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A 3-dimensional polypyrrole—palladium nanocomposite material
was prepared by transferring a sponge structure of a sea urchin
spine via chemical oxidative polymerization. The nanocomposite
material was successfully coated with nickel, maintaining the 3-
dimensional sponge structure by electroless plating in an aqueous
medium.

Introduction

Electroless plating, also known as chemical plating, is one of
the industrial processes that allows coating of metal layers,
such as nickel (Ni) and copper, onto insulating substrates in a
liquid bath.'™ In contrast to electroplating, which requires an
externally generated electric current to reduce high-oxidation-
state metal ions, electroless plating proceeds based on an
autocatalytic chemical reaction. To attain the autocatalytic
reaction, an appropriate catalyst (e.g., palladium (Pd) nano-
particles) should be introduced on the surface of the substrates.
Electroless Ni plating has been largely applied in the electric
materials field to form interconnects in 2-dimensional printed
circuit boards.*® Additionally, electroless plating has been
utilized to coat colloidal particles and nanotubes with Ni
toward applications as conducting spacers for electronic
devices and additives for electromagnetic absorbing
materials.””™ Although electroless plating could be applied to
substrates with various shapes, there have been few reports
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regarding electroless Ni plating on 3-dimensional porous struc-
tures. The development of electroless Ni plating on 3-
dimensional porous structures is crucial to expand the oppor-
tunities and diversity of the materials with porous structures as
a functional system.

In this communication, electroless Ni plating was conducted
on a 3-dimensional polymer-Pd nanocomposite material with a
micrometer-scale sponge structure, which was prepared using a
biomineral template (Fig. 1). The nanocomposite materials
before and after Ni coating have been extensively characterized
in terms of their morphology and chemical compositions using
a wide range of analytical techniques such as optical micro-
scopy, Fourier transform infrared spectrometry (FT-IR), scan-
ning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), CHN analysis, and thermogravimetric
analysis (TGA).

Results and discussion

The goal of this article is to coat a material with a sponge
structure by Ni via electroless plating. It is therefore important
to prepare catalyst-loaded materials with sponge structures. To
this end, we first prepared 3-dimensional polymer-Pd nano-
composite materials with the sponge structures by chemical
oxidative polymerization of pyrrole (Py) with Pd(u) chloride
(PdCl,) using a sea urchin spine as a porous biomineral
template. Recently, we reported successful syntheses of poly-
pyrrole (PPy)-Pd (PPy-Pd) nanocomposite materials in a one-
step manner by aqueous chemical oxidative polymerization of
Py using PdCl,."*"* Here, Py worked as a reductant and PdCl,
functioned as both an oxidant and a source of metal atoms,
yielding PPy-Pd metal nanocomposites. Furthermore, the Pd
nanoparticles embedded in the PPy matrix were demonstrated
to work as effective catalysts for aerobic oxidative homocou-
pling reactions,'® Suzuki-Miyaura cross coupling reactions,'”
and electroless plating.'® The sea urchin spines, composed of
CaCOj; nanocrystals, are well known to have a microporous
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Fig. 1 Scheme illustrating the synthesis of the polypyrrole—Pd (PPy—Pd)
nanocomposite sponge material via chemical oxidative polymerization
using a biomineral as a template and electroless plating to fabricate the
nickel (Ni)-coated sponge material.

structure and have been utilized as a sacrificial template to
form functional materials."®*> SEM images showed that the
spine had a sponge structure with a pore size of 5 um-23 pm
(Fig. 2a-d).

