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ABSTRACT

This work reports on an environmentally friendly method to produce encap-
sulated phase change material with a thin nickel coating, applicable for heat
conversion, storage and thermal management of heat-sensitive components and
suitable for active heating by electromagnetic radiation. A critical issue for the
metallization is the adhesion between the polymer capsule shell and the metal
layer. Based on previous studies using the bio-molecule dopamine as adhesion
promoter in composites and for plastics metallization, commercial paraffin
microcapsules were coated with an ultrathin polydopamine film via a simple
wet chemical process. Subsequently, a thin, uniform and compact nickel layer
was produced by electroless metallization. The successful deposition of both
layers was verified with a broad range of imaging and spectroscopic techniques.
For the first time, surface-enhanced IR spectroscopy was used to study the
deposition of ultrathin PDA films. The combination of SEM and energy-dis-
persive X-ray spectroscopy allowed resolving the spatial distribution of the
elements Ni, N, and O in the MC shell. Electrically conducting paths in the Ni
shell were verified by conductive AFM. Thermal analysis revealed that the
coated microcapsules show a phase change enthalpy of approx. 170 J/g, suit-
able for thermal storage and management. Additionally, the nickel layer
enhanced the thermal diffusivity of the microcapsule powders and enables a fast
heating of the PCM microcapsules by microwave radiation, demonstrating the
applicability of the metallized MCs for controlled heating applications.

Address correspondence to E-mail: zimmerer@ipfdd.de; giulia.fredi@unitn.it

https:/ /doi.org/10.1007 /s10853-022-07658-y @ Springer


http://orcid.org/0000-0001-9829-5238
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-07658-y&amp;domain=pdf
https://doi.org/10.1007/s10853-022-07658-y

16756

J Mater Sci (2022) 57:16755-16775

GRAPHICAL ABSTRACT

Adaptable shell structure

Multiple responsive material

adhesion Promotion

by PDA and
metal shell

Advanced
multicomponent
material platforms

Electromagnetic or
magnetic or
thermal stimuli

Recycling or
remanufacturing

Organic and inorganic matrices

Component separation design

Introduction

Organic solid-liquid phase change materials (PCM)
are of high relevance for manifold applications
requiring thermal management or storage [1]. These
materials, generally paraffin waxes, fatty acids, or
poly(ethylene glycol)s, absorb thermal energy by
melting and stabilize the temperature to a value near
their melting point. Upon cooling and solidification,
they release the latent heat. For most applications,
PCMs have to be encapsulated in macro-, micro-, or
nano-shells to avoid leakage, loss of material, con-
tamination or reactions with the environment [2, 3].
The shell consists of inorganic, polymer or hybrid
materials [3], provides mechanical stability [4] and
increases the specific surface area of the PCM,
thereby promoting the heat exchange despite the
typically low thermal conductivity of organic PCMs
[5]. Encapsulated PCMs are easier to handle and can
be embedded in bulk materials, fibers, or thin films to
provide thermoregulating properties [6-11]. Such
composite materials have a high potential for appli-
cations, e.g., in construction materials [12], packaging
[13], anti-icing coatings [14], or solar energy collectors
[5]. In the field of electronics, PCM capsules can be
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incorporated into substrates, housings, sealings, and
cases, to provide thermal stabilization of miniature
electronic devices [15].

Important parameters for the performance of PCM
capsules are their energy storage capacity, thermal
conductivity, chemical, thermal and mechanical sta-
bility and fire resistance [16]. A promising way to
enhance the thermal conductivity is the application of
ametallic shell or coating on the capsule surface [3]. As
additional benefit, metallization allows preparation of
capsules with tailored electrical and magnetic prop-
erties. This widens the field of their applications sig-
nificantly. Metallized PCM capsules can be heated
actively by radiation-induced stimulation of the metal
shell while the temperature is stabilized by the PCM
inside the capsules. Energy can be transferred by
electromagnetic irradiation, magnetic or inductive or
electrical stimulation. Moreover, the metal surface
makes the capsules compatible to other metals allow-
ing the preparation of electrically and thermally con-
ductive composites with a continuous metal phase
applicable for thermal stabilizing of electrically con-
ducting elements, as microwave absorbers for internal
retard heating elements, or as magnetic field barrier.
The higher thermal conductivity of the metal matrix is
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expected to provide a better cooling effect than poly-
mer composites. Furthermore, metal-compatible
organic filler particles might be of interest for
mechanical enhancement in lightweight applications
or scratch-resistant surfaces with a metallic optical
apparition.

From the literature, several examples are known
for the in situ metal encapsulation of oily droplets in
emulsions [17-19]. The application of a metal film on
capsules with a polymeric shell is much more chal-
lenging due to the incompatibility of most polymers
with metals. The metallization of macroscopic poly-
mer surfaces usually requires energy-intensive etch-
ing and activation steps using hazardous substances,
is restricted to few selected polymers [20] and
therefore not applicable to PCM microcapsules. In the
literature, several attempts are described for
depositing silver on microparticles or —capsules. To
bind the silver on melamine-formaldehyde PCM
capsules, Cao et al. [21] activated them with tin
chloride. Wang [22] was the first to use the bio-based
adhesion promoter dopamine (DA) as chelating
agent for the deposition of silver on polystyrene
microparticles. A similar approach was used by Zhu
[23] to produce a silver layer on silica-coated PCM
microcapsules. Al-Shannaq et al. produced silver
layers on home-made PMMA-encapsulated PCM [24]
and commercial capsules with a melamine resin shell
[25]. This coating added about 25% to the capsule
mass. It improved their thermal conductivity but
reduced the latent heat. In all these studies, an array
of silver clusters was formed instead of a continuous
metal layer.

Previous studies of the authors [26, 27] used of DA
to promote the adhesion of PCM microcapsules in
polymeric composites. It had been shown that surface
modification with DA-based layers greatly enhances
their adhesion to an epoxy matrix, resulting in an
increased thermomechanical performance of the
composites, even at higher PCM content (up to 40
wt%). The reasons behind the excellent adhesion
performance of DA and PDA are to be sought after in
their unique chemistry. The catecholamine neuro-
transmitter DA is a small-molecule mimic of
L-DOPA, the adhesive component of adhesive mus-
sel proteins [28, 29]. Although its exact chemical
composition and reaction mechanisms are still under
debate [30], it is known that it contains various
functional groups like Brensted acidic catechol and
basic amino groups that enable it to bind to a great
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variety of surfaces. In alkaline aqueous environ-
ments, DA forms polymer-like films on solid sur-
faces. To simplify the scenario, the deposited film is
named polydopamine (PDA) but its chemical struc-
ture is far from that of regular and well-defined tra-
ditional polymers. It can be finely tuned by varying
the substrate, process technology, deposition
parameters, and pre- or post-treatments [28, 31-33].
Adhesion and cohesion are based on covalent and
non-covalent coupling and complex binding abilities.
Adhesion is further supported by a molecular
shrinkage during polymer formation, which results
in a mechanical crumpling or gripping due to the
intrinsic substrate surface roughness. By varying the
deposition parameters, the coating thickness can be
adjusted between a few and several hundreds of
nanometers; a higher thickness is usually accompa-
nied by a higher roughness.

