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ABSTRACT

We investigated the effects of palladium and silver seed chemistries on the electroless
deposition of copper nanoparticles on electrospun polyacrylonitrile (PAN) fibers to identify
conditions that enable formation of either conformal coatings or isolated metallic nanoparticles.
The kinetics of Cu deposition was enhanced on Pd seeded fibers over Ag seeding, and
continuous growth of copper nanoparticles conformal to the PAN fibers was achieved in
instances with high seed density for both seed chemistries. A discrete distribution of copper
nanoparticles was observed for low density silver seeding. Furthermore, the high density Ag
seeds promoted dense and compact copper nanoparticle films, while the films on the Pd seeded
fibers were rough with inclusions of microporosity. Raman spectroscopy revealed that a higher
ratio of the D to G bands formed during processing, indicative of more cyclization of nitrile
groups in surface PAN molecules during the seeding and deposition processes, corresponds to
a higher seeding density. Thermal stability of PAN is enhanced with isolated Pd seeds present
where the seed size is lower than the mean free path for electron conduction, but degrades as

larger seeds or more dense and compact metallic shells are formed on the fibers.
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INTRODUCTION

The directed assembly of metallic nanostructures on micron and submicron-sized features
serves two primary purposes: first, to mitigate structural coalescence between individual
nanoparticles, an inevitable consequence of the spontaneous driving force to reduce the high
surface free energies intrinsic to nanomaterials; and secondly, to confine the growth of these
metallic species on appropriate substrates so as to exploit distinctive properties, such as
electron transport, optical, magnetic and catalytic properties that these nanomaterials possess
for various functional applications. Polymeric materials, due to their molecular configuration,
relative ease of structural modification, and overall chemical stability play a pivotal role in the
synthesis and stabilization of metallic nanoparticles(NPs) [1]. The polymer matrix often either
serves as a medium for dispersion of pre-formed metallic nanoparticles [2], or utilized as a
micro-reactor for in-situ synthesis [1, 3]. In both cases, nanoparticle stability is achieved
through steric hindrance from the polymer chains. However, a corollary of these processes is
that a substantial number of the nanoparticles are permanently embedded in the polymer, and
occluded from the functional environment. This renders the material design less efficient for
applications in which the nanoparticle must make contact with fluids or gases, and may lead to
either additional costs or an unexpected change in the properties of the fibers with embedded
particles (such as an increase in stiffness). Hence, methods for creating surface-confined

nanoparticle synthesis are of practical importance.

Electrospinning has become a widely used technique for the generation of polymer fibers with
diameters ranging from a few nanometers to several microns [4]. Electrospun fibers possess
high-aspect ratios and high surface area — to — volume ratios, and coupled with the amenable
chemistry of the underlying polymer, represent model materials for substrate-confined
templating of metallic nanostructures. In addition to stabilization, surface confinement ensures
that these nanoparticles are continuously exposed to their intended functional environments.
Metallic nanoparticles supported on electrospun fibers have been utilized in a broad range
applications including water filtration membranes, biosensor design [5], superhydrophobic
separation membranes [6], Surface-enhanced Raman spectroscopy substrates [7], and

antibacterial fibers [8, 9].

The fabrication and adoption of nanocomposites based on incorporation of cuprous species has
been fostered by a myriad facile copper nanoparticle synthesis methodologies, making them

versatile functional materials for use in diverse fields [10]. Numerous procedures have been
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developed for fabrication methods that exclusively immobilize metallic NPs on electrospun
fibers. For instance, gold and silver NPs were grafted to polyvinyl alcohol (PVA) fibers
utilizing bio-inspired catechol moieties [11]. In the same vein, platinum and silver NPs were
assembled on Nylon 6 nanofibers by interfacial hydrogen reactions between citrate stabilizers
and the amide functional groups on the polymer chain [12]. Silver NPs were deposited on
polyacrylonitrile (PAN) fibers through coaxial electrospinning and subsequent exposure to
ultraviolet irradiation [9]. For copper NPs deposition, however, the electroless protocol has
been broadly adopted [13, 14]. Electroless deposition encompasses all “wet-chemistry”
deposition techniques whose working principles are founded on spontaneous electrochemical
redox reactions. Traditional formulations consist of a metal salt, a complexing agent, a reducing
agent and suitable additives for process control. In general, this technique affords excellent
throwing power, flexible control over deposit properties and morphology, and a relatively
simple mode of operation [15]. In most practical cases, the fibers are pretreated with seed
crystals of select transition and noble metals to facilitate subsequent nucleation and growth of
copper NPs. Catalytic nuclei of palladium and silver are often utilized, deployed via various
seeding strategies [16-19]. In combination with their cost-effectiveness, the underlying
electrochemistry of the deposition process justifies the utility of these two species: traditionally,
the anodic or oxidative reaction in electroless deposition proceeds, firstly, through activation
of the reducing agent by dehydrogenation, creating electroactive species that effect metal
reduction with a concomitant evolution of hydrogen gas [20]; and advantageously, silver and
palladium possess affinity for hydrogen, and offer practical exchange current densities for

hydrogen gas evolution, promoting rapid anodic reaction kinetics [21].