After immersion of one sea urchin spine (6.3 + 2.8 mg) in Py
monomer for 24 hours, the spine was wiped using a paper towel
to remove excess Py monomer before immersion in an aqueous
PdCl, solution. The weight measurements of the spine before
and after the immersion in Py monomer indicated the specific
pore volume of 0.146 cm® g~ ', which was of similar
value to those reported for the 3-hexylthiophene and 3,4-
ethylenedioxythiophene system (0.1-0.15 cm® g~ *).>""** Consid-
ering the specific pore volume estimated using degassed water
after five evacuation and pressurization cycles to remove all
gases that might hide in the pores was 0.127 cm® g%, the Py
was expected to fill the internal pore space within the spine.
Once the Py-containing spine was placed in the aqueous
solution of PdCl, and NaCl (PdCl,, 80 mg; NaCl, 0.160 g; water,
10.0 g) at 50 °C, the polymerization started smoothly and the
color of the spine changed from white to black, indicating the
generation of the PPy-Pd nanocomposite. The polymerization
was expected to occur first at the surface of the sea urchin spine
where the Py monomer and oxidant could contact and then
progressed internally via diffusion of the oxidant into the pore.
During the polymerization for 1 week with magnetic stirring at

Fig. 2 SEM images of the (a—d) biomineral, (e-h) biomineral/PPy-Pd
nanocomposite and (i-l) PPy-Pd nanocomposite sponge material
obtained by extraction of biomineral from the biomineral/PPy—Pd nano-
composite using EDTA-2Na. (b and ¢), (f and g) and (j and k) are magnified
images of outer and center areas of (a), (e) and (i), respectively. (d), (h) and
() are magnified images of (c), (g) and (k), respectively.
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Fig. 3 (a) Optical photograph and (b) cross-sectional optical micrographs
of the biomineral after chemical oxidative polymerization of pyrrole with
PdCl, oxidant. (c) Relationship between cross-sectional area and PPy—Pd
nanocomposite coated area.

200 rpm, the PPy-Pd nanocomposite should precipitate within
the pores to fill the inner space and onto the surface of the sea
urchin spine. Subsequent inspection of the cross section of the
resulting sea urchin spine using optical photography revealed
that black color was observed relatively homogeneously from
the circumference to the center of the cross-sectional circle for
the spine with cross-sectional areas of <5.1 x 10~ cm” and the
percentage of black-color occupying areas was determined
to be >82% (Fig. 3). On the other hand, the black color could
be observed only on the circumference layer of the cross-
sectional circle for the spine with cross-sectional areas of
>11.2 x 102 cm” and the percentage of black-color occupying
areas was determined to be <22% (Fig. 3). The reason is
unclear, but there were two possible reasons for this incom-
plete deposition of the PPy-Pd nanocomposite: (1) Pd** oxidant
could not diffuse to the center part of the spine through the
generated PPy-Pd nanocomposite and (2) Py monomer did not
exist in the center part because of elution of the Py monomer
into the aqueous phase during the polymerization. Hereafter,
the spine/PPy-Pd nanocomposite materials with cross-sectional
areas of <5.1 x 10 ° cm® were characterized. The SEM images
suggest that the pore of the spine was filled with the PPy-Pd
nanocomposite (Fig. 2e-h). Fig. 4a—c depict FT-IR spectra of the
bare spine template, the PPy-Pd nanocomposite (synthesized
by aqueous precipitation polymerization in the absence of
spine), and the sea urchin spine/PPy-Pd nanocomposite mate-
rial. The spectrum for the bare spine was typical of that for the
CaCOj;. The broad absorption with a peak top of 3401 cm ™"
could be assigned to the stretching vibration and asymmetric
stretching vibration of the O-H bond, and could be also due to
the hydroxy groups and absorbed water on the CaCOj; surface.
There were other characteristic peaks at 714 and 876 and
1437 em™~ ' corresponding to in-plane bending (v,) and out-of-
plane bending (v,) vibrations and asymmetric stretching vibra-
tion (v3) of carbonate groups, respectively.>**> The combi-
nation bands were also detected at 1796, 2515 and 2872 cm™*
for vy + vy, 2v, + v4 and 2u;, respectively.** In the spectrum of
the PPy-Pd nanocomposite, characteristic bipolaron bands at
1222 and 937 cm™' and broad bands at 1568 cm™' (C-C
stretching vibration in Py ring) and 1051 cm~ ' (C-H and N-H
in-plane deformation vibration) were observed, indicating the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra obtained for the (a) biomineral, (b) PPy—Pd nano-
composite bulk powder, (c) biomineral/PPy—Pd nanocomposite, (d) PPy—
Pd nanocomposite sponge material and (e) Ni-coated PPy—Pd nanocom-
posite sponge material.
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generation of doped PPy.>® In the spectrum of the spine/PPy-Pd
nanocomposite, characteristic absorptions attributed to both
the CaCO; and PPy components were observed. CHN analyses
gave us meaningful information on chemical composition.
Percentages of carbon, hydrogen and nitrogen were determined
to be 11.8%, 0.31% and ~ 0% for the spine, respectively. PPy-
Pd nanocomposite loading to the spine was determined to be
1.67 wt%, by comparing the nitrogen content of 0.12% for the
spine/PPy-Pd composite material to that of 7.18% for the PPy-
Pd nanocomposite. (Here, the PPy-Pd nanocomposite loading
could be estimated based on nitrogen content, because the
spine does not contain nitrogen.) An EDX study, which can map
elements, offered worthwhile information on the morphology
of the spine/PPy-Pd nanocomposite material (Fig. 5a-c, Fig. S1
and S2, ESIT). The EDX images confirmed the existence of Ca
and Pd elements, which originated from the biomineral and
the PPy-Pd nanocomposite, respectively. Interestingly, the loca-
tions of the biomineral and PPy-Pd nanocomposite did not
overlap, and they existed separately, indicating that the PPy-Pd
nanocomposite precipitated in the biomineral pore and filled
the pore.