The manifold binding abilities, reaction pathways
and resulting structures of PDA allow universal
adhesion on organic, inorganic and even on very-low
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Figure 1 Simplified reaction scheme for dopamine deposition
including a variety of chemical transformations, oligomerization,
polymerization, and assembling of the variety of formed molecular
structures.
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surface free energy materials [28, 31, 32]. Under
slightly alkaline conditions, DA can undergo differ-
ent oxidation reactions, cyclization, condensations,
rearrangements and covalent coupling reactions
leading to oligomers and polymer structures, see
Fig. 1 [30]. These complex sequences of organic
reactions provide a universal, eco-friendly coating
technology and a powerful platform for composite
design. The DA deposition technology by adopted
immersion coating and the substrate-supported
polymerization of DA to PDA are simple and need
neither time- and energy-consuming process steps
nor hazardous chemicals [34-36]. This surface coating
can be applied on microparticles and fibers as well as
on larger and flat or curved surfaces [26, 27, 37, 38].

Thus, the easy and environmentally friendly
deposition of PDA has a high potential to substitute
energy-intensive processes and the use of hazardous
substances, e.g., in the metallization of plastics
[39, 40]. With regard to sustainability, PDA as adhe-
sion promoter offers the additional benefit of being
biodegradable [28] which allows a separation of
composites at the end of their lifetime and re-use or
recycling of the components [34].

In recent studies, we have shown that PDA modi-
fication enables electroless metallization of polymer
surfaces with nickel [35, 36, 41]. The best results were
obtained with an ultrathin PDA film deposited for
only 10 min. The present study combines these
findings with those about the PDA modification of
PCM microcapsules [24-27] and proposes a method
to coat commercial paraffin microcapsules with an
ultrathin PDA film, followed by electroless metal-
lization with nickel. In contrary to previous studies
[23-25], this work employs a much shorter PDA
deposition time and the less expensive nickel instead
of the noble metal silver, which makes the process
and the product less expensive. Moreover, the thin-
ner metal layer created in this work allows retaining
most of the pristine heat storage/release performance
of the uncoated microcapsules, unlike previous
studies that report a considerable reduction in the
overall latent heat. In addition to an enhanced ther-
mal and electrical conductivity, this treatment aims at
introducing a response to electromagnetic stimuli.

The microcapsules were characterized thoroughly
with regard to surface morphology, shell thickness
and structure, chemistry, electrical properties,
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thermal properties and degradation. A special chal-
lenge is the verification of the PDA deposition by
surface-sensitive spectroscopy techniques [42]. For
the first time, surface-enhanced IR spectroscopy is
used for this purpose. A proof of concept is given for
the microwave-stimulated MC heating. It is found
that the ideal coating is thin (little mass and volume
added, not to decrease too much the core-to-shell
mass ratio and the phase change enthalpy) and pro-
vides thermal and electrical powder conductivity.

In a forthcoming study, the metallized PCM
microcapsules will be embedded in an epoxy matrix.
The final aim is to produce mixed-material compos-
ites able to be heated via Joule’s effect, store thermal
energy through the core’s melting transition, and
release heat when the temperature drops below the
crystallization temperature of the core. These com-
posites are intended to be used for thermal manage-
ment of cold-sensitive items, e.g., electronic devices.

Materials and methods
Chemicals

Paraffin microcapsules Microtek MPCM43D, from
now on labeled MCs, were purchased from Microtek
Laboratories (Dayton, OH, USA). They consist of a
paraffin wax core with a melting temperature of 43 °C
(PCM phase) and a formaldehyde-based resin shell.
According to the manufacturer, their average diameter
is 17-20 pm and their melting enthalpy is 190-200 ] /g.
Dopamine hydrochloride (99%, DA) was purchased
from Thermo Fisher GmbH, Germany. For the TRIS
buffer, 2-amino-2 (hydroxymethyl) propane-1,3-diol
(> 99.9%, Sigma-Aldrich, St. Louis, MI, USA) was first
dissolved in deionized water (0.055 pS/cm) and then
adjusted to pH 8.5 with hydrochloric acid (37%, HC],
VWR International, France). Ammonium hydroxide
(28-30 wt% solution of ammonia in water [NH3-H,O],
Acros Organics B.V.B.A., Belgium) was used to adjust
the pH of the metallization solutions. For the produc-
tion of the metallization bath series, the baths UDI-
QUE® 879 W, UDIQUE® accelerator 8810, UDIQUE®
891 nickel and UDIQUE® 893 stabilizer from the
company MacDermit Enthone GmbH (Germany)
company were employed in accordance with their
usage instructions.
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Dopamine modification of microcapsules

0.1 g of the MCs were immersed for 10 min in a
stirred bath (500 rpm) containing aqueous solutions
of 2 g/L DA and 10 mM TRIS buffer at pH 8.5,
adjusted with hydrochloric acid. After this modifi-
cation step, the coated MCs were separated from the
solution with a glass frit (porosity G3, DWK Life
Sciences GmbH Germany), rinsed with deionized
water and dried under vacuum at 25 °C.

Metallization of PDA-modified
microcapsules

The PDA-coated MCs were electroless metallized
with nickel in a bath series from MacDermit Enthone
GmbH (Germany). First, the MCs were placed in a
palladium activator bath (UDIQUE® 879 W) at 30 °C
for 3 min and then washed in a glass frit (G3) with
deionized water. In a second step, the MCs were
activated in an activator bath (UDIQUE® accelerator
8810) for 2.5 min at 50 °C, then filtered and washed
in a glass frit. Finally, the MCs were placed in a nickel
electrolyte bath (UDIQUE® 891 nickel and UDI-
QUE® 893 stabilizer) and coated with nickel for
8 min at 30 °C at a pH value of approx. 9. Then, they
were washed with deionized water and dried under
vacuum in a drying oven at 25 °C.

Characterization of the microcapsules

Confocal microscopy Confocal microscopy intensity
images were obtained using a Scandisc confocal
microscope pSurf expert (Nanofocus AG, Ober-
hausen, Germany) with the 100 x objective and
maximal illumination.

