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Abstract

Electroless Cu coating process involving Sn—Pd catalyst system is successfully utilized to coat Cu on the surface of fly-ash
cenosphere particles to impart electrical conductivity to these non-conducting oxide ceramic particles. The low density Cu-
coated cenosphere particles may be utilized for manufacturing conducting polymers for EMI shielding applications. This is the
first report in the open literature to investigate the electroless Cu coating of fly-ash cenosphere particles in detail. Extensive
characterization of coated particles is carried out by scanning electron microscopy (SEM)/energy dispersive spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), focused ion beam spectroscopy (FIB), and X-ray diffraction (XRD)
techniques to study the coating process and to show successful deposition of pure Cu. The mechanism of electroless Cu
coating is mainly studied with the help of XPS, which shows the reduction of PdCl, (activator) catalyst on the surface of
cenosphere particles by SnCl, (sensitizer) to produce pure Pd° clusters, which subsequently act as nucleation sites for Cu
deposition. The concept of XPS core-level binding energy (BE) shift due to small cluster size is utilized to predict the size of
pure Pd° clusters deposited on the fly-ash particle surface after the activation step. For the first time, the use of FIB technique
is described and demonstrated to determine directly the Cu coating thickness. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Fly-ash cenospheres are generated in large amounts
as a by-product in thermal power plant and pose major
disposal problems. Research is in progress to find out
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the various ways to utilize this by-product to prevent
any environmental problem as well as effectively use
them to produce new usable materials. Fly-ash has a
very low density (<0.7 g/cm®) and can be used to
produce lightweight metal matrix composites. They
have crystal structure similar to that of soft ferrite and
hence possess very low electrical conductivity. During
the last decade, fly-ash cenosphere particles have been
dispersed in different matrices, such as polyester
resins [1], cement [2], and nickel [3] for producing
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composite materials in the bulk and coating forms
for variety of industrial applications. Fly-ash is a non-
conducting ceramic material, however the desired
conductivity may be imparted to these particles by
depositing Cu on their surface. Due to their low
density, these Cu-coated fly-ash cenospheres may
find applications as a conducting filler in polymer
matrices to produce conducting polymers as well
as in a lead matrix to produce lead base composite
material used in automobile industries. However, the
use of Cu-coated cenosphere particles for these appli-
cations have not yet been reported in the open litera-
ture. Moreover, there is also no report at present
related to the electroless Cu coating of fly-ash ceno-
sphere particles.

Electroless method of Cu coating is a versatile
process to coat pure metallic copper on the ceramic
surfaces without consuming any external electric
power. Successful Cu coating of particles such as
mica [4], graphite [5], and iron [6] particles by
electroless method have been reported earlier in
the literature. In the present investigation, we demon-
strate for the first time the electroless Cu coating of
fly-ash cenosphere particles. We also investigate
in detail the mechanism of electroless Cu coating
of fly-ash cenosphere particles with the help of X-ray
photoelectron spectroscopy (XPS) along with other
analytical techniques such as scanning electron
microscopy (SEM), energy dispersive spectroscopy
(EDX), X-ray diffraction (XRD) and focused ion
beam spectroscopy (FIB). The use of powerful tech-
nique such as FIB to measure directly the Cu coating
thickness is demonstrated for the first time in this
investigation.

2. Experimental
2.1. Materials

Fly-ash cenosphere particles having a low density
of <0.7 g/cm® used in the present investigation were
supplied in two different batches by Coal Resources
Inc., USA. Fly-ash cenosphere particles from both
batches were used for the electroless Cu coating
experiments. The choice of the batch for the coating
experiments was however as per convenience and is
mentioned whenever required.

2.2. Chemicals

The chemicals used for electroless Cu coating of
fly-ash cenosphere particles included SnCl, (anhy-
drous min. 99%), NaOH (99.3%), NaKC,H,Og
(min. 99%), HCHO (37 wt.%) (from Sigma, USA),
HC1 (37 wt.%) and PdCl, (99.9%, metals basis, Pd
59.78%) (from Aldrich, USA).

