Monatshefte fiir Chemie - Chemical Monthly (2023) 154:515-522
https://doi.org/10.1007/500706-023-03048-5

ORIGINAL PAPER

=

Check for
updates

Macroporous carbon coatings through carbonization
of emulsion-templated poly(dicyclopentadiene) on metal substrates

Sebastijan Kovaci¢' - Katharina Gruber? - Bernd Fuchsbichler? - Martin Schmuck? - Christian Slugovc3

Received: 19 December 2022 / Accepted: 15 February 2023 / Published online: 23 March 2023
© The Author(s) 2023

Abstract
In this article, we demonstrate the fabrication of thin and macroporous carbon coatings that adhere to various metal substrates
such as nickel- or aluminum-based foils or meshes. The coating process is a combination of emulsion-templating and the
doctor-blade method, which allows to prepare up to 350 um thick poly(dicyclopentadiene) membranes with a polyHIPE
(polymerized high internal phase emulsions) architecture. Carbonization of these poly(dicyclopentadiene) membranes directly
on the metal substrates resulted in up to 30-um-thick foamy carbon coatings that retain the highly porous architecture and
flexibility. Subsequently, carbon foam-coated Ni-foils were filled with elemental sulfur by a melt diffusion technique. A
macroporous carbon coating supported sulfur loadings up to 65 wt%, obtaining cathodes for galvanostatic cycling experi-
ments in Li—S cells. The latter revealed discharge capacities higher than 800 mA h™! according to the sulfur mass. With our
approach, the final assembly of the electrodes is greatly simplified because no binders or conductive fillers are required.
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Introduction

The thermoset poly(dicyclopentadiene) (pDCPD), pro-
duced by ring-opening metathesis polymerization (ROMP),
is characterized by excellent mechanical properties, i.e.,
high toughness and stiffness, offers high temperature and
corrosion resistance, and excellent stability to chemicals
[1]. Current research interest in pDCPD-based materials
includes their preparation by additive manufacturing tech-
niques [2—4], materials for the microelectronic industry [5]
and introducing degradability into the material [6]. Porous
pDCPD networks are also known and can be prepared either
by polymerization induced phase separation, supercritical
drying of wet polymer gels, block copolymer-, or emulsion-
templating, to name a few [1]. The emulsion-templating

@ Springer


http://orcid.org/0000-0003-1873-5200
http://crossmark.crossref.org/dialog/?doi=10.1007/s00706-023-03048-5&domain=pdf

516

S. Kovacic et al.

approach is, in the context of this work, of particular inter-
est. In this case, high internal phase emulsions (HIPEs) are
used as structural templates and porous polymer monoliths
known as “polyHIPEs” are generated [7, 8]. PolyHIPEs are
typically single-piece polymer monoliths characterized by
a unique 3D-interconnected microcellular porous morphol-
ogy, tunable mechanical properties, and diverse chemistry.
The main advantage of polyHIPE:s, is the tunability of their
porous properties, i.e., pore volume, size, and interconnec-
tivity, simply by affecting the emulsion system with changes
in either the phase volume ratio, surfactant, or polymeriza-
tion system. The materials are attractive for a wide range of
applications including e.g., filter membranes, adsorbents,
supports for solid phase chemistry, scaffolds for tissue
engineering, and supports for CO, capture [9]. PolyHIPEs
prepared by ROMP exhibit particularly favorable mechani-
cal properties [10] and were used as separators in Li-ion
batteries [11], as oxygen scavenger materials [12], and in
mixed matrix membranes as host for metal organic frame-
works [13, 14].