The PPy-Pd nanocomposite could keep its porous structure
even after removal of the biomineral using ethylenediaminete-
traacetic acid disodium salt (EDTA-2Na), indicating the suc-
cessful role of the sea urchin spine as a sacrificial template. The
SEM image suggested that the thickness of the PPy-Pd wall was
4 pm-28 um, which accorded well with the pore size of the
original spine (Fig. 2i-1). Transmission electron microscopy
(TEM) studies on the ground sample confirmed that the Pd
nanoparticles with a diameter of 2-5 nm (3 £ 1 nm) were
embedded in the PPy matrix (Fig. S3, ESI{). The weight loss
profile obtained by TGA for the PPy-Pd nanocomposites
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Fig. 5 (a and d) SEM images and (b, c, e, and f) EDX images of (a—c) the
biomineral/PPy—Pd nanocomposite and (d—f) the PPy—Pd nanocomposite
sponge material obtained by extraction of the biomineral from the bio-
mineral/PPy—Pd nanocomposite using EDTA-2Na.

synthesized in the presence of the spine was in good accor-
dance with that for the PPy-Pd nanocomposites synthesized in
the absence of the spine (Fig. S4, ESIt). This result should
indicate that the chemical compositions of these PPy-Pd nano-
composites were the same, which was also supported by FT-IR
studies (Fig. 4b and d). The PPy-Pd nanocomposite consisted of
38.6 wt% PPy and 61.4 wt% Pd components, which was
estimated by comparing the nitrogen content to that of
chlorine-doped PPy homopolymer synthesized by aqueous
chemical oxidative precipitation polymerization using FeCl;
oxidant, assuming that the PPy component in the PPy-Pd
nanocomposite and the PPy homopolymer have the same
chemical structure. (CHN analysis indicated C/H/N weight
ratios for PPy-Cl and PPy-Pd nanocomposite were 48/3.19/
13.97 and 48/3.26/13.80, which accorded well with those theo-
retically calculated (48/3/14), respectively. The hydrogen per-
centages experimentally determined were a little bit higher
than the theoretical values. This might be due to introduction
of pyrrolidine units into PPy during the polymerization.>”) This
weight ratio was in good agreement with the theoretical value
estimated based on the reaction stoichiometry (PPy, 38.3 wt%;
Pd, 61.7 wt%)."* These results suggest that the Py was poly-
merized with the Pd*" oxidant in a quantitative manner. The
EDX studies showed the existence of Pd element and appreci-
able attenuation of Ca element, indicating removal of the
biomineral template (Fig. 5d-f and Fig. S2, ESIt).