2.3. Electroless Cu coating of fly-ash cenosphere
particles

The general sequential steps involved in the present
electroless Cu coating process were as follows. The
as-received fly-ash cenosphere particles were first
stirred in the acidic SnCl, bath, containing 5 g/l of
SnCl, and 30 ml/l of conc. HCI acid, for 1 h (sensi-
tization step). The sensitized particles were filtered
off, then transferred to acidic PdCl, bath containing
PdCl, (0.4-1.0 g/) and conc. HCI acid (5 ml/l) and
stirred in this bath for 50 min (activation step). The
activated particles were filtered off and washed thor-
oughly in de-ionized water. The particles were then
transferred to the coating bath involving 5 g/l NaOH,
30 g/l NaKC4H4Og, 12 g/1 CuSOy, and 20 ml/l HCHO,
for actual Cu-deposition. The Cu-coated particles
were then dried in a vacuum oven at 110°C for 1 h.
Fly-ash cenosphere particles used in the present inves-
tigation provided non-catalytic surface for Cu coating
process. Hence, electroless Cu coating of such surface
requires a two-step process, involving sensitization
and activation, to make them suitable for subsequent
Cu deposition. To achieve this, acidic SnCl, solution
was used as sensitizer whereas acidic PdCl, solution
was used as an activator. Under these conditions,
following reaction occurs on the cenosphere particle
surface during the activation step,

Sn** + Pd’>* — Sn** + Pd° e

In this reaction, Sn®" can reduce Pd>* ions since
standard oxidation—reduction potential of Sn**/Sn*"
couple (0.15 V) is less than that of pd*t/pd° couple
(0.987 V) [7]. Under the catalytic action of Pd°, Cu
cations get deposited onto the surface by capturing
electrons furnished by a common reducing agent
(HCHO) via following chemical reactions,

HCHO + OH™ — H, + HCOO~ 2)
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Cu’* + 2HCOO™ + 3H, — Cu + 2HCHO + 2H,0
3)

The overall reaction can be written as

Cu’t + H, + 20H™ — Cu + 2H,0 4)

The deposited Cu atoms then act as a self-catalyst for
further Cu deposition and well-developed Cu coating
on the fly-ash cenosphere particle surface is then
obtained via this electroless coating process.

2.4. Characterization of uncoated and Cu-coated
fly-ash cenosphere particles

A modified JEOL-SEM 4600 was used to analyze
the cenosphere particle size distribution in two differ-
ent batches of fly-ash cenosphere particles while EDX
analysis was performed to understand the chemistry of
uncoated and Cu-coated particles. The structure ana-
lysis of Cu-coated fly-ash cenosphere surface is car-
ried out by using Rigaku XRD Technique utilizing Cu
Ko X-radiation of wavelength 1.54 A to confirm the
deposition of pure Cu on the fly-ash cenosphere
particle surface. The variation in the surface chemistry
of fly-ash cenosphere particles during the electroless
Cu coating process was studied with the help of 5400
PHI ESCA (XPS) spectrometer having a base pressure
of 107'° Torr using Al Ko. X-radiation (1486 eV, line-
width 0.7 eV) at a power of 350 W. Small amount of
particles were removed after each step involved in the
electroless coating process for XPS analysis to under-
stand the mechanism of electroless Cu coating of
fly-ash cenosphere particles. Both survey and high-
resolution narrow spectra were recorded with electron
pass energy of 44.75 and 35.75 eV, respectively, to
achieve the maximum spectral resolution. Narrow and
high resolution scans were conducted for key elements
(Sn, Pd, Cl, Cu and C) to understand the variation in
the oxidation states of these elements during the coat-
ing process. The binding energy (BE) of the Au 4f;, at
84.0 £ 0.1 eV was used to calibrate the BE scale of
the spectrometer. Any charging shifts produced by
the samples were carefully removed by using a BE
scale referred to C 1s BE of the hydrocarbon part of
the adventitious carbon line at 284.6 eV [8]. A method
described by Sherwood was adopted to remove non-
linear backgrounds from the spectra [9]. Non-linear
least square curve fitting was performed using a

Gaussian/Lorentzian peak shape after the background
removal [9,10].

FIB analysis was performed on the Cu-coated par-
ticles for directly measuring the Cu coating thickness
under different processing conditions. A Fei FIB200,
with 7 mm probe size and a 30 kV liquid metal ion
source, was used in the present investigation for this
purpose. The thickness measurement via FIB was
accomplished by milling a hole through one of the
Cu-coated cenosphere particle surface and then tilting
the sample stage to see the cross-section of the milled
hole. In order to protect the Cu coating from getting
destroyed while milling the hole, solid platinum (Pt)
was deposited as a thin strip on the Cu-coated ceno-
sphere particle surface before milling the hole. A hole
was then milled by ion sputtering (20,000 pA ion
current) through the Cu coating down into the hollow
cenosphere particle interior. A finer cut was then made
with 10 pA ion current next to the Pt strip. A lower
current was used for the fine cut to avoid re-deposition
on the cross-section of the milled hole. The milling
invariably milled away half of the platinum strip. The
particle with a surface milled hole was then tilted by
45° and the thickness of the coating was measured,
which was further corrected for obtaining true thick-
ness by multiplying the measured thickness by a factor
of v/2. The Cu—Pt interface was used as the reference
line for the thickness measurement.

