode), a platinum
(Pt) counterelectrode, and a Ag/AgCl reference electrode, was used
for the measurement. The working electrode was covered with the
part of a Ag-activated sample after being polished and cleaned by
sonication. N2 adsorption isotherms of the CFs were measured using
a porosimeter (ASAP 2010, Micromeritics Ins. Corp., USA) at�196 �C
with a relative pressure ranging from 10�6 to 1. The pore size distri-
bution was determined using the Barrett, Joyner, and Halenda (BJH)
method [40]. All experiments and measurements were performed
four times and following data described with averaged values.
3. Results and discussion

Fig. 2a shows the size distribution of the spark-generated Ag
aerosol nanoparticles, which was obtained using the SMPS system.
The geometric mean electrical equivalent mobility diameter and
geometric standard deviation were 10.1 nm and 1.37, respectively.
The overall number and area concentrations were 1.14 � 106 parti-
cles/cm3 and 4.58 � 108 nm2/cm3, respectively. Fig. 2a also shows
the fractional (grade) collection efficiency of the CFs as a function
of the particle size, which was calculated using the equation
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Fig. 2. Characterizations of aerosol activation: (a) particle size distribution of spark-generated aerosol nanoparticles and collection efficiency of CFs, (b) TEM micrograph and
electron diffraction pattern of the nanoparticles, (c) XPS profile of the nanoparticles and (d) SEM micrographs (low and high magnitude) and EDX spectrum of aerosol-
activated CFs.
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gðDpÞ ¼ 1� Cf ðDpÞ
CiðDpÞ

� �
; ð1Þ

where Ci(Dp) is the free-stream particle concentration and Cf(Dp) is
the concentration after filtration by the CFs. The overall collection
efficiency is defined as follows:

goverall ¼
R1

0 gðDpÞCiðDpÞdDpR1
0 CiðDpÞdDp

: ð2Þ

The data shown in Fig. 2a resulted ingoverall = 98.2%, and indicated
that a loss proportion of spark-generated Ag aerosol nanoparticles
was about 2% in number count. The HRTEM micrograph (Fig. 2b)
shows that sizes of the spark-generated nanoparticles were distrib-
uted around �10 nm in mode diameter which was comparable to
the particle size distribution in Fig. 2a. The electron diffraction pat-
tern (inset of Fig. 2b) revealed the characteristic rings of a polycrys-
talline diffraction pattern. Spacing was observed at 2.36, 2.04, 1.44,
and 1.22 Å, which were all within 2% of the value reported for the
(1 1 1), (2 0 0), (2 2 0), and (3 1 1) face-centered cubic (fcc) Ag reflec-
tion (joint committee on powder diffraction standards (JCPDS) No. 1-
1167), respectively. Fig. 2c shows the XPS profile corresponding to
the Ag 3d spectrum region of the nanoparticles. Two peaks, observed
at binding energies of 368.2 and 374.2 eV, corresponding to the Ag
3d3/2 and Ag 3d5/2 spectrum regions, respectively, were assigned to
the Ag0. Fig. 2d shows FESEM micrographs of a surface of the acti-
vated CFs with low (left) and high (right) magnitudes. Even though
the left image had an indistinctly spotted surface, a number of spots
(�10 nm in mode diameter) could be clearly observed in the right
image. EDX results (also shown in Fig. 2d) showed a small amount
of Ag (1.1 ± 0.25 wt.%) in the activated CF with carbon (C,
97.9 ± 3.10 wt.%) and oxygen (O, 1.0 ± 0.11 wt.%), which might have
originated from the CF itself, was also detected. From the above re-
sults, a mass concentration (10.8 ± 0.55 lg/m3 for overall) of Ag
nanoparticles can be estimated and thus the activation intensity
(Ia) is defined as [28]

Ia ¼ Q � ta �m�1
CF

Z 1

0
gðDpÞCmðDpÞdDp; ð3Þ

where Q is the flow rate of N2 gas, ta is the activation time, mCF is the
mass of CFs disk, and Cm(Dp) is the mass concentration of Ag nano-
particles. The activation intensity was approximately 48.4 lg Ag/
g CF.