Scanning electron microscopy (SEM) images of the
MCs were acquired using an ULTRA Plus (Carl Zeiss
Jena GmbH, Oberkochen, Germany) scanning elec-
tron microscope (SEM) at 3 kV acceleration voltage
and applying the SE2 detector. The capsules were
sputtered with a 3 nm platinum film. Cross-cuts of
the MCs were prepared to study the layer morphol-
ogy and thickness. For this purpose, the MCs were
embedded in epoxy resin EpoFix Kit (Struers Inc.,
Cleveland, USA); the surface was cut smooth with a
diamond knife. The cross-cuts were sputtered with a
thin film of carbon before examination. EDX images
were taken with an EDX detector XFlash 5060F
(Bruker, Germany) with an accelerating voltage of
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6 keV. In order to characterize the chemical compo-
sition and the elemental distribution across the layer,
both sum spectra and hypermaps were recorded at
different magnifications.

Atomic Force Microscopy (AFM) measurements were
done with a Dimension ICON AFM (Bruker-Nano,
USA). For imaging, the capsules were attached to a
glass slide by a thin film of instant adhesive LOC-
TITE® 454™ (Henkel AG & Co. KGaA, Diisseldorf,
Germany). The images were taken on the highest
point of each capsule in soft tapping mode using
Multi75-Al cantilevers by Budget sensors (Bulgaria)
with a free cantilever amplitude of 500 mV and
damping of 85%. Images were analyzed using the
software NanoScope Analysis 1.90 (Bruker-Nano,
USA). To emphasize the surface morphology and
calculate roughness values, selected images were
second-order flattened to remove the spherical shape
of the capsules.

Conductive atomic force microscopy (C-AFM)
measurements were done in contact mode with a
Dimension ICON AFM equipped with a Peak Force
TUNA application module for measurement of the
contact current, and Ir/Pt-coated silicon SPM sensors
SCM-PIT-V2 (Bruker-Nano, USA) with a nominal
spring constant of 3 N/m and a tip radius < 25 nm.
To assure electrical contact with the conductive sub-
strate, the capsules were contacted by silver paste. A
voltage of 300 mV was applied during the scan; the
chosen sensitivity was 1 nA/V.

X-ray photoelectron spectroscopy (XPS) was carried
out by means of an Axis Ultra photoelectron spec-
trometer (Kratos Analytical, Manchester, UK) equip-
ped with a monochromatic Al Ko (h-v = 1486.6 eV)
X-ray source of 300 W at 15 kV. The kinetic energy of
photoelectrons was determined with a hemispheric
analyzer set to pass energy of 160 eV for wide-scan
spectra and 20 eV for high-resolution spectra. For
XPS analyses, the MCs were prepared as dense par-
ticle films onto a double-sided adhesive tape (Scotch,
3 M, Maplewood, MN, U.S5) mounted on the spec-
trometer’s sample holder. During all measurements,
electrostatic charging of the sample was avoided by
means of a low-energy electron source working in
combination with a magnetic immersion lens. Later,
all recorded peaks were shifted by the value neces-
sary to set the C 1 s peak to 285.00 eV. Quantitative
elemental compositions were determined from peak
areas using experimentally determined sensitivity
factors and the spectrometer transmission function.
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Spectrum background was subtracted according to
Shirley [43]. The high-resolution spectra were
deconvoluted by means of the Kratos spectra
deconvolution software. Free parameters of compo-
nent peaks were their binding energy (BE), height,
full width at half maximum and the Gaussian-Lor-
entzian ratio.

Fourier transform infrared spectroscopy (FTIR) spectra
from samples and from reference compounds were
recorded in ATR mode using a FTIR spectrometer
Vertex 70v (Bruker Optik GmbH, Ettlingen, Ger-
many) equipped with a horizontal ATR diamond
crystal unit (Platinum ATR diamond unit, Bruker
Optik GmbH, Ettlingen, Germany) under vacuum
(< 1 hPa) with an DLa-TGS-Detektor. 100 scans were
co-added, averaged and Fourier transformed. The
spectral resolution was set to 2. Spectra were ana-
lyzed using the OPUS package 7.5 (Bruker Optik
GmbH, Ettlingen, Germany) and Origin 2020 (Origi-
nLab Corporation, Northampton, 020,063-2 Mas-
sachusetts, USA). For surface-enhanced IR absorption
spectroscopy (SEIRA), silver clusters were grown on
the MC surfaces by wet chemical metallization.

Differential scanning calorimetry (DSC): DSC analysis
was performed on neat and coated MCs with a Mettler
DSC 30 calorimeter (Mettler Toledo, Inc., Columbus,
OH, USA), at 10 °C/min, in the temperature range —
0/80 °C under a nitrogen flow of 100 ml/min. Speci-
mens of approx. 5 mg were sealed in aluminum cru-
cibles and subjected to a heating—cooling-heating
cycle. The test allowed the measurement of the melting
and crystallization temperatures (Ty,, T.) and enthal-
pies (AH,,, AH.) of the MCs. Two specimens were
tested per sample, to verify the repeatability.

Thermogravimetric analysis (TGA): TGA was carried
out with a Q5000IR thermobalance (TA Instruments,
Inc., NewCastle, DE, USA). Specimens of approx.
5 mg were tested at 10 °C/min up to 700 °C, under a
nitrogen flow of 10 ml/min. Since a precise onset
temperature could not be identified, the beginning of
the thermal degradation was detected by calculating
the temperatures corresponding to a mass loss of 1 wt
%, 3 wt %, and 5 wt% (T14, T34, Ts%). Moreover, the
test allowed the measurement of the degradation
temperature (Ty), intended as the peak of the
derivative thermogravimetry (DTG) signal and cor-
responding to the temperature at the maximum
degradation kinetics, and the residual mass after the
test (m,). Two specimens were tested per sample, to
verify the repeatability.
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Thermal powder diffusivity: Light flash analysis
(LFA) was performed to measure the thermal diffu-
sivity of the MC powder beds. The thermal diffu-
sivity was measured at 25 °C, 40 °C and 55 °C with a
light flash apparatus LFA 467 Hyperflash
(NETZSCH-Gerdtebau GmbH, Selb, Germany)
equipped with a pressure sample holder, suitable to
test the thermal diffusivity of powder beds pressed
between two aluminum layers under a controllable
torque. Specimens were prepared by sieving the PCM
powders with a 63-um metallic sieve, filling the
sample holder with approx. 20 mg of PCM powder,
and applying a torque of 15 cN-m. One specimen was
tested per composition, and five pulses were per-
formed per specimen. Thermal diffusivity («) was
determined using the software Proteus® (NETZSCH)
provided with the instrument, by applying the three-
layer model with linear baseline and numerical pulse
correction. The calculation of the diffusivity with this
specific sample holder is possible only by providing
the specific heat of the material (cp) and the density of
the prepared specimen (p). The cp was determined
with the aforementioned DSC equipment by follow-
ing the standard ASTM EI1269, by using weight-
matched aluminum crucibles and sapphire as the
reference material.