3. Results and discussion
3.1. SEM/EDX analysis

The chemical composition of both batches of ceno-
sphere particles were same, however, they differed in
the particle size distribution as indicated respectively
by EDX and SEM analyses. The measured particle
size distributions of the as-received cenosphere par-
ticles for the two batches are presented in Fig. 1. In the
batch-I (Fig. 1(a)), the particle size distribution is very
wide ranging from 70 to 280 um with mean particle
size of 115 pm. In the batch-II (Fig. 1(b)), the average
particle size is 70 um with the overall size range of
30-92 um. Thus, fly-ash cenosphere particles in the
batch-II are finer and for given amount of powder
provide more surface area than that provided by the
particles in the batch-I. These fly-ash cenosphere
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Fig. 1. (a and b) Particle size distribution obtained from SEM micrographs for two different batches of as-received fly-ash cenosphere
particles and (c) EDX analysis of uncoated fly-ash cenosphere particles from batch-I showing the presence of Si, Al and Fe as major elements
and K, Ca, Mg, Ti as minor elements. No Cu is detected for uncoated particles.

particles are mainly composed of mixture of oxides
such as SiO,, Al,Oj3, and Fe,O; as indicated by the
EDX analysis (Fig. 1(c)), for batch-I cenosphere
particles. Various trace elements, such as K, Ca,
Mg, Ti and C are also present.

SEM micrographs of uncoated and Cu-coated
fly-ash cenosphere particles from batch-1 are pre-
sented in Fig. 2. The as-received cenosphere particles
have spherical surface morphology as indicated by
Fig. 2(a). In Fig. 2(b), all the particles are observed

to be uniformly coated by the present electroless
coating method. It is also to be noted that even the
Cu-coated particles exhibit spherical surface morphol-
ogy indicating the uniform nature of the Cu coating
obtained by this technique. SEM micrographs of one
typical uncoated and Cu-coated fly-ash cenosphere
particles are respectively presented in Fig. 2(c) and
(d). The uniform coating is also evident at high
magnification (Fig. 2(d)), where some clusters are
also seen to be deposited on the surface. EDX analysis
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Fig. 2. SEM micrographs of uncoated cenosphere particles from batch-I at (a) low and (c) high magnifications, and Cu-coated cenosphere

particles at (b) low and (d) high magnifications.

of Cu-coated cenosphere particle surface (Fig. 3(a)),
shows the prominence presence of Cu along with the
other underlying substrate elements such as Si, Fe, Al
and K. It is to be noted that the peak corresponding to
Cu was not present in Fig. 1(c) and it appears only
after electroless coating process, indicating successful
Cu deposition on the cenosphere particle surface by
the present electroless technique. At very high mag-
nification (Fig. 3(b)), the Cu-coated surface reveals the
presence of nanoparticles of size 200-300 nm. EDX
analysis of these nanoparticles showed that these
particles are primarily Cu. It appears that during the
electroless Cu deposition, uniform Cu coating over the
sensitized and activated cenosphere particle surface

develops through Cu nanoparticles formation. Thus,
SEM and EDX analysis suggest the successful Cu
deposition on the surface of fly-ash cenosphere par-
ticles by the present electroless process. However,
confirmation of the oxidation state of the deposited
Cu needed XPS analysis.