A classic method for palladium seeding is the two-step sensitization-activation process for
plating non-conductive substrates based on the electrochemistry of mixtures of tin and
palladium salts [20]. There is a litany of working formulations documented in patents and
literature that contain essentially variable proportions of tin(Il) chloride (SnClz) and palladium
chloride (PdCly) as the active ingredients [22]. In a copper NP metallization procedure, the
fibers are first sensitized in the tin(IT) chloride bath, and subsequently activated in a palladium
chloride bath, inducing the precipitation of palladium seeds on the fiber surface that catalyze
copper deposition [23]. On the other hand, for silver seeding, the well-known silver mirror
reaction based on the redox processes between silver salt and an aldehyde e.g. glucose, offers
a simple and straightforward, but surprisingly underutilized, method for the Ag-facilitated

deposition of copper NPs on electrospun fibers.
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In this study, we have conducted a systematic study on the seeding chemistry, size and density
on the electroless deposition of copper on electrospun PAN fibers to determine processing
conditions which allow the creation of either continuous conformal coatings or isolated
metallic nanoparticles. While we recognize that embedding particles within fibers may reduce
processing steps during metallization [24], the additional complexity of forming particles
during the spinning process adds process costs that we believe are roughly equivalent to
seeding processes in electroless deposition. Polyacrylonitrile is a hydrophilic polymer that
possesses good thermal and chemical stability, and it’s derived fibers are used in medical and
industrial applications [25]. In addition, the active polar nitrile groups in the PAN molecule aid
the introduction of additional functional groups [26] that support metal (seed) adsorption
during electroless deposition. We have demonstrated control over Ag seeding density and
particle size with the silver mirror reaction, and how copper NP continuity and conformity with
the underlying PAN fiber are guided by the seeding density. We evaluate differences in the
copper NP film morphology and conformity derived from the silver and palladium seeded
fibers. Scanning electron microscopy and X-ray diffraction results show differences in resultant
microstructures and deposition kinetics of copper NP. Raman spectroscopy shows clear
modification in the fiber surface chemistry with immersion in the metallization baths.
Thermogravimetric analysis shows an overall degradation in the thermal stability of PAN fibers
as a resulting from metallic nanoparticle immobilization. In addition, a more efficient Cu NP
loading is achieved with the Ag-seeding as compared to Pd-seeding for the case of full

conformal copper NP films.

EXPERIMENTAL SECTION
ELECTROSPINNING

PAN powders (Sigma-Aldrich, Myw=150000 g/mol, p = 1.18 g/cm?) were dissolved in
dimethylformamide, DMF, to make a solution with 13 wt% PAN concentration. Subsequently,
1 wt% acetone was added to the resulting solution. Acetone has been shown to mitigate or
eliminate bead formation in the electrospinning process [27]. The solution was stirred
continuously for 24hrs at room temperature. The electrospinning solution was loaded into a
3mL syringe with a 19ga (ID = 0.8126 mm) needle. The collector plate was aluminum foil
situated at a distance of 15cm from the syringe tip. A voltage generator (Model SL300,
Spellman NY) supplied a constant DC voltage of 15 kV between the collector plate and needle
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tip, creating an electric field strength of 100 kV/m. Flow rate was maintained at 0.34 mL/hr by
a syringe pump (Advance infusion pump series 1200). Total collection time was 8 hours.
Finally, the non-woven mats were peeled off from the aluminum substrate, resulting in a mat

with a nominal thickness of 30 pm and a total planar dimension of 13 cm x 13 cm.

Silver Seeding of PAN fibers

Rectangular coupons with dimension 15 x 30 mm? were cut from the mat for deposition. To
improve handling, ensure planar configuration during immersion in the various baths and
mitigate the collapsing effect of surface tension of the aqueous solution after bath emersion,
fiber mats were affixed to strips of carbon adhesive tapes. A schematic of the deposition process
is shown in figure 1.The fiber mats were treated in a 1.63 M solution of sodium carbonate
(Na2CO:3) for 3 min. Next, Alkaline hydrolysis of the samples was achieved in 1 M solution of
sodium hydroxide (NaOH) at a temperature between 45 — 50°C for 15 min. For the seeding,
two different concentrations of silver precursor (AgNOs3), 0.1 M and 0.01 M, were
systematically investigated. A 10 ml solution of both salt concentrations was prepared: to each
bath, 200 pl of ammonia solution (NH4OH) was first added under constant stirring, causing the
transient appearance of a brownish color in the original clear solution for the bath with
concentrations of 0.1 M AgNO;, and no perceptible color changes for 0.01 M AgNO3

concentrations.

Lastly, a 5 ml solution containing 10 wt% glucose was added to the solution and stirred for 1
minute. Thereafter, samples were immersed in the silver baths for 1 minute, and then rinsed
thoroughly. A progressive brownish yellow discoloration of the sample was observed during
immersion in the 0.1 M AgNO; baths, while samples in the 0.01 M AgNOs bath seemingly
maintained the white color of the PAN fibers but acquired a very slight yellow hue after rinsing
and drying. All seeding baths were operated at room temperature under quiescent conditions.
A fresh silver bath was prepared for each sample. The reaction pathway has been suggested to

proceed as follows [28]:

Ag* g + 2NH; o= Ag(NH3)F o (1)
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2[Ag(NH;),]* + R — CHO (glucose) + H,0 = 2Ag°(s)(seeds) + 2NH; + R— COOH +
2H* 2)

In this scheme, the silver ions react with NH3 to form a two-coordinate ammine complex as in
reaction (1), manifesting experimentally as the aforementioned brownish color change. These

species are subsequently reduced by glucose to silver seeds, reaction 2.

Figure 1: Schematic of the palladium and silver seeding processes on electrospun PAN fibers for
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electroless copper deposition, colors of solutions roughly denote actual visible color changes during

processing.