PolyHIPEs have also served as precursors for the genera-
tion of monolithic macroporous carbons through carboni-
zation [15, 16]. PolyHIPE-templated carbons have been
prepared from poly(styrene) and poly(divinylbenzene)
[17], poly(acrylonitrile) [18], furfural-phloroglucinol [19],
tannin [20], Kraft black liquor [21, 22], 2,5-dihydroxy-
1,4-benzoquinone and urea [23], or resorcinol-formalde-
hyde resins [24]. Above that, the preparation of porous car-
bon composites [25-27] or hierarchically porous carbons
[23-28] through carbonization of polyHIPEs templates has
been developed. PolyHIPE-templated carbon have been
used in various applications such as catalysis [29-31], CO,
capture [27, 32], or as carbon component in battery elec-
trodes [33-35]. Using them in lithium-sulfur (Li—S) batteries
revealed a minimized lithium polysulfide dissolution during
cell operation [36, 37]. However, hitherto described Li—S
cells using such porous carbons suffer from modest sulfur
utilization and/or limited interface contact with the metallic
current collectors [38, 39]. To circumvent the latter prob-
lem in particular, there is considerable interest in develop-
ing free-standing polyHIPE-templated carbon electrodes. In
such an electrode, the monolithic carbon framework serves
either as an active material or as a 3D current collector [40].
Another important aspect is that the free-standing poly-
HIPE-templated electrodes can be developed without binder.

The use of carbon coatings on various current collec-
tors have been reported to significantly improves the perfor-
mance of the electrodes, as such an arrangement significantly
reduces the contact resistance at the current collector-carbon
interface [41, 42]. Various coating processes are used to pro-
duce carbon-coated current collectors. On a laboratory scale,
coating is usually done by the doctor blade method, in which
slurries containing carbon powder, carbon black, or fine
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graphite as a conductive additive, together with active mate-
rial and a binder, are casted onto the current collector surface
to form homogeneous films [43]. Although carbon-coated
current collectors have better rate performance, more stable
cycling, and lower area-specific resistance the use of binders
and solvents for their preparation is still required. Therefore,
in this article, an emulsion-templating is used in combina-
tion with a doctor-blade method, and highly porous 150 to
300 um thick pPDCPD membranes are prepared directly on
various metal substrates such as nickel- or aluminum-based
foils and meshes. Carbonization at 600 °C resulted in well-
defined carbon coatings with a foamy structure and a thick-
ness of ~30 pm adhering to metallic current collectors. As
a use case, the developed carbon-coated current collectors
are filled with elemental sulfur and cathodes for Li—S cells
are assembled and tested.

Results and discussion

Based on prior work, we herein selected a HIPE formula-
tion consisting of dicyclopentadiene (DCPD, 20 vol%) as
the external phase, water (80 vol%) as the internal phase,
Pluronic®L121 as the surfactant (7 vol% with respect to
DCPD), and M202 as the ring-opening metathesis polym-
erization initiator (Fig. 1). pDCPD foams synthesized from
this HIPE composition have proven to be an advantageous
compromise between maximum porosity, small structural
sizes (void and window sizes), and good mechanical stability
[44-46]. Furthermore, the carbonization of pDCPD foams
derived from this particular formulation has been previously
described in detail and the resulting carbon foams have been
thoroughly characterized [47].

However, in order to obtain DCPD-based carbon
foam in any shape, prior oxidative treatment (additional
crosslinking) is of utmost importance to remove the ther-
moplastic properties and thus increase the glass transition
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temperature of pDCPD. Otherwise, the pDCPD network
melts at higher temperatures and the foam loses its porous
structure [47]. Normally, the oxidation is simply carried
out in air at room temperature without using organic sol-
vents, toxic reagents or catalysts. During this time, the
pDCPD network is oxidized, producing various oxidation
products, e.g., hydroperoxides, carbonyls, etc. [48], which
cause additional crosslinking. To demonstrate the versa-
tility of the synthetic approach, we have continued our
studies into the preparation of stable carbon coatings with
a foamy structure that adhere to various metal substrates.
We first attempted the coating of nickel substrates. HIPEs
stabilized with 7 vol. % of the surfactant were carefully
spread on the Ni-foil substrate by the doctor-blade method
in thicknesses of 150, 250 and 350 pm and then covered
with a glass plate to ensure direct contact with the HIPE
[46]. The as-prepared samples were then polymerized in
an oven at 80 °C for 2 h. Prior to oxidation, polyHIPE-
coated Ni-foils were cut to obtain coin cell electrodes of
suitable size (Fig. 2A), which were later used for electro-
chemical measurements. After the usual oxidation process
described above, the oxidized polyHIPE-coated Ni-foils
were carbonized at 600 °C to obtain a carbon coating on
the Ni-foil (Fig. 2C and E). Carbon coatings obtained
from polyHIPE-coated films with thicknesses of 250 and

Fig.2 Photo of oxidized poly-
HIPE coating (A) and carbon
coated Ni-foil (B); SEM images
of Ni-foil (C-E): side view of
the carbon coating stacked to
the Ni-foil (C); interior mor-
phology of the carbon coating
(D); plan view of the carbon
coating stacked to the Ni-foil
(E)

350 um peeled off from the metal substrate, so only poly-
HIPE films with a thickness of 150 pm were used for fur-
ther studies.