Fig. 3a shows FESEM micrographs on the CF surface after 30, 60,
and 90 min immersion in Cu ELD solution. Initially, isolated nodu-
lar particles were observed after 30 min of deposition. The size of
these nodules increased and coalescence of the nodules occurred
after 60 min of deposition. However, for 60 min of deposition, the
coverage was not complete; some voids were seen on the CFs
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surface. When deposition time increased to 90 min, an electroless
particle film (full surface coverage) could be clearly observed under
FESEM. The improvement was due to the growth and coalescence
of the particles in between the catalyst (Ag) seeds (i.e., Cu was
deposited initially onto Ag seeds and then grew), forming a more
uniform particle film [33]. Another micrograph of the 90 min depo-
sition shows a thickness of the particle film. The sample prepara-
tion to measure easily the film thickness was performed under
ultrasonic irradiation during DI water rinsing after Cu ELD. The
ultrasonic irradiation induced a crack in the well-organized Cu film
due to an intensive physical vibration within the film. The thick-
ness of the film was about 460 ± 33.2 nm (the estimated lateral
growth rate was about 5.1 nm/min), which did not show a definite
void within the film. Separately, effects of the size and amount of
catalyst seeds on ELD were introduced in [41] with a size control
strategy of Ag seed particles in the aerosol state. The first image
in Fig. 3b shows a different scaled micrograph of the Cu-deposited
CFs for 60 min of deposition. The following three images show the
EDX maps of the dotted area in the first image. These maps corre-
sponded to C, Ag, and Cu, respectively. The dots in these images
indicated the positions of each element in the first image. For
example, Cu was concentrated in the area corresponding to the
white fine spots in the first image, which shows that the spots
on CFs were Cu (36.7 ± 4.60 wt.%). The following spectrum shows
that the peaks situated at 0.93, 8.06, and 8.94 keV corresponded
to the binding energies of Cu La, Cu Ka, and Cu Kb, respectively.
In addition, also shown are the binding energies of 2.98, 3.18,
Fig. 3. Characterizations of ELD: (a) SEM micrographs as a function of ELD time, (b) EDX
(d) current–potential curves for oxidation of glyoxylic acid during ELD and (e) adsorptio
and 3.40 keV belonging to Ag La1, Ag Lb1, and Ag Lb2.15, respec-
tively, which were derived from the catalytic activation. From
the EDX compositions (table in Fig. 3b), it was found that the acti-
vated CFs contained C (62.7 ± 3.35 wt.%) and O (0.3 ± 0.04 wt.%),
which might have originated from the CFs, while a small amount
of Ag (0.3 wt.%) was also present. The mass deposition rates of
Cu were obtained from the ICPAES analyses, and the rates for 30,
60, and 90 min of deposition were 0.25 ± 0.04, 0.81 ± 0.11, and
1.14 ± 0.09 mg Cu/g CF-min, respectively (table in Fig. 3b). Fig. 3c
shows sharp peaks at around 2h = 43.4�, 49.6�, and 74.2�. A com-
parison of these peaks with the data from JCPDS file (No. 4-0836)
revealed that these peaks corresponded to the (1 1 1), (2 0 0), and
(2 2 0) planes of the fcc phase of Cu. A preferred crystal orientation
of (1 1 1) for the samples that have undergone a more than 60 min
deposition was evidenced by the XRD results as shown in Fig. 3c.
However, for a deposition time of less than 60 min, randomly ori-
ented Cu grains were obtained. For a randomly oriented Cu sample,
the I(111)/I(200) intensity ratio was 1.88 ± 0.18. This factor increased
to 3.15 ± 0.29 as deposition time increased to 60 min. Beyond
60 min of deposition, the I(111)/I(200) ratio maintained a result of
around 3.00 ± 0.30. It was noted that 60 min was the critical time
that a continuously dense Cu film starts forming. This work shows
that before a dense film was formed, the orientation of Cu grains
was probably either random or preferred (1 0 0) [42], and the
diffraction intensity on films below 30 min was too low to reach
a solid conclusion. However, it was evident that once a dense film
is formed, the (1 1 1) texture was quickly established. The average
map results with chemical compositions, (c) XRD patterns of copper-deposited CFs,
n isotherms, pore size distributions, and textural properties of CFs.
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grain sizes estimated from the XRD line broadening of the (1 1 1)
peak, according to Scherrer’s equation (t = 0.9 k/(B cos h)), were
14.8 ± 2.10, 26.3 ± 3.35, and 37.2 ± 5.41 nm for the depositions of
30, 60, and 90 min of deposition, respectively. From the estima-
tions, the uniform Cu film (90 min ELD in Fig. 3a) consisted mainly
of Cu grains with a size of about 40 nm in a dense manner. LSV was
used to investigate the catalytic activity of the Ag nanoparticles for
the oxidation of glyoxylic acid. Fig. 3d shows the LSV for glyoxylic
acid oxidation on the activated CFs surface after 30, 60, and 90 min
of deposition. The scan rate was 10 mV/s toward positive poten-
tials from the open-circuit potential (OCP) to �250 mV. The Cu
deposit after 30 min of deposition had an OCP of �1072 mV and
two anodic peaks were observed. The first peak was at �764 mV
and attributed to the oxidation of glyoxylic acid on the activated
CFs surface still exposed to the electrolyte. The anodic peak current
density for 60 min of deposition was significantly smaller than that
of 30 min. It took a longer time for 90 min of deposition to reach its
steady OCP of �971 mV. The anodic current density for the oxida-
tion glyoxylic acid was very small, showing that the catalytic activ-
ity of the 90 min deposition for the oxidation of glyoxylic acid had
nearly disappeared [34]. The shift in the OCP during Cu deposition
in the electrolyte indicated that the Ag nanoparticles on the CF sur-
face played an important role in the initial catalytic oxidation of
glyoxylic acid in the deposition. Fig. 3e shows that a major uptake
occurred at a relatively low pressure (P/Po < 1) and a plateau was
attained at P/Po � 0.3, implying that all the CFs had microporous
characteristics (type I isotherm) according to the IUPAC classifica-
tion [43]. The specific surface area of the pristine CFs was the larg-
est; however, it decreased as the amount of deposited Cu increased
since the deposited Cu particles could block or occupy some pores
of the pristine CFs. Even though a generation of surface area from
the Cu deposition (i.e., Cu particle surface and void between Cu
particles) might occur simultaneously, the area was remarkably
smaller (<20 m2/g) than the surface area of CFs (�1600 m2/g) and
pore size mainly ranged over microporosity, so the area generation
from the deposition did not affect the decrease of microporosity.
Fig. 3e also shows that the pore size distributions of all the CFs
were concentrated at pore diameters smaller than 20 Å. The table
in Fig. 3e shows changes of the total surface area and total volume
and changes in micropores, and in the average pore diameter, with
increasing deposition time. However, the inherent microporous
feature of CFs (volume of micropores� volumes of meso- and
macropores and average pore diameter <20 Å) [43] was retained,
regardless of deposition time.