Palladium seeding: Two step activation protocol
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The two-step activation protocol was preceded by sample pre-cleaning and alkaline hydrolysis
procedures noted in the previous section. The sensitization bath was a mixture of 5g of
SnCl».2H,0, 8 ml of HCI (AR 37%) and 40ml of deionized water, and the activation bath was
0.1 g of PdCly, 5 ml of HCI (AR 37%) and 20 ml of water. In preparing these solutions, both
metal salts were first dissolved in the stated volumes of hydrochloric acid under mild stirring.
For the sensitization solution, the stated volume of deionized water was added after the mixture
of the tin chloride and hydrochloric acid became transparent, signifying complete dissolution.
For the activation solution, addition of deionized water occurred after a brownish turbid bath
was observed. The mats were sequentially immersed in these baths for three minutes each.
After the activation step, the mats acquired a greenish coloration that gradually turned milky
brown upon extended rinsing. Prior to immersion in the electroless copper bath, the fiber mats
were treated in an acceleration bath consisting of 1M HCI for 3 minutes; this step aids the
dissolution of excess tin or tin chlorohydroxide from the surface [29]. Mats were rinsed
between each step, and the bath operating conditions were similar to silver seeding processes.
Also, a fresh bath was prepared for each sample. The electrochemical reaction pathway is one
of galvanic displacement, wherein the tin ions adsorbed on the fiber surface reduce palladium

ions to the metal on introduction in the activation bath, and are subsequently replaced by them
[30]

Pd?* + Sn?* - Sn*t + Pd° 3)

Electroless Copper Deposition

An initial solution containing 0.1g of copper salt (CuSO4.5H20), 0.6g of disodium ethylene
diamine tetraacetate (NaH,EDTA) and 20 ml of deionized water was prepared. Subsequently,
280 pl of formaldehyde (HCHO), the reducing agent, was added into the solution. Sodium
hydroxide droplets from a 1.15 M solution were pipetted into the solution to adjust the pH of
the metastable bath to 12.3-12.4, measured using a pH meter (AB15, Thermo fisher scientific).
A simplified scheme for the anodic and cathodic half reactions as well as overall the
electrochemical reaction for which formaldehyde (HCHO) is the main reducing agent is

expressed as [30]:

Cu*t +2e — Cu (4)
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HCHO + 20H- — HCOO~ + H,0 + %H20+e (5)

Cu?* + 2HCHO + 40H- — Cu+ 2HCOO™ + 2H,0 + H, (6)

It is noteworthy that formaldehyde is susceptible to disproportionation reactions that give rise
to the formation of formic acid and methanol, and the rate of this reaction increases with
increasing pH [30]. This may potentially reduce the rate of precipitation in the electroless
copper bath [24]. Both silver and palladium seeded fibers were immersed for 5, 10 and 15
minutes respectively i.e. evolution of copper nanoparticles was time-resolved. In general, the
bath color change sequence was from clear blue to pale green and lastly deep green with evident
turbidity signifying homogenous precipitation. However, this color change sequence
proceeded in a much rapid manner in the case of the Pd-seeded fibers as compared to the Ag-
seeded fibers, accompanied by a bulk solution precipitation of Cu NPs. Afterwards, samples
were rinsed in deionized water and air-dried. Henceforth, Cu-deposited seeded fibers will be
named following this format: PAN-X-Cu-Y; where X is the seed catalyst and Y denotes

immersion time.
Characterization

Scanning electron microscopy was carried out on an FEI Nova NanoSEM operated in
secondary electron mode. All samples were sputter-coated with a thin layer platinum using a
Cressington (208HR) sputter coater at a plasma current of 40 mA for 60 s. Image processing
was done using ImageJ (National Institute of Health, MD, USA). Transmission electron
microscopy (TEM) images were obtained for ultramicrotomed cross-sections using a FEI
Tecnai G2 20. For ultramicrotomy, samples were sawed from epoxy embedding blocks and
mounted in a universal specimen holder from an Ultracut E ultramicrotome (Leica
Microsystems, Vienna, Austria). Samples were trimmed with a razor blade and faced on a
routine diamond knife to 1mm squared block faces. Ultrathin sections were prepared at 90 nm
thickness (a pale gold color) with a 45° diatome diamond knife with a 6° clearance angle. Thin
sections were prepared with a cutting speed of 1 mm/s and floated on water. Individual sections
were collected with a diatome perfect loop on 100 mesh formvar carbon coated grids. X-ray
diffraction spectra was obtained using a Bruker D8 focus system operating in the bragg-
brentano geometry at 40 kV and 40mA. Scan speed was 1°/min, spanning a range of 20 angles
from 10° to 75°. Crystallite size, L, was calculated from the x-ray data using the Debye-

Scherrer equation:
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kA
L= BcosO (7)

where k = 0.90, A = 0.154 nm (Cu Ka radiation), f is the full width at half maximum of the
(111) reflections and 6 is the Bragg angle.

Raman shifts were collected using a Renishaw inVia Raman microscope with a 532 nm laser
(at 1% power) with a grating of 2400 L/mm and an objective lens of 100x. ATR - FTIR was
performed using a PerkinElmer IR 100 spectrometer operated in transmittance mode. Thermal
decomposition and relative composition analyses of the metallized PAN fibers were carried
out using a TGA Q50 TA instruments (TA instruments, DE, USA). Samples were loaded in a
platinum pan, and heated in a nitrogen atmosphere at a constant ramp rate of 10° C/min from

room temperature to 800°C

RESULT AND DISCUSSION

An intricate interplay of electrostatic fields, polymer rheology, solution dielectric properties
and surface phenomena, electrospinning provides a facile technique for the production of
submicron to micron sized fibers. In brief, semi-continuous polymer jets are electrostatically
drawn from the needle tip, developing a series of in-flight bending and whipping instabilities
[31, 32] that successively create thinner jet cross-sections until they impinge on the collector
plate as solid fibers after solvent evaporation. Figure 2a shows the random, layered
arrangement of the as-spun PAN fibers exhibiting complex topology. The fibers had uniform
cross-sections with an average diameter of 1.017 = 0.08 um. Furthermore, the individual fiber
surfaces were relatively smooth, figure 2b, exhibiting slight surface asperities that could be

attributed to artifacts of the rapid in-flight solvent evaporation.
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Figure 2: SEM micrograph showing: (a) as-spun PAN fibers (b) Surface topography of Individual fiber.