Electrical powder resistivity The electrical resistivity
of MC powders was measured using the PulLeMe
instrument (home-built by Leibniz-Institut fiir Poly-
merforschung Dresden e.V.) [44]. The powder was
filled into a cylinder, and the resistance between two
movable electrodes was measured depending on the
pressure. The resistance was measured with the
multimeter DMM?2001 (Keithley Instruments, Cleve-
land, OH, USA) which can determine resistances up
to 1 GQ. The given values are averages of two
measurements.

Microwave treatment was first performed on loose
MC powder. Approximately 0.5 g of modified MCs
were spread and placed on a glass dish. The entire
sample was placed in a microwave oven MW 5000
(Landgraf Laborsystem HLL GmbH, Germany, radi-
ation frequency: 2450 MHz, radiated power: 500 W).
To measure the temperature, the samples were
briefly removed from the microwave oven and
directly examined with the thermal imaging camera,
Voltcraft® WB-300 (Conrad Electronic SE, Germany).
Additionally, a poly(lactic acid) (PLA) film with
embedded MCs was prepared to visualize the effect
of the microwave treatment. For this purpose, 0.9 g
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PLA were dissolved in 20 ml chloroform (99% + ,
stabilized with ethanol, Acros Organics BVBA, Bel-
gium). 10 ml of the PLA chloroform solution were
poured into a Petri dish (diameter 5 cm) and allowed
to dry for 4 h under vacuum (10 mbar) at 25 °C.
Then, about 0.1 g of metallized MCs were cast on the
partly dried PLA film, and the remaining PLA solu-
tion was poured over the MCs. Afterward, the PLA-
MC film was fully dried for 4 h under vacuum
(10 mbar) at 25 °C.

Results
Two-step modification of the microcapsules

The metallization of the microcapsules combines two
approaches applied successfully in former work of
our group: the modification of MCs with DA to
improve their adhesion in polymer-based composites
[26, 27] and the use of DA as an adhesion promoter in
the metallization of flat polymer surfaces [41]. In ref.
[26], MCs were first modified using a standard DA
modification procedure known from the literature.
Deposition from a 3.3 wt-% DA solution in TRIS
buffer over 24 h yielded fairly thick and rough PDA
films (12-14 wt% of the capsule mass, mean thick-
ness ~ 300 nm). In ref. [27], DA concentration and
modification time were reduced to 1.6 wt-% and 2 h
which led to a thinner but still rough layer (2.2 wt-%
of the capsule mass, mean thickness ~ 50 nm). The
best metallization results on flat surfaces were
achieved, however, with very thin PDA films after
only 10 min DA modification time [41]. The short
reaction time prevented the formation of large
agglomerates and created a smooth PDA film suit-
able for the subsequent metallization.

Therefore, in the present work, as a basis for the
metallization of MCs, we used DA modification
conditions as in [41]. In contrast to earlier studies
where the PDA-coated MCs appeared dark brown
[26], the shorter modification time of 10 min led to a
light brownish coloration of the initially white cap-
sules (cf. Figure 2a). No change of the optical
appearance or reflectivity was observed by confocal
microscopy (Fig. 2b). After the metallization step, the
MCs appeared black to the bare eye but more shiny
in the confocal microscope reflection image. Besides,
Fig. 2 b gives an impression of the size distribution
and shape of the MCs. Their size ranges from a few
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pm up to approx. 30 pm. Not all capsules have a
spherical shape; some have collapsed due to
unavoidable mechanical pressure applied during
storage and transport. However, the degree of
deformation does not significantly change after PDA
coating and metallization, which proves that the
treatment does not cause any evident damage.

Surface morphology

The surface morphology of untreated and modified
MCs was studied by SEM (Fig. 3) and AFM (Fig. 4).
While the SEM images show selected capsules as a
whole, AFM imaging can investigate only small areas
(max. 10 pm x 10 um) in the topmost area of single
larger capsules (diameter around 20 pum). Besides the
top view of the MCs (Fig. 3a), we also studied cross-
cut of the particles by SEM (Fig. 3b). For this purpose,
they were embedded in epoxy resin and cut by a
diamond knife.

Like the confocal microscopy, the SEM top-view
images reveal a broad variety of MC sizes and their
non-spherical shape. It is interesting to notice that the
neat MCs show a slightly structured surface, which is
still visible after the deposition of the thin DA layer.
On the other hand, metallization creates a rougher
surface. The comparison of the cross-cuts of the
embedded MCs (Fig. 3B) proves the formation of a
thin, closed Ni film around the capsules, clearly vis-
ible thanks to the strong contrast between the metal
layer (white/light gray) and matrix (middle gray).
The adhesion between capsules and the embedding
epoxy matrix seems good because no fissures can be
observed.

The surface roughness variation was quantified
from the flattened AFM images. Figure 4 presents
AFM micrographs of selected MCs showing charac-
teristic features of each capsule type. Three types of
images are shown: (A) 10 pm x 10 pm height ima-
ges, presented as measured; (B) 2 pm x 2 pm height
images flattened to remove the spherical shape of the
capsules, emphasize the surface structures, and cal-
culate roughness parameters; and (C) 2 um x 2 pm
amplitude error images, representing the first
derivative of the height and thus enhancing small
structures.

Neat MCs exhibit patchy structures of different
sizes leading to a mean roughness Sa ~ 6-13 nm
calculated for an area 2 x 2 pm?. After modification
with PDA, the surface becomes smoother. Obviously
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Figure 2 a Photographs and MC
b confocal microscope (a)
reflection images of MC
powders.

Figure 3 SEM images of
MCs: a top view; b cross-cuts
of MCs embedded in epoxy
resin.

contaminations on the shell surface are removed
during the modification process. In previous work
[26, 27], PDA coating over 2 h or 24 h led to PDA
layers with roughness of approx. 50 nm and 300 nm,
respectively, with a mean surface roughness Sa of up
to 86 nm. With the PDA deposition time of 10 min
used in this study, the Sa roughness of the PDA-
coated MCs is only 3-6 nm. It seems to result not only
from the small globular structures of the PDA layer
but also from the underlying morphology of the MC
shell. On the other hand, after metallization, the
roughness increases significantly (Sa ~ 15-30 nm)
due to the deposition of flake-like nickel structures.
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MC-PDA-Ni

MC-PDA

Spectroscopic investigation

X-ray photoelectron spectroscopy (XPS) is a surface-
sensitive technique for qualitative and quantitative
elemental analyses of the topmost surface layer (in-
formation depth max. 8 nm). Due to its angular
dependence, the actual information depth for the MC
films was estimated to be less than 4 nm. Figure 5
summarizes high-resolution XPS spectra recorded
from neat, PDA-modified and metallized MCs.