Ni was then deposited on the PPy-Pd nanocomposite sponge
material by electroless plating using Pd nanoparticles as a
catalyst in an aqueous medium. Ni plating was conducted at
45 °C for 7 days under magnetic stirring at 250 rpm by placing
the PPy-Pd nanocomposite material (2.2 mg) in the Ni-plating
solution. The Ni-plating solution consists of Ni(u) sulfate hex-
ahydrate (3.0 g), sodium phosphinate monohydrate (1.0 g),
sodium acetate (1.0 g) and deionized water (98 mL). Prior to
the electroless plating, the PPy-Pd nanocomposite material was
pre-wetted with methanol. This procedure was required to
infiltrate the plating solution into the pore of the nanocompo-
site material by improvement of the wettability. (Note that the

Mater. Adv,, 2022, 3, 931-936 | 933
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Fig. 6 (a and b) Optical micrographs, (c—e) SEM and (f—h) EDX images of
the Ni-coated PPy—-Pd nanocomposite sponge material. (d) and
(e) are magnified images of outer and center areas of (c). (f—h) are EDX
images of (c).

contact angles of water and methanol measured just after
placing the droplet on the pressed pellet made from PPy were
50° and 17°, respectively, suggesting that methanol could wet
the PPy-Pd nanocomposite better than water.) The resulting Ni-
coated PPy-Pd nanocomposite sponge material was purified via
5 times replacements of aqueous media with deionized water.
After the electroless plating, the color of the material turned
from black to metallic, indicating surface coating with Ni
(Fig. 6a and b). The FT-IR spectrum of the Ni-coated nanocom-
posite material showed fewer characteristic features, because of
coating with the metal component (Fig. 4e). SEM images
revealed that the Ni was deposited on the surface of the PPy-
Pd nanocomposite sponge material (Fig. 6c-e). Interestingly,
the Ni coating thickness was inhomogeneous: the PPy-Pd
nanocomposite wall was covered by a Ni overlayer (> 1 pm
thickness) in some parts (Fig. 6d) and the pores of the PPy-Pd
nanocomposite sponge material were filled with Ni in other
parts (Fig. 6e). The reason for this inhomogeneous Ni coating is
unclear, but the concentration gradient of Ni** ions in the
sponge structure generated during the electroless deposition
could play some role. Ostwald ripening, which causes size
distribution change of deposited Ni particles through the
dissolution and re-deposition during the deposition time,
could be another reason.”® The Ni-coated PPy-Pd nanocompo-
site sponge material could keep the 3D structure over five years.

EDX images for the Pd and Ni elements are depicted in
Fig. 6f-h. The EDX images revealed that Pd and Ni elements
existed homogeneously, suggesting the successful Ni deposi-
tion on the PPy-Pd material and remaining of the Pd catalyst
after the electroless plating. There were areas where the posi-
tion of Pd was the same as that of Ni. Considering that the size
of primary PPy nuclei generated by chemical oxidative
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polymerization was reported to be approximately 5-10 nm,*’
the nanocomposite should have a structure in which Pd nano-
particles were embedded in the PPy nanoscale porous matrix.
Therefore, small ionic species (Ni**) were expected to diffuse
and to contact the Pd nanoparticles, resulting in electroless Ni
plating occurrence on and within the nanocomposite substrate.
The atomic ratio of Ni/Pd was determined to be 80.35/19.65
(Fig. S2, ESIt). The signal assigned to P element was also
detected after Ni plating, which could be due to the generation
of a Ni-P alloy via reduction of phosphorous acid.>*?*!

Conclusions

In conclusion, the PPy-Pd nanocomposite material was prepared by
transferring the sponge structure of the biomineral via chemical
oxidative polymerization. The 3-dimensional porous PPy-Pd nano-
composite material was then successfully covered with Ni via
aqueous electroless plating utilizing a Pd nanoparticle catalyst
embedded in the PPy matrix. Noteworthily, the fabrication of the
metal-coated porous material can be conducted entirely in aqueous
media. As a biomineral porous template, nacre, eggshell and coral
could also be utilized.”> Other polymer-Pd nanocomposites, like
poly(3,4-ethylenedioxythiophene)-Pd, could be applicable as the
template, which have been already synthesized by one-step aqueous
chemical oxidative polymerization successfully.*> Potential applica-
tions for the metal-coated sponge materials include catalyst sup-
ports and novel electronic and optical devices.>*> The method
developed in this study should widen routes to coat materials with
various 3-dimensional structures with metal.