(c) Histogram of fiber diameter distribution. Average fiber diameter is 1.017 £+ 0.08 pm.

Silver ions are firstly chelated in the silver mirror reaction, and subsequently reduced to silver
atoms/seeds, whereas the direct reduction of palladium ions to palladium atoms/seeds is the
major electrochemical reaction in the two-step process. In the presence of the PAN fibers, these
redox reactions take place preferentially on the fiber surface. Importantly, by virtue of the mat
wicking resulting from capillary effects, the working solution is able to reasonably penetrate
the complex mat architecture presented by tortuous fibers and random layering. Figure 3 shows
the microstructure of the seeded fibers. A discrete distribution of deposited seeds is evident for
both Ag seeding protocols, figure 3a and b, as well as for Pd seeding, figure 3c. This system of
seed distribution is the consequence of the combined effects of surface sites amenable to
nucleation and their stochastic bifurcation into cathodic and anodic sites as is characteristic of
electroless processes [20]. All seed morphologies approximate a spherical shape. However, for
Ag seeding, a marked difference in seed density is observed: for the fibers immersed in SMR
bath with 0.1 M AgNOs, a high density of fine Ag seeds in close proximity can be observed;
while, fibers treated in SMR bath with 0.01 M AgNOs; showed comparatively finer Ag seeds
that are sparsely distributed, leaving much of the fiber surface exposed. Furthermore, apparent
seed density increases from 23 + 10 particles/um? to 47 + 6 particles/um?, and particle size
increased from 29 + 7 nm to 60 £ 18 nm with increase in the concentration of the silver salt in
the SMR bath. In essence, modulating the silver precursor concentration, while keeping
invariant the chelation and reducing agent concentration, leads to fewer apparent nucleation
and a smaller seed size on the PAN fiber surface. Henceforth, Ag-seeded samples will be
referred to as (H.D.) and (L.D.) for the high and low seed density cases respectively. It can also

be deduced that the incubation time is independent of the seeding density.
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On the other hand, the Pd seed crystals were ultra — fine, having an average particle size of 5.6
nm (determined from XRD patterns, under the assumption that the crystallite size =~ particle
size). This ultra-fine nature precluded a quantification of the apparent Pd seeding density, but
it is qualitatively estimated to be in excess of seed densities of the Ag-seeded fibers. This is in
accordance with general observations of Pd seed densities on tin—sensitized planar substrates
[33]. In the two — step activation procedure, hydrochloric acid in the sensitization bath inhibits
the hydrolysis of tin (II) chloride into insoluble hydroxotin (II) chloride (Sn(OH)CI),
facilitating the formation of tin chloro — complexes that have been posited as the active
reducing species [34]. Consequently, the hydrochloric acid concentration strongly modulates
the evolution of catalytic palladium seeds upon activation, controlling particle size and
promoting high seeding densities [33]. For instance, for sensitization baths with 30 mL/L and
60 mL/L of HCI, Pd seeding densities of 640 and 1910 particles/um? were observed
respectively on planar TiN [35]. In this work, the HCI concentration in the sensitization bath

was 200 mL/L, and it can be inferred that the Pd seeding density will be correspondingly high.
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Figure 3: SEM micrographs of (a) High density Ag-seeding obtained from 0.1 M AgNO; in S.M.R bath
(b) ) Low density Ag-seeding obtained from 0.01 M AgNOs in S.M.R bath (c) fine palladium particles on
the surface of the PAN fibers (d) Ag seeding density and particle size versus AgNO3 concentration in
S.M.R bath. Scale bar is 1 pm
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The reaction pathway for the activation of formaldehyde (HCHO) in an electroless copper
deposition process has been studied in detail [36]. In essence, formaldehyde is hydrolyzed to
methylene glycol (H,C(OH),, but it takes the methyl diol anion form, H,C(OH)O~, due to the
high pH of the electroless copper solution. The negative charge of this molecule lowers the
thermodynamic barrier to the abstraction of hydrogen from the carbon atom (in the C — H bond)
necessary for initiation of the anodic oxidation process, equation (5). The dehydrogenated
product is terminally oxidized to formic acid (or formate anions in an alkaline bath) with a
corresponding reduction of copper species. Analogously, as has been shown with saturated
hydrocarbons, transition metals possess unique chemistries that facilitate the breakage of the C
— H bond required for dehydrogenation [37]: in close proximity, the antibonding molecular
orbital, o;:_y is populated by electrons from the occupied transition metal d orbital, inducing a
weakening of these bonds; at the same time, metal — H interaction/bonding occurs with an
attendant overlap of electron population. Based on these processes, Pd and Ag seed crystals
facilitate the dehydrogenation of formaldehyde, allowing the nucleation and subsequent growth
of copper nanoparticles on the surface of the electrospun PAN fibers. As an advantage,
deposition is not terminated when these seed crystals are expectedly occluded by deposited
copper species given that Cu® also represents adsorption sites for methyl diol anion activation
and oxidation [36]. This affords easy control over copper growth during deposition on the PAN

fibers.