3.2. XPS analysis

Fig. 4 represents the broad scan XPS survey spectra
for cenosphere particles undergoing different proces-
sing conditions. After the sensitization in the acidic
SnCl, bath (Fig. 4(a)), the cenosphere particle surface
shows the presence of Sn and Cl. After the activation
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Fig. 3. (a) EDX analysis of Cu-coated fly-ash cenosphere particles showing the presence of Cu as a major element on the particle surface
indicating successful Cu coating of fly-ash cenosphere particles. (b) Cu-coated fly-ash cenosphere particle surface at high magnification
showing the presence of Cu nanoparticles of size 200-300 nm. The photograph was obtained during FIB analysis of the Cu coating thickness
measurement.
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Fig. 4. XPS survey spectra for Cu-coated cenosphere particles —
(a) sensitized, (b) activated, (c) washed and (d) Cu-coated samples.
The particles were pressed against indium (In) foil for the analysis.

in the acidic PdCl, bath (Fig. 4(b)) additional presence
of Pd is detected on the surface of cenosphere particle.
Even after thorough washing of the activated particles
in de-ionized water, no further change is observed in

Table 1

the survey spectrum (Fig. 4(c)). However, after the
final coating step in the electroless coating bath
(Fig. 4(d)), only Cu is detected on the cenosphere
particle surface, which indicates thick Cu coating
developed on the cenosphere particle surface. For
XPS analysis, the cenosphere particles were pressed
against In foil and hence peaks corresponding to In
were also recorded along with those of other elements
during the broad scan analysis. However, this peak is
of no significance in this investigation.

The BE and FWHM values obtained via high
resolution narrow scan XPS analysis for core-levels
of major elements such as Sn, Pd, Cl and Cu, observed
on the cenosphere particle surface during the coating
process, are tabulated, respectively, in Tables 1 and 2.
The BE values are compared with the literature values
for proper compound identification. The BE and
FWHM values obtained for powder chemicals (SnCl,,
PdCl, and CuSO, powders), used in the present elec-
troless coating experiments, were also recorded and
are, respectively, tabulated in Tables 1 and 2 for
reference.

Narrow and high resolution XPS scans for Sn 3ds,,,
within the BE range of 475-500 ¢V, and Pd 3ds,
within the BE interval of 325-355 eV were conducted,
which revealed interesting changes in the spectral

XPS core-level BE (0.1 eV) values obtained for the major elements (Sn, Pd, Cl, and Cu) involved in the electroless Cu coating of fly-ash

cenosphere particles®

Binding energy (eV)

Pd 3ds

Sn 3dsj

Cl 2p3

Cu 2p3p

PdCl, powder

SnCl, powder
CuSO,4 powder
Sensitized

Activated

Activated and washed

Cu-coated

335.0 (Pd)
337.2 (PdCl,)

335.9 (Pd)
337.1 (PACl,)

335.2 (Pd)
336.3 (PdO)
337.6 (PACl,)

487.0 (SnCl,)

486.9 (SnCl,)

487.1 (SnCly)
487.1 (SnCly)

486.7 (Sn(OH),)
486.7 (Sn(OH),)
486.7 (Sn(OH),)

198.4 (PdCl,)
198.4 (PACLy)

198.7 (SnCly)
198.4 (SnCl,)

198.4 (PdCl,)
199.5 (SnCly)

198.1 (PdCl,)

936.3 (CuSOy)

201.0 (1) -

201.0 (7 -
- 931.6 (1)
- 932.7 (Cu)
- 933.8 (CuO)

* Respective values related to powder chemicals used are also tabulated for reference.
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Table 2
FWHM (#£0.1 eV) values obtained for the major elements (Sn, Pd, Cl, and Cu) involved in the electroless Cu coating of fly-ash cenosphere
particles®
FWHM (eV)
Pd 3d5/2 Sn 3d5/2 Cl 2p3/2 Cu 2P3/2
PdCl, powder 1.4 (Pd) - 1.6 (PdCl,) -
1.5 (PdCl,) - 1.6 (PdCl,) -
SnCl, powder - 1.9 (SnCl,) 1.8 (SnCl,) -
CuSO, powder - - - 3.6 (CuSQy)
Sensitized - 1.8 (SnCl,) 1.8 (SnCl,) -
Activated 1.9 (Pd) 1.9 (SnCly) 1.7 (PACl,) -
2.3 (PdCl,) 1.9 (SnCly) 1.4 (SnCly) -
Activated and washed 1.5 (Pd) 1.9 (Sn(OH),) 1.4 (PdCl,) -
1.7 (PdO) 1.9 (Sn(OH),) 12(D) -
1.7 (PdCl,) 1.9 (Sn(OH),) 1.2 -
Cu-coated - - - 1.5(7)
- - - 1.7 (Cu)
_ _ _ 2.3 (CuO)
 Respective values related to powder chemicals used in the process are also included.
features (see Figs. 5 and 6) occurring during different (@ Sn 3ds,,
processing steps. In Fig. 5(a), Sn 3ds,, BE level is
observed at 486.9 eV while CI 2p3,, BE level (Table 1)
is observed at 198.7 eV after sensitizing the ceno-
sphere particles surfaces. Both of these BE values
suggest the deposition of SnCl, on the cenosphere T
particle surface as these values match with those S0 4% 4% 485 40 478
observed for SnCl, powder used in the sensitization (b)
step (Table 1).
After the activation of the sensitized particles in
acidic PdCl, solution, the Sn 3ds, and Cl 2p3, BE
level increase to 487.1 eV (Fig. 5(b)) and 199.5 eV
(Table 1). This suggests increase in the oxidation state 60 195 42‘;0 45 4(‘30 4‘7
of Sn?" probably to Sn*" and the presence of Sn(IV) 5 s
species, i.e. SnCl, on the cenosphere particle surface (©
after the activation step, which is in accordance with
the reaction (1). Moreover, after the activation step, Pd
3ds/, BE level exhibits two components. The peak-Iin
Fig. 6(a) is observed at 335.9 eV (FWHM = 1.9 eV)
and corresponds to Pd°. The peak-1I (Fig. 6(a)), is ‘ ‘ ‘ ; ‘ 1
500 495 490 485 480 475