The surface region of the neat MC shells essentially
consists of the elements carbon, nitrogen and oxygen.
From the shape of the C 1 s spectrum (Fig. 5a), it is
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Figure 4 AFM images of MC MC-PDA MC-PDA-Ni
selected MCs with

characteristic surface texture.
a height images

(10 pm x 10 pm); b height
images (2 pum x 2 pm) after
removal of the spherical shape
(second-order flattening);

¢ amplitude error images

(2 pm x 2 pm).
Figure 5 C 1 s (left column), Cils N 1s
N 1 s (middle column), and Ni mL
2p (right column) high-
resolution XPS spectra mK
recorded from a neat MC,
b MC-PDA, and ¢ MC-PDA-
Ni.
pB pL
pC Ph
Shake-up pD pM
pK . .
Ni 2py/2 Ni 2ps/2
1 1
(b) { {
Satellites  Satellites
A Q'
C
E
B
(€) s ‘ iwlnianetrbbinpontln
295 291 287 283 409 404 399 394 885 870 855
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]
concluded that the melamine—formaldehyde was  Figure 5 shows the assignments of the component
cured with urea that condensed the — OH groups of peaks in the C 1 s and N 1 s spectrum to the corre-
the intermediately formed hexamethylolmelamine. sponding chemical structures given in Fig. 6. The
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Figure 6 Presumed chemical

()

structures derived from the C
1 s and N 1 s high-resolution CH
XPS spectra (Fig. 5) of the

surfaces of the neat MCs (a),
PDA-modified MCs (b), and

the Ni-coated samples (c).
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%

(a) and (b) show cut-outs from mD mK
the polymeric networks; R, R’
in (C) means alkyl rests. The
italic letters indicate the
assignment of the carbon or
nitrogen atoms to the
component peaks of the C 1 s

and N 1 s spectra.
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chemical structure of the neat MC surface (Fig. 5a)
contains only carbon atoms directly bonded to
heteroelements, such as oxygen or nitrogen. Never-
theless, an intense component peak A appeared in the
C 1 s spectrum at 285.00 eV, indicating the presence
of saturated hydrocarbons (AQXHY). In surface anal-
yses, saturated hydrocarbons are usually observed as
constituents of surface contaminations when the
samples were prepared under ambient conditions or
came in contact with the atmosphere. In the MCs,
component peak A could also result from paraffin
having diffused out of the capsules. This would
explain the patches on the neat MCs visible in AFM
images (Fig. 4). The paraffin coating of the otherwise
chemically inert MC surfaces lowers the surface
polarity and thus largely prevents acid-base inter-
actions and chemical interactions between the MC
surfaces and subsequently applied polymeric
matrices.

The deposition of DA on the MC surfaces and its
polymerization to PDA changes the shape of the C1 s
and N 1s peaks significantly indicating that PDA
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covers the MC shell completely with a dense poly-
meric film. At the energy side of the C 1 s spectrum
(Fig. 5B), the component peak Ph (284.57 eV) evi-
dences the presence of sp>-hybridized carbon atoms
of the PDA phenyl rings. Electron transitions
between n- and n*-orbitals do not only lead to the
dark color observed after the polymerization of DA
but also to intensive shake-up peaks at binding
energy values higher than 288.2 eV. Carbon-nitrogen
bonds (PC-N) lead to component peak pB at
285.88 eV in the C 1 s spectrum. Its intensity is two-
thirds of the intensity of component peak Ph. In the
corresponding N 1 s spectrum (Fig. 5b), the appear-
ance of a component peak K (398.84 eV) on the low-
energy side of component peak L (399.88 eV) indi-
cates that not only secondary amino groups ("?C—+"
NH-"?C) were formed during the DA
polymerization, but also cyclic imides (*C =%
N-"%C). The additional component peak M at
401.73 eV results from protonated amino groups ("%

~-MN®“H,-?C). Since there are no nitrogen atoms
that can be protonated (neither the nitrogen atoms in
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the 1,3,5-triazine rings nor the urea nitrogen atoms)
in the neat MC polymer, this component peak is
absent in the N 1 s spectrum recorded from the neat
MCs (Fig. 5a). Component peak pC at 286.53 eV is
assigned to the carbon atoms carrying the phenolic
OH groups of the PDA's catechol units ("“C-OH). Its
intensity is smaller than that of the component peak
pB because some of the DA’s phenolic OH groups
remain in their quinone-like oxidized state ("°C = O;
structure III in Fig. 5 b). The photoelectrons escaped
from the quinone-like bonded carbon atoms are col-
lected as component peak pD at 287.28 eV. The sum
of its intensity and the intensity of component peak
pC exactly equals the intensity of component peak pB,
which agrees with the stoichiometry of PDA (Fig. 5b).

The presence of the Ni 2p peak (Fig. 5c) and the
absence of any traces of nitrogen after the metalliza-
tion proves the formation of a dense and close nickel
film on the MCs. Despite this, significant amounts of
carbon were detected on the surface of the metallized
MC. The shape of the C 1 s spectrum (Figs. 5¢) is very
characteristic of fats, which usually contaminate
surfaces as non-specifically adsorbed substances
driven by the high free surface energy of metals and
metal oxides [45]. Due to the spin-orbit interaction
(spin—orbit effect or spin—orbit coupling) the Ni 2p
spectrum is composed of the Ni 2p;,, and Ni 2p;,»
peaks having a coupling constant of ca. 17.4 eV [46].
According to the binding energy of 855.92 eV deter-
mined for the main component peaks Q (the corre-
sponding component peaks in the Ni 2p1/2 spectra
were designated with Q’), it is assumed that the
nickel layer is completely covered by oxidized spe-
cies, in which nickel is formally present as Ni** and
may exhibit Ni-OH groups. At binding energy values
higher than the component peaks Q and Q’, the shape
of the Ni 2p spectrum appears complex. The intense
satellite structures result on one hand from the
unpaired electrons in the 3d levels of Ni** forming a
magnetic moment of 2.83 Bohr magnetons, and, on
the other hand, from the fact that electronically
excited states can also provide photoelectrons after
their second photoionization. So no other binding
species can be expected in this spectral range.

IR spectroscopy has been used before to characterize
PDA layers [42]. Its information depth is, however, in
the order of a few micrometers; it lacks sensitivity for
thin surface layers. In the case of our very thin PDA
film, too, no PDA-specific bands are observable
(green curve in Fig. 7a). It is, however, possible to
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increase the surface sensitivity by optical nearfield
enhancement with noble metal clusters localized on
the surface (surface-enhanced ATR spectroscopy,
SEIRA). For this technique, sub-micrometer-sized
silver clusters had to be deposited on top of the PDA
layer. For the three-dimensional MCs, this could not
be done by physical vapor deposition (PVD) because
the silver vapor condenses only on the MC side
directed to the silver vapor source. As an alternative,
colloidal silver clusters were grown on the MC sur-
faces by wet chemical metallization. This allows
complete, unidirectional cluster coverage of the MCs.
The precise adjustment of silver deposition bath
parameters enabled the defined cluster growth with
the required IR-enhancing properties. The SEM
micrographs in Fig. 7b, c highlight the deposited Ag
clusters on the MC surface.