Figure 4 shows the evolution of copper nanoparticles on the Ag- and Pd-seeded fibers, and the
lower magnification images of deposition can be found in figure S1; for both seeding processes
copper coatings can eventually occur. The first observation of note is that both Ag seeding
conditions have an incubation time of > 5 min before Cu begins to deposit, since the
microstructures after 5 minutes Cu deposition, fig 4a and g, are qualitatively similar to that of
their corresponding Ag-seeded fibers, figure 3a and b. This delayed deposition of Cu on the
Ag seed systems is likely due to time needed for the spontaneous polarization of the equilibrium
potentials of the redox half reactions (reactions 4 & 5) to establish a compromise potential at
which metal deposition takes place according to the mixed potential theory [20]. As an
example, literature reports of an electroless copper bath that consists of formaldehyde (HCHO)
as reducing agent and ethylenediamminetetraacetic acid (EDTA) as complexing agent have
shown that the mixed potential is reached only after about 4 minutes (on Cu substrates at a pH
of 12.5) of exposure to the plating solution [20]. Secondly, for high-density Ag-seeded fibers,

as the deposition time increases, a progressive increase in Cu coverage from distinct
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particles/islands to full consolidated films is observed. At ten minutes deposition, PAN fibers
were substantially covered with contiguous copper nodules, but distinct patches of the
underlying surface are still visible; a fully conformal Cu NP film on the fibers is not evident
until 15 minutes deposition, with the sporadic occurrence of copper outgrowths, fig 4c. The
hierarchical assembly of Cu NPs is clearly evident: at 10 minutes deposition, single Cu NPs

aggregate into clusters of irregularly shaped nodules on a PAN fiber core.

?}.
See e 5 min 10 min 15 min

Ag-seeded
(H.D.)

Pd-seeded

Ag-seeded
(L.D.)

Figure 4. Evolution of copper nanoparticles on the seeded fibers. SEM micrographs for: (a) PAN-Ag-Cu-
5 (b) PAN-Ag-Cu-10 (c) PAN-Ag-Cu-15 for High density seeding; (d) PAN-Pd-Cu-5 (e¢) PAN-Pd-Cu-10 (f)
PAN-Pd-Cu-15 for Pd seeding. (g) PAN-Ag-Cu-5 (h) PAN-Ag-Cu-10 (i) PAN-Ag-Cu-15 for low density

seeding. Scale bar is 1 pm

This subsequently transforms into full conformal and compact copper nanoparticle coatings at
15 minutes deposition, Figure 4c. Moreover, the copper nanoparticle films contained

intermittent voids or mesopores. One plausible conjecture is that the voids may be attributed to
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hydrogen gas evolution as predicted by equation (6), which effectively acts as a barrier to
densification in the deposition field. A more probable explanation may be that voids form as a
result of geometric misfit between adjacent particles, large enough to be uncovered during the

particle/nodule growth process [30].

The low density Ag-seeded samples maintain a discrete distribution of copper islands on the
PAN fibers after 15 minutes of exposure to the copper electroless plating solution. The island
size increased from 44 + 16 nm at 10 minute deposition to 82 + 23 nm at 15 minute deposition,
but has still not formed a compact film. Since the initial particle density was 29 um (and
average particle spacing of = 210 nm, for particle size of 29 nm) more time will be needed to
create a compact film. Coverage is modulated by the density of catalytic silver seeds, with the
Cu NPs growing exclusively on the silver core seeds, and large areas of the fiber surface are
devoid of copper NPs. In addition, copper NP growth evolved to conform to the spherical

morphology of the underlying Ag seeds.

The microstructural evolution of Cu NPs on Pd-seeded fibers are shown in figure 4d-f. In
contrast to the Ag-seeded fibers, a near-complete copper coverage is observed after 5 minutes
deposition, signifying that the mixed potential is attained rapidly on Pd seed systems, and this
enhances the kinetics of precipitation, at least before occlusion of the seeds by the first few
monolayers of Cu. Thus, with the palladium seeds, the incubation time is << 5 min. This is a
similar observation as previous studies of the nascent stage of growth of copper nanostructures
on palladium-seeded TaN substrates ( seed size, 5 — 10 nm), that showed that continuous copper
coverage was obtained after deposition times of 45 s — 1 min [38, 39]. The shorter incubation
time may be explained in terms of the three orders of magnitude difference in measured
exchange current densities for Hz evolution on palladium with respect to silver: this value,
which is 1.3 x 107% A/cm? for silver, and 1 x 107> A/cm? for palladium [21], will, in principle,
correlate with the rate of the aforementioned dehydrogenation process, and is a function of the
relatively weaker binding of hydrogen with silver in contrast to palladium (in the classic
volcano plots of current density vs free energy of hydrogen adsorption, palladium situates close
to the peak, and silver lies close to the lower right leg [40]). The deposit microstructures are
qualitatively similar with increasing deposition time, with greater copper outgrowth at 10 min
and 15 min, figure 4e and f. The copper nodules on the Pd seeded fibers were much finer than
those observed on the high density Ag seeded fibers, and they aggregated into a rocklike,
porous film structure. The finer nodules are likely a result of the comparatively higher density
of Pd seeds, providing a greater number of nucleation centers that presumably confer a
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diffusion-dominated growth process for the copper nodules. So, in summary, the Pd seeded
fibers exhibit a higher seeding density and a lower incubation time, leading to the more rapid

formation of a compact Cu coating.

Figure 5 shows, in greater detail, the resultant microstructures for the three distinct seeding
regimens after 15 minute Cu NP deposition. In particular, the comparison between conformal
copper nanoparticle films obtained from Ag-seeding (H.D.) and Pd-seeding, figure 5a and b,

shows apparent differences in film compactness.

Figure 5. High agnicatin microstructure.s of coi)pé e;fl-llltion for (a) PAN-Ag-Cu-lSA (H.D.) (b) PAN-
Pd-Cu-15 (¢c) PAN-Ag-Cu-15 (L.D.). Scale bar is 500 nm

This indicates that hydrogen gas evolution is substantially greater for Pd-seeded fibers, at least
in the early stages of deposition. The enhanced H> “bubbles” formation creates void-filled
deposits that serve as the “irregular” templates for subsequent deposition as will be shown more
clearly by cross-sectional TEM images. Accordingly, it is expected that the observed roughness
should confer an increased surface area. For the low-density Ag-seeding, the nanoparticle
islands are non-faceted, suggesting, on the overall, that the deposition process is faster than

surface diffusion.