observed at 337.1 eV indicating the presence of PdCl,
as it matches with that observed for PdCl, powder
used in the activation step (Table 1). Thus, it appears
that after the activation of the sensitized cenosphere
particle surface in the acidic PdCl, solution, metallic

Binding Energy, eV

Fig. 5. XPS Sn 3ds,, spectra for (a) sensitized, (b) activated and (c)
washed particles. The peaks are identified as: (a) SnCl,, (b) SnCly,
and (c) Sn(OH),.
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Fig. 6. XPS Pd 3ds, spectra for (a) activated and (b) washed
particles. The peaks are identified as: in (a) I — Pd°, II — PdCl,
and in (b) I — Pd°, I — PdO, III — PdCl,.

Pd° clusters are deposited on the cenosphere particle
surface, in accordance with the reaction (1), which
further supports the increase in the oxidation state of
Sn®" to Sn*" as mentioned earlier. Small amount of
unreacted PdCl, is also observed on the activated
surface. It is interesting to note that the BE level of
335.9 eV noted for Pd° clusters is shifted by +0.8 eV
relative to the bulk value of pure metallic Pd
(335.1 eV) reported in the literature [11,12]. Secondly,
the FWHM of Pd 3ds, as obtained for Pd° clusters
deposited on the cenosphere particle surface is also
increased from 1.1 eV, related to the bulk Pd, to 1.9 eV
(Table 2). Meenan et al. also observed a shift of
+0.7 eV in Pd 3ds,, spectrum during their investiga-
tion of electroless Cu deposition on BaTiO; ceramic
substrate and attributed it to the Pd—Sn alloy formation
[13]. In the present investigation, however, pure Sn
peak is not detected in Fig. 5(b) after the activation
step, and hence, the observed +ve BE shift in the Pd
3ds,, spectrum cannot be explained on the basis of
Pd-Sn alloy formation. Hence, we also eliminate the
possibility of Pd—Sn alloy formation in the present
investigation.

141 Pd Clusters Deposited
on Si0, Substrate

%ﬁ " Takasu et al. (1978)
=
=
»n ~
= 08 o
o

05 T T T T

1 2 3 4 5 b 7

Cluster Size, nm

Fig. 7. Graph of core-level Pd 3ds,, BE shift vs. Pd cluster size.
The data is obtained from Takasu et al. [16]. The graph predicts Pd
cluster size of ~5.5 nm for the BE shift of +0.8 eV.

On contrary, we ascribe the +ve shift of 0.8 eV
observed in Pd 3ds,, BE level to the Pd cluster size.
The small size of Pd clusters may give rise to initial
and final state effects during XPS analysis, which may
be responsible for the +ve shift in the BE of core-level
electrons in Pd clusters. In the literature, the initial
state effect is related to the changes in the electronic
structure with the change in cluster size while the final
state effect is related to the 4ve charge left on the
surface of the cluster during the photoemission pro-
cess [14,15]. Based on these two effects, increase in
the BE and FWHM for the core-level peak with
decrease in cluster size has been reported earlier for
Pd clusters [16,17] and also for other transition metals
(Au [18,19], Ag [19]). The present BE and FWHM

Cu 2p;;,

I

945 940 935 930 925 920
Binding Energy, eV
Fig. 8. XPS Cu 2p3,, spectra for Cu-coated fly-ash cenosphere

particles. The peaks are identified as: I — Cu complex, II — Cu(0)
and III — CuO.
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data obtained for Pd 3ds, peak, after the activation
step (see Table 2) is observed to follow this trend.
Hence, we believe here that +ve BE shift of 0.8 eV
observed for Pd 3ds,, BE level relative to bulk value is
the effect of Pd cluster size and is not due to Pd-Sn
alloy formation.