The surface-enhanced ATR spectrum of PDA-
modified MCs carrying a cluster-like silver layer
reveals PDA-specific spectral features in the range of
1200 to 975 cm ™' and a band at 455 cm ™" (blue curve
in Fig. 7a) and thus proves the presence of a thin
PDA layer on the MC surface. Studies from previous
work [41] have shown that thicker PDA films are not
better at mediating adhesion within the interfacial
layer — an effect of the granular deposition of the
PDA and agglomerated particle formation, which
ultimately weakens the mechanical adhesion strength
within the interface layers.

Energy-dispersive X-ray spectroscopy (EDX) The ele-
mental composition of broken MC shells was deter-
mined by a combination of SEM and EDX at very
high magnification. Figure 8 shows an EDX sum
spectrum of a Ni-coated MC shell revealing the ele-
ments C, N, O, Ni and P.

Figure 9 visualizes the spatial distribution of the
elements N, Ni and O. Figures 9a, b show the broken
shell at 10,000 x and 100,000 x magnification. In
Fig. 9¢, d and e, the distribution of N, Ni and O are
mapped. For clarity, each element is highlighted in a
different color (N — red, Ni — green, O — blue).
Superimposing these colored elemental maps with
the SEM images (Fig. 9b) gives a clear image of the
distribution of selected elements in the MC shell. The
inner part is characterized by the presence of nitrogen
originating from both melamine—formaldehyde resin
and PDA. On the outside, the shell is covered by a
thin, closed Ni layer. From SEM and SEM-EDX
images, the thickness of the Ni layer was determined
to be approx. 50 nm. As postulated from XPS spectra,
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Figure 7 a FTIR ATR spectra
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Figure 8 EDX sum spectrum of MC shells covered with Ni.

an oxygen-containing layer can be seen on top of the
Ni layer (Fig. 9b, e) — presumably the oxidized Ni
surface.

Electrical properties

To study the electrical properties of the metallized
MCs, first the macroscopic electrical resistance of the
MC powder was measured as a function of the
applied mechanical pressure. It was expected that
increased pressure leads to higher packing density
and an increased contact area between the particles
resulting in conductive paths. However, the Ni-
coated MCs did not exhibit measurable electrical
conductivity up to an applied pressure of 30 MPa.
This can be explained by the insulating oxide layer on
the nickel coating detected by XPS. Additionally,
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deformation or destruction of the capsules may occur
under pressure. Then, the capsule core is pressed into
the interstices and prevents electrical contact.

To investigate the electrical behavior of the MCs
more in depth, the electrical conductivity of single
MCs was studied on nanoscopic level by conductive
AFM (C-AFM). For this purpose, MCs were attached
by conductive silver paste to a conductive substrate.
In addition to the sample topography, the electric
current between the AFM tip and the substrate was
recorded for each point of the MC surface.

Figure 10 shows exemplary AFM topography
(amplitude error) and conductivity images of single
PDA-modified and metallized MCs. For the non-
conducting unmodified and PDA-coated MC, the
electrical current was zero in the whole investigated
area. With the metallized MCs, however, an electrical
current of 10-20 pA was detected when the AFM tip
was in contact with the small elevations of the metal
layer. This shows that there is a conductive path
between these points and the conductive substrate
and thus proves the existence of an electrically con-
ductive metal shell of the capsules. The oxide layer
detected by EDX and XPS acts, however, as electrical
insulation toward the AFM tip. Only at the asperities
the cantilever can break through the oxide layer and
establish electrical contact.

Overall, the electrical conductivity measurements
showed that the most probable reason for the unsat-
isfactory conductive behavior of the metallized MCs
is the oxide layer on top of the deposited Ni film. For
applications requiring electrical conductivity of



J Mater Sci (2022) 57:16755-16775

16767

Figure 9 SEM images of the MC shell coated with PDA and Ni:
a magnification 10,000x; b magnification 100,000x; superposition
of the SEM image with the corresponding colored elemental maps

MC-PDA

MC-PDA-Ni

y

(a)

(b)

Figure 10 Exemplary C-AFM images of PDA-coated and
metallized MCs (image size 5 pm x 5 pum). a amplitude error
images emphasizing small structures, b corresponding images in
C-AFM conductive mode.

arrangements of metallized MCs, it is necessary to
find a method to suppress the formation of the oxide
layer or to remove it. These electrically conductive
MC powders could be applied for electro-to-thermal
energy conversion and storage, to be heated, e.g., by
Joule effect.

of N, Ni and O; c-e elemental maps of N (c), Ni (d) and
O(e) (100,000 x magnification); the elements are highlighted by
different colors.

Thermal properties

For the application of MCs as thermal storage/man-
agement elements, it is of great interest to investigate
how metallization affects their thermal properties.
Therefore, neat and modified MCs were investigated
by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and light flash analysis
(LFA). Finally, a test was performed to investigate the
possibility of heating the metallized microcapsules
via microwave treatment.

Figure 11A shows the TGA thermograms of the
neat and coated MCs. As reported in our previous
works [26, 27], the thermal degradation of the neat
MCs begins with small steps in the temperature
interval 100250 °C, attributable to the degradation of
some free (non-encapsulated) paraffin and other low-
molecular-weight compounds, residues from the
capsule synthesis. Conversely, the degradation event
at high temperature, related to the degradation of the
capsule core and shell, occurs in a remarkably narrow
temperature interval, and the spike in the DTG
thermogram suggests a quick and abrupt degrada-
tion phenomenon. This spike, also observed in repe-
ated measurements, is less intense for the Ni-coated
samples. Additionally, as observed in our previous
work on the same MCs coated only with PDA [26],
the DTG peak temperature (T4, see Table 1) of the Ni-
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heating scan (full lines) and cooling scan (dotted lines) of neat and
metallized MC.