4. Conclusions

A novel ELD of Cu on CFs with environmentally friendly pro-
cesses, Ag aerosol activation and subsequent nonformaldehyde
Cu ELD, was developed. Spark-generated Ag aerosol nanoparticles
(�10 nm in mode diameter) were deposited (48.4 lg Ag/g CF in
activation intensity) onto the surfaces of CFs. After annealing (at
220 �C in nitrogen atmosphere), the catalytically activated CFs
were placed into solution for Cu deposition (at 82 �C). Homoge-
neous Cu coating (�5.1 nm/min) on CFs was achieved until
90 min of deposition and the corresponding mass deposition rates
and Cu grain sizes for 30–90 min of deposition were in the range of
0.25–1.14 mg Cu/g CF-min and 14.8–37.2 nm, respectively. The
porosity of CFs decreased by depositing the Cu for 30–90 min,
and the specific surface area and pore volume of CFs decreased
from 1536 to 1399 m2/g and from 0.65 to 0.57 cm3/g, respectively.
Our ELD for coating Cu may be attractive for various scientific and/
or engineering applications because the catalytic activation of the
CFs is simple, inexpensive, and environmentally friendly, and the
nonformaldehyde Cu ELD is also attractive because of its relative
environmental safety. A further study to verify the quality of the
Cu film relating to activation intensities and bath chemicals for
subsequent ELD with and without ultrasonic irradiation is now in
preparation to publish elsewhere.
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