Since the earlier studies have shown that +ve BE
shift is a function of cluster size [15-19] one can
approximately predict the Pd cluster size deposited on
the cenosphere particle surface from the +ve BE shift
of 0.8 eV observed in the core-level Pd 3ds,, spectrum

related to Pd® clusters. Takasu et al. studied the
changes in the core-level Pd 3ds,, BE by depositing
the Pd° clusters of different sizes on the amorphous
silica substrate via vacuum deposition and observed
that +ve shift in the Pd 3ds,, BE level increases from
0.93 to 1.33 eV when the Pd® cluster size decreases
from 4.2 to 1.6 nm [16]. Fig. 7, a graph of Pd 3ds,, BE
shift versus Pd° cluster size, is plotted by using the
literature data to estimate the Pd cluster size (after the
activation step) from the observed +ve shift in the Pd
3ds, BE level (Fig. 6(a)). The graph in Fig. 7 is

<JORGEN24 MDI> 24

g

intensity(Counts)

8

<04-0836> Coppar, syn - Cu <100.0%>

T T B T T T T T T T ¥ T T T

10 2 » s
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Fig. 9. XRD powder pattern obtained for Cu-coated fly-ash cenosphere particles. The peaks corresponding to bulk Cu, viz. (1 1 1), (2 0 0) and
(22 0) are identified by comparison with the PDF-card (no. 04-0836) of JADE-SCAN software, shown in the lower part of the figure.
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extrapolated beyond 4.2 nm cluster size for this pur-
pose. We note that for the BE shift of +0.8 eV, the Pd"
cluster size of 5.5 nm is predicted by the graph. Hence,
we believe that after the activation of sensitized ceno-
sphere particles in PdCl, solution, the Pd” clusters of
~5.5 nm average diameter have been deposited on the
cenosphere particle surface, which act as nucleation
sites for subsequent Cu deposition in the coating bath.

Thus, after the activation step, Pd° clusters of
average diameter of 5.5 nm are detected on the ceno-
sphere particle surface along with the presence of
PdCl, (peak-II in Fig. 6(a)) and SnCl, species
(Fig. 5(b)). In order to dissolve these species before
actual Cu deposition, the activated cenosphere parti-
cles were washed thoroughly in de-ionized water.
After de-ionized washing of the activated cenosphere
particles, Sn 3ds, peak is observed to be shifted to
lower BE side (486.7 eV) (Fig. 5(c)) and is attributed
to the formation of Sn(OH),. Meenan et al. had
reported similar formation Sn(OH),4 from Sn(IT) com-
pounds during their investigation of electroless Cu
deposition on BaTiO; ceramic substrate using Sn—Pd
catalyst system [13]. As indicated in Fig. 6(b), after
thorough washing in de-ionized water, in addition to
Pd° peak, a peak at BE level of 336.3 eV is detected,
which is not present before the washing step and it
corresponds to PdO according to literature [20]. More-
over, even after thorough washing in de-ionized water,
PdCl, is not eliminated completely from the surface of
cenosphere particle. The presence of Sn(OH), and
PdCl, is detrimental to electroless Cu coating as they
form a sheath, which may impair the catalytic activity
of Pd sites for subsequent Cu deposition [13].

The sensitized, activated and thoroughly washed
particles are then immersed in the final coating bath
for the actual Cu deposition. The XPS survey spectra
of Cu-coated cenosphere particles (Fig. 4(d)), do not
reveal the presence of Pd, Sn and Cl on the surface of
Cu-coated cenosphere particle. Even by the EDX
analysis (Fig. 3(a)), the presence of these elements
could not be detected underneath the Cu coating.
Since, well developed Cu coating is obtained after
stirring the washed particles in the Cu coating bath, we
believe that the sheathing of Sn(OH), and PdCl, is
dissolved completely by the electroless coating bath,
exposing the catalytic Pd” sites, before the actual Cu
deposition begins. Narrow XPS scan of Cu 2p;);
within the BE interval of 920-945 eV, after the final