TGA tests of the neat and Sample T, (°O) Tz, (°C) Tse, (°C) T4 (°C) m, (Wt%)
coated MC MC 118.4 164.1 2412 4212 0.34
MC-PDA-Ni 455 111.6 162.1 4427 14.16

coated capsules is by approx. 20 °C higher than that
of neat capsules, which indicates an improvement in
the thermal resistance. However, the opposite was
observed for the first degradation steps, as for the Ni-
coated capsules the values of Ty¢, T3¢, and Tsq, are
remarkably lower than those of the neat MCs (see
Table 1), probably due to the degradation of the PDA
coating but also by the release of low-molecular-
weight compounds residual from the Ni-coating
process. This could partially explain the broad
endothermic halo observable for the DSC thermo-
grams of the sample MC-PDA-Ni (see Fig. 11b),
starting at the limits of the investigated temperature
range (70 °C) in both the first heating and the cooling
scans and not anymore observable at the end of the
second heating scan (not reported), associable to the
irreversible release of low-MW substances. Finally, as
expected, the residual mass at the end of the test is by
about 14 wt% higher for the coated MCs than for the
uncoated ones. The TGA results thus confirm the
success of the coating procedure and suggest that the
added hybrid coating may be beneficial to mitigate
the abrupt thermal degradation of the MCs at high
temperatures.
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DSC tests were carried out to investigate how the
thermal energy storage properties of the microen-
capsulated PCM have been affected by the metal-
lization. Figure 11B shows the DSC thermograms of
the first heating and cooling scans of the neat and
coated MC, while the most important DSC results are
summarized in Table 2. As found in our previous
works on the same PCM [26, 27], the samples show
an endothermic signal at approx. 42-45 °C, indicating
the melting of the PCM contained in the MC, while
the cooling scan shows the corresponding crystal-
lization peak at approx. 30-35°C. The two local
maxima, detectable mainly in the crystallization
peak, can be ascribed to the multiple thermal transi-
tions which the PCM undergoes during the phase
change, as thoroughly described in our previous
works [11, 26, 48, 49]. Since all these transitions con-
tribute to the total phase change enthalpy and are
thus responsible for the heat storage/release perfor-
mance of the PCM, the analysis carried out in this
work considers the endo/exothermic peaks as a
whole, without further distinctions among the con-
tributions of the single phase transitions.
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Table 2 Melting and
crystallization temperatures

and enthalpies of the neat and
metallized MCs obtained by
DSC and the relative phase
change enthalpy (AH,e)
calculated using Eq. 1
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MC MC-PDA-Ni AH,

Melting temperature (first scan) 42.8 °C 47.2 °C
Melting enthalpy (first scan) 2224 J/g 154.6 J/g 69.5%
Crystallization temperature (first scan) 354 °C 33.7 °C
Crystallization enthalpy (first scan) 220.9 J/g 171.8 J/g 77.8%
Melting temperature (second scan) 42.7 °C 46.5 °C
Melting enthalpy (second scan) 221.7 /g 156.7 J/g 70.7%

If the coating process does not remarkably modify
the transition temperatures, it has a non-negligible
effect on the melting and crystallization enthalpy
values (Table 2). The phase change enthalpy decrea-
ses from 225 J/g of the neat MCs to 150-170 J/g of
the metallized sample MC-PDA-Ni. As a first
approximation, this decrease has been attributed
totally to the mass of the hybrid coating (PDA +
metal), which does not contribute to the phase change
enthalpy. To quantify this added mass, a relative
phase change enthalpy (AH,) has been calculated by
normalizing the phase change enthalpy of the coated
samples by that of the neat MCs, as shown in Eq. (1):

AH(MC — PDA — Ni)
AH(MC)

AH,, = x 100 (1)

This value, which also represents the residual
active PCM weight fraction in the coated MCs com-
pared to that of the neat MCs, allows the calculation
of the “inactive” mass surplus, i.e., the additional
mass in the coated MCs that does not undergo a
phase transition. If this mass is attributed totally to
the added hybrid coating, the mass of this coating
would be the complement to 100 of the relative
enthalpy. This added mass is approx. 30 wt% of the
sample MC-PDA-Ni—about twice as much as the
residual mass obtained by TGA (14 wt%, cf. Table 1).
One reason is that the residual mass in TGA com-
prises only the mass of the solid residues after ther-
mal treatment representing mainly the inorganic Ni
coating. To clarify this point, further tests are needed,
such as the analysis of the residues after the TGA
tests. On the other hand, small fractions of the PCM
(likely those having diffused out of the MC shell as
suggested by XPS and AFM images) may have been
dissolved during the coating procedure which leads
to an overestimation of the added mass. In any case,
the proposed coating method is proven effective in
retaining most of the pristine heat storage/release
performance of the uncoated microcapsules. This

leads to a much higher melting enthalpy than
reported by other authors for silver-coated MCs, e.g.,
68 J/g [23], 26-72 ] /g [25], and 97 ] /g [24].

Finally, the thermal diffusivity of the neat and
coated MC powders was evaluated at different tem-
peratures to assess the effect of the hybrid coating on
the heat exchange capability of the microencapsulated
PCMs (Fig. 12). The results of the PDA-coated MCs are
reported for comparison, as they have never been
published in our previous works. As expected, for all
samples, the diffusivity decreases when the tempera-
ture approaches the melting point, as already observed
in previous works on polymer composites containing
these or similar PCMs [7, 11, 48]. The sole PDA layer
causes a decrease in the thermal diffusivity of the
powder bed at 25 °C, maybe because of a reduced
packing capability of the MCs due to the rougher
surface. On the other hand, the nickel layer promotes a
remarkable increase in thermal diffusivity. For
instance, at 25 °C, the diffusivity of the MC powder
bed rises from 0.18 mm?/s of the neat MCs to 0.42
mm?®/s of the MC-PDA-Ni sample (+ 130%). These
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Figure 12 Thermal diffusivity (mean and standard deviation of 5
shots) of the neat and coated MC.
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results confirm that a hybrid coating is a good strategy
to improve the thermal diffusivity of a PCM powder
bed but the coating process must be carefully opti-
mized to enhance the thermal diffusivity without
excessively compromising the phase change enthalpy.

A test in a microwave oven was performed to
assess the ability of the MCs to be heated by elec-
tromagnetic radiation and to act as a thermal man-
agement medium. For demonstration purposes, a
capsule specimen was prepared by embedding the
MCs in a polylactide foil. Figure 13 presents an
optical image of this specimen and IR thermograms
before (Fig. 13a, b) and after (Fig. 13c) the microwave
treatment. This experiment confirmed that the elec-
tromagnetic irradiation increased the temperature of
the MC-PDA-Ni sample to approx. 40 °C, i.e., the
phase change temperature of the PCM.

Further tests were performed to determine the
radiation dose to reach a target temperature of 42 °C
and the cooling time. Neat, PDA-coated and metal-
lized MCs were treated intermittently in steps of 10 s
at 250 W in the microwave oven (2450 MHz) and
observed with a thermal imaging camera until the
temperature of the MCs reached 42 °C. The results
are shown in Fig. 14a. With the metallized MCs, the
target temperature could be reached already in two
heating steps, i.e., in 20 s while for the plain and
PDA-coated MCs a heating time of 70s was
necessary.

To determine the cooling behavior, the samples
were heated continuously for 20 s in a microwave
oven and placed on a plastic substrate with low
thermal conductivity. The temperature decrease was
measured vs. time required to reach room tempera-
ture (see Fig. 14b). The lower slope of the cooling
curve of the metallized MCs shows that they are able
to store the thermal energy over a longer time since
they also release latent heat during cooling. While the
neat MCs cool down from 32 °C to 27 °C in 2 min, the

Figure 13 Photograph of a A
PLA foil with embedded MC-
PDA-Ni (a); IR image (b); IR
image after microwave
stimulation for 20 s (c).
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same temperature decrease takes about 6 min for the
metallized MCs.