Figure 6 shows TEM images of representative cross-sections of PAN-Ag, PAN-Pd, PAN-Ag-
Cu-15 (H.D.) and PAN-Pd-Cu-15. Generally, the Ag- and Pd- seed crystals as well as deposited
Cu NPs conform to the substrate geometry, and deposition/precipitation events are restricted
to the PAN fiber surface. The cross-sections are consistent with their corresponding SEM
images in figures 3, 4, and 5 respectively. However, for PAN-Ag, figure 6al, finer Ag crystals
on the order of 3 — 4 nm are interspersed between the island particles, previously unobservable
in the SEM image of figure 3a. Although the majority of Pd seeds were bound to the fiber
surface in the PAN-Pd samples, varying degrees of particle embedding (a few nm beneath the
fibers surface) was observed. The reason is not clear yet, but the shearing force of the diamond
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knife may inadvertently displace the Pd seeds. The PAN-Pd-Cu-15 samples, figure 6b2, do not
exhibit such embedding. The distinction in the copper nanoparticle film growth as facilitated
by Ag seeding and Pd seeding is clearly observed in figure 6a2 and b2 respectively: the PAN-
Ag-Cu-15 (H.D.) exhibited a highly compact film structure as is evidenced by the greater mass
thickness contrast; on the other hand, PAN-Pd-Cu-15 exhibited loosely packed film deposits
with attendant microporosity from inclusion of H» bubbles as discussed previously.
Corresponding latitudinal cross-sections for PAN-Ag-Cu-15 (H.D.) and PAN-Pd-Cu-15 are

shown in figure 6a3 and b3 respectively,

Figure 6. Bright Field TEM images of (al Latitudinal cross section of PAN-Ag (a2) Latitudinal cross-

(a1) (a2) (a3)
o ’ P"“" p"*!“"ﬂ
" L ‘\
¢ ' 4 , 3
< ) ;
“ 3 ‘ . &
4°
3 Py
(b1) (b2)
2 &“ﬂ.ﬂ;

: . L . R
: it o

\ %
- g
section of PAN-Ag-Cu-15 (a3) longitudinal cross-section of PAN-Ag-Cu-15 (b1) Latitudinal cross-section
of PAN-Pd (b2) Latitudinal cross-section of PAN-Pd-Cu-15 (b3) longitudinal cross-section of PAN-Pd-

Cu-15. Scale bars are 200 nm

Phase confirmation and crystallite size measurements of the metallized fibers were evaluated
using x-ray diffraction. Figure 7 shows the obtained diffraction patterns of the H.D. Ag-seeded
fibers and Pd-seeded fibers, wherein the patterns can be viewed as a superimposition of the
individual patterns of PAN and the grown metallic species. For all seeding protocols, peak

broadness is indicative of the nanoparticulate nature of the deposited metallic species. The
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broad peak between 20° and 35° can be attributed to the attendant amorphicity of the
electrospun PAN fibers. For the H.D. Ag seeding, figure 7a, the presence of silver crystals in
the seeded fibers is evidenced by characteristic silver peaks at Bragg angles of 38.4°, 44.3° and
64.5° which correspond to the {111}, {200}, and {220} Ag planes respectively (JCPDS Card
No. 4-783). For the Pd-seeded fibers, figure 7b, characteristic Pd peaks are observed at 40.1°
and 46.2° for {111} and {200} Pd planes respectively (JCPDS Card No. 46-1043). However,
there were apparent differences in the intensity of the {111} reflections despite identical
seeding and measurement conditions. This could be a result of sample and measurement
variability with respect to possible differences in fiber mat packing, slight differences in probe

volumes etc.
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Importantly, copper peaks at 43.5° and 50.4° for (111) and (200) Cu planes (JCPDS Card No.
4-0836) became apparent at high deposition times i.e. at 10 minutes and 15 minutes for H.D.
Ag-seeded fibers, and at 5 min onwards for the Pd-seeded fibers, corroborating the
microstructural observation of a marked distinction in induction/incubation period for copper
deposition for both seeding systems. In addition, for Ag-seeding, the evolution of copper peaks
at 10 minutes is consistent with observations made with dynamic light scattering of time-
resolved aqueous solution precipitation of Cu NPs catalyzed by Ag NPs [41]. In accordance
with the attenuation of the overall intensity of silver and copper reflections for L.D. seeded
fibers, the higher index reflections were either obscured by background signals or absent,

shown in figure S2. Average silver crystallite size was 12.75 nm and 4.51 nm for H.D and L.D.
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Ag seeding respectively, signifying that the Ag particles in figure 3 are polycrystalline in

nature. For both seeding chemistries, the average size of the Cu NPs is ~9 nm.