Cu deposition, is shown in Fig. 8, where three peaks
are identified. The peak-II is at 932.7 eV and corre-
sponds to pure metallic Cu. The peak-IITis at 933.8 eV
and is related to CuO. These observations qualitatively
suggest that pure Cu is successfully deposited on the
cenosphere particle surface by the present electroless
technique. However, some surface oxidation of depos-
ited Cu has also occurred. Further, the peak-I is
observed at 931.6 eV and is shifted to lower BE side
relative to Cu(0) peak. The exact origin of this —ve
shift is not yet known. However, it is to be noted that
during the electroless Cu deposition, Cu may form an
intermediate complex such as copper tartarate (CuT)
before pure metallic Cu is deposited on the cenosphere
particle surface. The peak-I may then be related to this
type of intermediate complex Cu species, which might
be present on the particle surface even after comple-
tion of the coating process.

Since, narrow scan XPS analysis indicated CuO on
the surface, we performed XRD analysis to confirm
the presence of pure Cu below the coating surface. The
obtained XRD pattern is presented in Fig. 9, where the

(a)
" Pd°
S N
‘;" Particle ) +— RACl
A y SnCl,
By S
A Pd’
by >y
":’ Particle PdCIz
R ;A PdO
(c) ~S=-7 Sn(OH),
. Cu
Particle <« Cu0
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Fig. 10. The proposed mechanism for electroless Cu coating of
fly-ash cenosphere particles.
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major peaks (1 11), (200) and (220) of Cu are
identified by comparison with the PDF card (no.
04-0836) of JADE-SCAN software, revealing its
FCC structure. This confirmed the successful deposi-
tion of pure Cu by the present electroless technique. It
is to be noted that XPS scans only 3 nm thickness
below the surface while XRD spectrum corresponds to
approximately 1 pm thickness. Since in the present
investigation, the Cu coating thickness varying from
200 nm to 1 um are obtained, depending upon the
coating conditions, the oxidation of Cu as indicated by

01/16/00

XPS is a mere surface phenomenon and bulk pure Cu
exists below this oxidized layer.

From the overall broad and narrow scan XPS ana-
lysis, as discussed above, we now propose the mechan-
ism of electroless Cu coating of fly cenosphere
particles investigated here, and is presented schema-
tically in Fig. 10. After the sensitization of the ceno-
sphere particles (Fig. 10(a)), SnCl, gets deposited on
the cenosphere particle surface. Subsequent activation
of the sensitized particles results in the deposition of
Pd° clusters of size 5-6 nm, due to the reduction of

Fig. 11. Steps involved during the Cu coating thickness measurement via FIB technique. (a) Deposition of solid Pt on the surface of Cu-coated
fly-ash cenosphere particle; (b) Cu-coated fly-ash cenosphere particle with a milled hole and (c) milled hole at high magnification.
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PdCl, by SnCl, (Fig. 10(b)). The presence of PdCl, as
residual reactant and SnCl, as a reaction product
might be detected on the particle surface. Even after
thorough washing in de-ionized water, these species
may not get completely dissolved; instead result in
the formation of PdO along with a sheath of Sn(OH),
and PdCl, (Fig. 10(c)), which cover the pd° catalytic
sites. However, the coating bath first dissolves this

01/19/00
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sheath, exposing the Pd sites for actual Cu deposition.
The Cu coating begins at this point, when Cu atoms
formed by the reduction of Cu®" ions by HCHO are
deposited on the cenosphere particle surface, the
reaction which is activated by Pd° sites. Deposited
Cu atoms then act as self-catalyst for subsequent Cu
deposition and uniform Cu coating develops via for-
mation and growth of Cu nanoparticles. During the

Fig. 12. FIB micrographs showing the Cu coating developed on the fly-ash cenosphere particles (batch-I) surfaces. In (a) 5 g and in (b) 50 g of
samples is coated and the respective Cu coating thickness is calculated to be — (a) 1.2 um and (b) 300 nm.
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growth process, Cu may get partially oxidized to CuO
at the surface, however, pure metallic Cu remains
below this oxidized layer (Fig. 10(d)).