Discussion

In this work, commercial phase change material (PCM)
microcapsules (MCs) were metallized with nickel
using an ultrathin coating of self-polymerized dopa-
mine (PDA) as an adhesion promoter. This approach
was used by several groups to produce silver coatings
on PCM MCs with silica [23], PMMA [24] and mela-
mine-resin capsules [25]. They used a standard state-
of-the art PDA deposition over 24 h; the metallization
procedure resulted in rather rough, particulate silver
coatings. While these papers use silver as a metallic
phase, our work is focused on the deposition of nickel,
which is cheaper and can be deposited as a continuous
thin layer. Following on from our previous studies
about PDA deposition on PCM MCs [26, 27], a very
short PDA deposition time (10 min) was applied to
yield an ultrathin adhesive layer as the basis for the
subsequent metallization. This short deposition time is
a big advantage with regard to industrial application.
The polydopamine layer deposited in this work is
thinner than most of those reported in the literature,
and this leads to less deposited mass and higher
residual specific phase change enthalpy after dopa-
mine deposition. The microcapsules presented in this
work have a good heat storage/release performance
even after polydopamine/nickel deposition, as they
retain 70-80% of the initial latent heat, thus reaching
160-170 J/g. This value is significantly higher than
reported by other authors for silver-coated microcap-
sules with a latent heat of 68 J/g [23], 26-72 ]/ g [25],
and 97 J/g [24].

This work for the first time uses surface-enhanced
IR spectroscopy (SEIRA) to study ultrathin PDA
films. IR spectroscopy has been used before to
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characterize PDA layers [42], showed however, a lack
of sensitivity for the ultrathin layer. In SEIRA, high
surface sensitivity is obtained by optical nearfield
enhancement with silver clusters localized on the
surface. In combination with imaging (SEM, AFM)
and advanced XPS techniques, the surface chemistry
of the coated microcapsules was studied in much
more detail than done in earlier studies by other
authors. These techniques confirmed the successful
PDA deposition by verifying the presence of a thin
and well-adherent PDA film onto the MC shells. The
PDA layer exhibited small globular structures very
similar to the surface features of the neat MCs and
did thus not affect the surface morphology. AFM and
XPS showed that during PDA deposition, organic
contaminations of the shell surface (adsorbed from
the environment or diffused from the MC core) were
removed.

The metallized MCs were characterized by a broad
portfolio of imaging, surface-sensitive spectroscopy,
and thermal analysis techniques. AFM, SEM and
EDX revealed the creation of a rather rough but
compact and continuous Ni layer on the MC. More
specifically, the combination of SEM and energy-
dispersive X-ray spectroscopy allowed us to spatially
resolve the distribution of the elements Ni, N, and O
in the MC shell, revealing a Ni layer of approx. 50 nm
thickness and a thin, outermost oxide layer. The
presence of this oxide layer was the main cause for a
non-satisfactory electrical conductivity of the metal-
lized MCs, even though conductive AFM revealed
the existence of conductive paths in the Ni layer.
Therefore, further studies are needed to prevent the

formation of the oxide layer or to remove it with a
post-treatment, in order to produce electrically con-
ductive MC powders that can be applied for electro-
to-thermal energy conversion and storage.

Thermal analysis confirmed the success of the
coating procedure. TGA results suggest that the
added hybrid coating may be beneficial to mitigate
the abrupt thermal degradation of the MCs at high
temperatures. DSC confirmed the ability of the met-
allized MCs to undergo phase transition while stor-
ing/releasing a large amount of latent heat. The Ni
layer had only a minor impact on the melting and
crystallization temperature of the PCM core but
reduced the melting and crystallization enthalpy due
to the extra mass added by the hybrid PDA-Ni
coating. This mass is in the order of 20-30 wt-%—
comparable to the Ag shell in [24]. Nevertheless, the
residual phase change enthalpy is still as high as
170 J/g, which makes the metallized MCs suitable for
thermal storage and management applications. The
thermal diffusivity of the MC powders was slightly
reduced by the PDA film but significantly enhanced
by the Ni coating, particularly at room temperature.

It was demonstrated that the PDA/Ni coating
makes the PCM microcapsules responsive to elec-
tromagnetic stimuli, thereby opening new possibili-
ties for the application of these materials. The
application of microwave radiation led to a heating of
the MCs from room temperature to the phase change
temperature (~ 40 °C) within 20 s. For plain and
PDA-coated MCs, heating over 70 s was necessary to
get the same effect. This shows that the contactless
transfer and conversion of electromagnetic energy to
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heat works very well with the metallized MCs, even
with a very thin Ni shell. This is promising for the
development of multifunctional and multi-respon-
sive PCM MCs retaining a low gravimetric density
and a high phase change enthalpy. Moreover, this
heating mechanism does not require contact between
the MCs, which suggests the possibility to develop
multifunctional polymer composites with an MC
concentration below the percolation threshold.

Conclusions

Commercial phase change material (PCM) micro-
capsules (MCs) were coated with an ultrathin self-
polymerized dopamine (PDA) film and subsequently
metallized with nickel. A broad portfolio of imaging,
surface-sensitive spectroscopy, and thermal analysis
techniques was applied for a thorough characteriza-
tion of the neat, PDA-modified, and metallized MCs.
The thin PDA layer did not alter the surface mor-
phology and roughness of the capsules significantly
but could be verified by highly surface-sensitive
spectroscopic methods such as XPS and SEIRA. The
subsequent metallization step created a rather rough
but compact and continuous Ni layer of approx.
50 nm thickness and a thin, outermost oxide layer.
This layer limited the electrical conductivity of the
MC powder. Thermal analysis revealed that the Ni
layer added about 30 wt-% to the MC mass but had
only a minor impact on the phase change behavior of
the MCs. It enhanced the thermal diffusivity of the
MC powders. This makes the metallized MCs suit-
able for thermal storage and management applica-
tions. Finally, microwave irradiation had a stronger
heating effect on metallized than on neat or PDA-
modified MCs, proving the applicability of the met-
allized MCs for controlled heating applications.
Overall, this work demonstrates an easy and
environmentally friendly technique to produce a
thin, uniform, and compact hybrid organic-inorganic
coating on PCM microcapsules, which yielded a new
multi-responsive and multifunctional material useful
for thermal conversion/storage and for thermal
management applications. The nature of the bio-
based adhesion promotion enables a component
separation by decomposing PDA layers. Further
studies will be devoted to applying these coated MCs
as a multifunctional filler in a polymeric (e.g., epoxy)
matrix and to study the interfacial adhesion and the
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physical-mechanical properties of the resulting
composite.
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