Raman Spectroscopy

Considering the imbuement of the electrospun mats with the active species of the seeding and
electroless copper deposition processes, structural modification of the underlying PAN fiber is
expected. Raman spectroscopy provides structural characterization of carbonaceous materials
[42]. Complete Raman shifts for the three distinct seeding regimen and attendant time-resolved
copper NP evolution is shown in figure S3. The shifts can be split in two distinct regions [43]:
a first order region which spans shifts between 1100-1800 cm™! and the second order region
from 2200-3400 cm™!. The pristine fibers show a narrow, sharp peak in the second order region
at 2240 cm!, characteristic of the cyano- functional group present in polyacrylonitrile — which
is also an infrared (IR) active band, figure S4 — and a second-order band at 2932 cm!. Incipient,
convolved high frequency bands at 1350cm™! and 1580cm! respectively classified as the D and
G bands are observed in the seeded fibers i.e. PAN-Ag (H.D.) PAN-Ag (L.D.) and PAN-Pd,
figure S3a-c. Upon copper NP deposition, the relative intensities of these bands became more
distinctive with increasing deposition times, more so for the Pd-seeded fibers, figure S3c.
While the observed evolution of these specific peaks are undoubtedly a result of chemical
modifications, it is also important to note that localized plasmon resonances of the copper NPs
upon laser excitation enhances Raman scattering [44]. Furthermore, it is established that
metallic nanoparticle density as well as inter-particle spacing both augment this enhancement
[45]. Hence, we make definitive comparisons of surface chemistry modifications using sample
instances that have high copper nanoparticle density and distinguishable D and G bands, which
correspond to samples with 15 min immersion times. The acquired Raman shifts for pristine

PAN, PAN-Ag-Cu-15 (H.D.), PAN-Ag-Cu-15 (L.D.) and PAN-Pd-Cu-15 shown in figure 8a.
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Figure 8: (a) Raman shifts for pristine PAN, PAN-Ag-Cu-15 (L.D.), PAN-Ag-Cu-15 (H.D.), PAN-Pd-Cu-
15 (b) Decomposition profile of the metallized PAN fibers for TGA analysis (top); Derivative curves with

(bottom), inset plot highlights the relative shifts in temperatures at maximum weight loss for the samples

The G-band originates from “in-plane” Eag type vibrational mode of overlapping sp? —
hybridized carbon atoms, while the D-band or defect band is an “out-of-plane” Aig type
vibrational mode generated by structural disorder or introduction of heteroatoms in the carbon-
based structure [43, 46]. Also, the D band has been attributed to the breathing mode of sp?
atoms in ringed structures [47]. In the context of PAN metallization, both bands are indicative
of the possible cyclization of PAN molecules i.e. the transformation of distinct -C=N groups
into conjugated systems of C = N bonds, forming a part of connected six-membered cyclical
structures [48]. FTIR spectra in figure S4 provides added evidence of this transformation.
However, cyclization does not extend into the bulk of the PAN fibers, given that the cyano-
bands are still visible in the infrared spectra of these samples (Given a PAN refractive index of
1.5, for a mid-IR incident probe wavelength of 2240 ¢cm!, the theoretical penetration depth is
~ 0.90 um which is on the order of the fiber diameter). Additionally, the evidence of surface
chain cyclization is further strengthened by observing the manner of evolution of the D and G

bands in relation to the cyano band: a marked attenuation of the cyano band intensity is apparent
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in the Raman shifts of PAN-Ag-Cu-15 (H.D.), PAN-Ag-Cu-15 (L.D.) and PAN-Pd-Cu-15 in
figure 8a (also observed in figure S3a—c), and this is accompanied by the appearance of D and
G-bands, suggesting that the depletion (or more appropriately, conversion) of the cyano-
functional group on the surface of the fiber and emergence of aromatized components may be
closely related. In parallel, the band intensity at 2932 cm’!, attributable to methylene stretching,
is observed to be dramatically reduced for PAN-Ag-Cu-15 (H.D.) and PAN-Pd-Cu-15 samples.
A commonly wused metric for quantification of the degree of structural
organization/disorganization is ratio of intensities of the D and G bands (In/lIg). As
disorganization increases, the ratio increases and vice versa [43]. For PAN-Ag-Cu-15 (H.D.),
PAN-Ag-Cu-15 (L.D.) and PAN-Pd-Cu-15, Ip/Ig are 1.25, 0.86 and 1.16 respectively.
Accordingly, the order of decreasing disorganization is PAN-Ag-Cu-15 (H.D.) > PAN-Pd-Cu-
15 > PAN-Ag-Cu-15 (L.D.). Broadly, these ratios allow the inference of a high degree of
surface disorganization (better termed as a reorganization with respect to this study) of the PAN
fibers, and are roughly proportional to the seeding densities (and attendant Cu NP coverage) in

the respective nanocomposite systems

Thermogravimetric analysis

Thermograms and DTG curves from the controlled pyrolysis of pure PAN, PAN-Ag-Cu-15
(H.D.), PAN-Ag (H.D.), PAN-Pd and PAN-Pd-Cu-15 are shown in figure 8b. In general,
thermal decomposition of the samples proceeded in a multi-step manner. Furthermore, weight
loss regimes can be grouped under three broad temperature ranges: from room till about 250°C,
slight weight losses are observed, attributable to the emission of water molecules and other
volatile products [49]; dramatic weight loss from 250°C - 330°C is commonly observed in
PAN-containing materials, and is a result of evolution of ammonia gas and hydrogen cyanide
accompanied by a thermally induced cyclization of the nitrile groups; the gradual weight loss
between 330°C - 800°C has been attributed to methane and hydrogen gas emissions [50].
However, the chemical treatment processes may presumably alter slightly the constitution of
these classic pyrolytic PAN products. Importantly, a degradation in the thermal stability of
PAN-Ag-Cu-15 (H.D.), PAN-Ag (H.D.), PAN and PAN-Pd-Cu-15 is observed in the DTG
curves, figure 8b, wherein the differential in temperatures at maximum weight loss (peak
temperatures) of these samples with respect to the pure PAN fibers was between 12°C - 30°C.