3.3. Thickness measurement via FIB

As mentioned earlier FIB was used to measure
directly the Cu coating thickness under various pro-
cessing conditions. The steps involved in the thickness
measurement via FIB have already been described

04/27/00
30.0 kV]| 450°

earlier in this article and are also presented in Fig. 11.
As exhibited by Fig. 11(a), first a thin strip of Pt is
deposited on the Cu-coated cenosphere surface, which
is followed by milling a hole near the edge of the Pt
deposit (Fig. 11(b)). The milled hole at high magni-
fication is shown in Fig. 11(c), through which a direct
measurement of Cu coating thickness is possible at
still higher magnifications.

Five and 50 g of cenosphere particles from the batch-
I were used for the initial two coating experiments to

e EE—— 1 pm
Matenals Characterization Facility

180200 | 28 8 kX| CDM Materials Charactenzation Facility

Fig. 13. FIB micrographs showing the Cu coating developed on the fly-ash cenosphere particles (batch-I) with PdCl, concentration — (a)
1.0 g/l and (b) 0.5 g/1. The respective Cu coating thickness is calculated to be — (a) 250 nm and (b) 200 nm.
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study the effect of surface area on the coating thick-
ness, which was measured via FIB technique and the
corresponding micrographs are presented in Fig. 12.
From Fig. 12(a), the Cu coating thickness of 1.2 umis
calculated and it corresponds to 5g of sample.
Although, the Cu coating is seen to be porous, it is
highly continuous and uniform in thickness. The
porous nature of coating may be a result of entrapment
of hydrogen gas (see reactions (2)—(4)). In Fig. 12(b),
which corresponds to 50 g sample, the Cu coating
thickness is calculated to be 300 nm. Comparison of
the coating thickness in Fig. 12(a) and (b) shows that
the total surface area of the particles required to be
coated strongly affects the Cu coating thickness.
Smaller the initial weight of the sample, minimum
is the total surface area required to be coated, and
hence, larger is the coating thickness and vice versa.

In another experiment, PdCl, concentration was
varied to understand its effect on the coating thickness
and the results are presented in Fig. 13. 5 g of ceno-
sphere particles from batch-II was used for this pur-
pose. The Cu coating thickness of 250 nm was
observed when PdCl, concentration was 1.0 g/l
(Fig. 13(a)). The coating thickness was reduced to
200 nm by decreasing the PdCl, concentration to
0.5 g/l (Fig. 13(b)). The Cu coating in Fig. 13(a) is
further observed to be denser than that in Fig. 13(b).
The thicker and denser Cu coating in Fig. 13(a) can be
directly attributed to large number of catalytic nuclei
provided for Cu deposition by large PdCl, concentra-
tion. Interestingly, in Fig. 13(b), the shell thickness of
the hollow cenosphere particle is clearly visible and is
calculated to be approximately ~1 pm thick. Thus, it
is to be noted here that the variation in the coating
thickness as a function of coating variables can be
studied precisely by the use of FIB, which appears to
be the most convenient technique to measure directly
the Cu coating thickness.

In summary, the electroless Cu coating of fly-ash
cenosphere particles has been successfully demon-
strated and characterized completely for better under-
standing of the coating process.

4. Conclusions

1. Fly-ash cenosphere particles are successfully
coated by electroless Cu coating process utilizing

Sn—Pd catalyst system. This is the first article in
the open literature to report the electroless Cu
coating of fly-ash cenosphere particles.

2. The mechanism of electroless Cu coating process
of fly-ash cenosphere particles is studied with the
help of XPS, which involves sensitization and
activation of the fly-ash cenosphere particle sur-
face by SnCl, and PdCl,, respectively, to deposit
pure Pd° clusters of size 5-6 nm, which act as a
nucleation sites for subsequent Cu-deposition. The
sheath of Sn(OH), and PdCl, which covers the
Pd° sites after the washing step, appears to be
dissolved by the coating bath itself exposing the
Pd° sites for subsequent Cu-deposition. The Cu
atoms then act as self-catalyst and the uniform Cu
coating then develops via formation and growth of
Cu nanoparticles. The CuO formed in this
electroless coating process is a mere surface oxide
while pure Cu exists below this oxidized layer.

3. The concept of +ve BE shift with the cluster size
can be utilized to predict the average Pd® cluster
size, which acts as a catalyst for Cu-deposition,
from the core-level BE shift observed for Pd 3ds/,,
spectrum.

4. Focused ion beam microscopy is a powerful
technique to measure directly the Cu coating
thickness obtained over the fly-ash cenosphere
particle surface. This is the first article to
demonstrate the use of FIB for measuring the Cu
coating thickness obtained over the fly-ash ceno-
sphere particle surface.
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