Materials and methods
Materials

Unless otherwise stated, all materials were guaranteed reagent
grade. Palladium(u) chloride (PdCl,, 99.9%) and sodium phos-
phinate monohydrate (NaH,PO,-H,0, 82.0-86.5%) were
obtained from Wako Chemicals. Sodium chloride (NacCl,
99.5%), aluminium oxide (activated, basic, Brockmann 1, stan-
dard grade, ~150 mesh, 58 A), nickel(II) sulfate hexahydrate
(>99.99% metal basis), methanol (99.5%) and sodium acetate
(99%) were obtained from Sigma-Aldrich and were used with-
out further purification. Pyrrole (Py, 98%) was also obtained
from Sigma-Aldrich and purified by passing through a column
of activated basic alumina prior to storage at -15 °C before use.
Sodium hypochlorate (NaClO) aqueous solution (5 wt%) was
obtained from Kanto Chemical Co. Inc. Deionized water
(<0.06 uS cm™ ') was prepared using deionized water produ-
cing apparatus (Advantec MFS RFD240NA: GA25A-0715) and
was used for syntheses and purification of materials. A sea
urchin spine (Echinometra mathaei) was immersed in NaClO
aqueous solution for 48 h after ultrasound irradiation for 1 h.
Then, the sample was rinsed by a large volume of purified water
and then treated at 450 °C for 4 h under an air atmosphere.
These treatments were performed to remove the incorporated
biological macromolecules, according to the previous reports.>*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Observation with a stereoscopic microscope

The sea urchin spine, PPy-Pd nanocomposite, sea urchin spine/
PPy-Pd nanocomposite, PPy-Pd nanocomposite sponge mate-
rial and the Ni-coated PPy-Pd nanocomposite sponge material
were observed using a stereomicroscope (Shodensha Co., Ltd.,
TG300PC3 fitted with GR 300 BCM 2 camera).

TEM study

The dilute dispersions of the PPy-Pd nanocomposite dried on a
collodion-coated copper grid was observed using TEM (FEI
Tecnai G2) operating at 200 kV.

SEM study

The SEM (Keyence VE-8800, 12 kV) studies were conducted on
Au sputter-coated (Elionix SC-701 Quick Coater) dried samples.

Chemical composition

The PPy-Pd nanocomposite, PPy and Pd loadings of the
synthesized materials were determined by comparing the nitro-
gen contents obtained by CHN analyses (Yanaco CHN-Corder
MT-5) with those of the PPy-Pd nanocomposite and the PPy
bulk powders prepared by precipitation polymerization. The
elemental analyser determines CHN by total combustion in a
stream of O,/He followed by adsorbents for by-products due to
halogen and sulfur content and determination of the thermal
conductivity of the gas stream before and after it passes an
adsorbent for water and an adsorbent for carbon dioxide.

FT-IR spectroscopy

The sea urchin spine, PPy-Pd nanocomposite, sea urchin spine/
PPy-Pd nanocomposite, PPy-Pd nanocomposite sponge mate-
rial and Ni-coated PPy-Pd nanocomposite sponge material
dispersed in KBr discs were studied by FT-IR measurements
using an IR Prestige-21 (Shimadzu Co. Ltd) and the LabSolu-
tions IR software. The measurements were conducted under
the conditions of 512 scans per spectrum at 4 cm™ " resolution.

EDX spectroscopy study

Spatial elemental analysis of the materials was performed by
field emission SEM (FE-SEM, FEI Sirion) equipped with an EDX
microanalyzer (Bruker x-flash) operating at 15 kV.

TGA study

In the TGA (SII, TG/DTA 6300) analysis, dried samples were
heated up to 800 °C under nitrogen at a heating rate of

10 °C min .
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