The values are shown in table 1. While the cyclization of the nitrile functional groups as
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evidenced by the Raman spectra in figure 8, has been postulated to enhance the thermal stability
of PAN [51], this effect may be nullified and reversed by the exceptional thermal
conductivity/transport of the copper and silver nanoparticle films through an enhanced thermal
coupling to the underlying PAN fibers during pyrolysis that manifests as a thermal stability
degradation. This observation is in contrast to improvements in thermal stability of PAN fiber
nanocomposites where the metallic nanoparticles are dispersed in the fiber matrix [52, 53].
However, PAN-Pd sample exhibited an enhanced thermal stability and this may be attributed
to the size-mediated degradation of the thermal conductivity of metallic nanoparticles which
occurs when the characteristic dimensions of the body approaches the mean free path of
conducting electrons [54]. In this case, the Pd particle size (~ 5.6 nm) is much smaller than the
typical mean free paths of metallic materials (on the order of tens of nanometers)[54]; coupling
this effect with the discrete nature of Pd seed distribution (figure 3¢ and figure 6(b1)) may
induce a less thermally responsive PAN fiber nanocomposite. A summary of the relative

composition derived from analysis of the residual char is shown in table 1.

Table 1: Relative composition of the constituent materials in the metallized fibers for PAN-Ag-Cu-15

(H.D.) and PAN-Pd-Cu-15

Temp at Relative composition by
Manx Residual weight
Sample 00 oC char (%)
. (Wt %)

O PAN | Pd | Ag | Cu

PAN 292 28 100 - - -

PAN - Ag 280 38 86 - 14 -

PAN - Pd 324 47 74 26 | — -
PAN-Ag—Cu-15 (H.D.) 263 53 65 - 11 24
PAN-Pd-Cu-15 263 54 64 23 - 13

In spite of increased reaction kinetics resulting in very rapid copper deposition from solution
as observed previously, the Pd-seeded fibers supported a comparatively smaller amount of

copper nanoparticles than the Ag-seeded fibers as seen in Table 1. Again, this stems from the
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hydrogen gas/bubble generation that undermines the formation of compact copper nanoparticle

films, limiting the amount of material deposited per layer on the PAN fibers.
CONCLUSION

We have made a comparative analysis of electroless deposition of copper nanoparticles on
electrospun PAN fibers as mediated by catalytic seeds of palladium and silver to determine
conditions that can create continuous conformal copper NP coatings or maintain individually
isolated copper nanoparticles. The resultant hierarchical material structures can be used in the
fields of catalysis, sensor design, membrane or separation technologies and wound dressing.
Cyclization of polyacrylonitrile macromolecules as a consequence of the Pd and Ag seeding
and electroless copper metallization processes allow for precipitation/deposition. Each seeding
route and chemistry confers distinct features that may be beneficial for some given specific
material design requirements. Using the silver mirror reaction for silver seed deposition
created a conformal and discrete distribution of copper nanoparticles on the PAN fibers that
can be controlled by modulating the concentration of the precursor silver salt, with apparent
densities of 23 + 10 particles/um? and 47 =+ 6 particles/um? and corresponding particle sizes of
29 £ 7 nm and 60 = 18 nm obtained for concentrations of 0.01 M and 0.1 M AgNO;
respectively. The Pd seed size (~ 5.6 nm) appears to have an even higher density of seeds. The
seed density correlates well with the ratio of the D:G band intensities in Raman spectroscopy,
implying that cyclization of the surface of the PAN during chemical processing is directly
related to the seeding behavior and attendant Cu NP coverage. Time-resolved electroless
deposition of copper nanoparticles helped to establish time thresholds or cut-offs for
microscopic and diffraction scattering detection of particle formation, being << 5 minutes on
the Pd-seeded fibers and > 5 minutes on the Ag- seeded fibers. For the cases of conformal
copper nanoparticle coatings, compact films were obtained for the Ag-seeded fibers, whereas
for the Pd-seeded fibers the films were porous and rocky with attendant microporosity. TGA
analysis showed a degradation in thermal stability of the metallized fibers when the metallic
coating size was greater than the electron’s mean free path, but a slight enhancement in thermal
stability when PAN was coated with isolated Pd particles with a size smaller than the likely

mean free path of the eletrons.
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Figure S1: Global SEM view of copper nanoparticle evolution on the seeded fibers (a) PAN-Ag-Cu-5 (b) PAN-Ag-Cu-
10 (c) PAN-Ag-Cu-15 for High density seeding; (d) PAN-Pd-Cu-5 (e) PAN-Pd-Cu-10 (f) PAN-Pd-Cu-15 for Pd
seeding. (g) PAN-Ag-Cu-5 (h) PAN-Ag-Cu-10 (i) PAN-Ag-Cu-15 for low density seeding. Scale bar is 5 pm
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Figure S2: X-ray diffraction pattern for copper evolution on low-density silver seeded PAN fibers
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Figure S3: Complete Raman shifts for time-resolved copper NP evolution on PAN fibers with (a) Ag-seeding (H.D.)
(b) Ag-seeding (L.D.) (c) Pd seeding
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Figure S4: FTIR spectra of PAN, PAN-Ag-Cu-15 (L.D.), PAN-Ag-Cu-15 (H.D.), and PAN-Pd-Cu-15

In general, the pure PAN, PAN-Ag-Cu-15 (L.D.), PAN-Ag-Cu-15 (H.D.), PAN-Pd-Cu-15 show
characteristic bands at 2930 cm™ attributed to stretching of the v(C — H) in (-<CH, -); at 2240 cm™ from
stretching of the cyano functional group, v(C=N); and at 1451 cm™ due to §(C—H) bending. The band
corresponding to v(C=0) at 1665 cm' is possibly from the carbonyl groups in dimethylformamide and
acetone used as solvents for the electrospinning solution. Specifically, the Cu metallized samples
exhibited distinct peaks from 1615 — 1565 cm’, attributable to v(C=C) stretching, and v(C=N)
stretching in pyridine structures [1]. This suggests a cyclization of the nitrile groups in polyacrylonitrile,

creating pyridine-like repeat molecular structures.
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