Another problem was also a higher carbonization tem-
perature, which causes the carbon coating to detach from
the substrate regardless of thickness. As expected, carboni-
zation results in a throughout open-pore carbon coating
that adhered to the Ni-foil with a thickness of up to 30 pm
(Fig. 2D-F). A combination of the pronounced shrinkage
of the polyHIPE during carbonization above 600 °C and the
thermal expansion of the Ni-foil (13.4x 107° K~ at 20 °C
and 16.8x 1078 K~! at 523 °C) is likely responsible for the
carbon coatings peeling off. To circumvent the exfoliation
problems during carbonization and to obtain thicker car-
bon coatings, a Ni-mesh was used as substrate and HIPEs
were cast by the doctor blade method, initially with thick-
nesses of 150 um. In this case, HIPE fills the interspaces
between the wires and after ROMP the whole Ni-mesh is
embedded in the polyHIPE. To achieve good adhesion, HIPE
must be spread over the mesh within the first five minutes
after adding the initiator to HIPE. After curing, the adhe-
sion and open surface morphology of the polyHIPE were
found well preserved (Fig. 3A and B). However, shrinkage
during carbonization caused the carbon coating to partially
peel off from the Ni-mesh. From SEM imaging, it appeared
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Fig.3 SEM images of Ni-mesh
(A-D): side view of the poly-
HIPE polymer interpenetrated
within the Ni mesh (A); surface
morphology of the polyHIPE
polymer within the Ni mesh
(B); side view of the carbon-
coated Ni mesh (C) surface
morphology of the carbon-
coated Ni mesh (D)

that in the areas where the Ni-mesh was fully coated with
polyHIPE (both on the top surface and between the wires
within the mesh), good adhesion of the carbon coating was
achieved after carbonization. The opposite was found when
the HIPE did not penetrate the mesh. In this case, the adhe-
sion of the carbon coating was very poor and the layers
pilled off (Fig. 3A and D). Presumably, an increased viscos-
ity of HIPE, due to the polymerization already in progress,
is thought to be responsible for this effect.

Next, carbon-coated Ni-foils were filled with elemental
sulfur by a melt diffusion technique at 155 °C to obtain cath-
odes for galvanostatic cycling experiments. Considering an
80% porosity of the carbon coating and an average thickness
of ~25 pm, a maximum filling would correspond to a sulfur
loading of 3.6 mg cm™2. The actual sulfur loadings deter-
mined were 0.44 mg cm~2 and 0.74 mg cm ™2, corresponding
to carbon/sulfur ratios of 46 and 60 by weight, respectively,
indicating a certain number of macropores within the carbon
coat not filled. However, despite the incomplete sulfur fill-
ing galvanostatic cycling of the cathodes was performed in
pouch cells, using 0.014 cm? of electrolyte per mg of sulfur
0.014 cm3/mg S) and cycled between 1.8 to 2.4 V (vs Li/
Li%) at a rate of 0.1 C, as shown in Fig. 3A. Please note
that all capacity values are given in terms of mAh g~! per
sulfur mass. Initial discharge capacities were in the range
of over 800 mAh g~! in the first cycles, regardless of sulfur
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loading, which was surprising and suggests that a compa-
rable amount of sulfur was electrochemically accessible in
both cases (Fig. 4A). An increase in specific capacitance
to~1000 mAh g~! was then observed in the first four cycles,
most likely due to the repeated dissolution and precipitation
processes during charging and discharging (Fig. 4A and B).
During the next 40 cycles, the capacity then decreased some-
what and remained constant at about 550 mAh g~! until the
100th cycle (Fig. 4A).

The reason for this long-term stable capacity most
likely lies in the unique, 3D-interconnected polyHIPE
morphology of the HIPE-derived carbon coatings
(Fig. 2C). Small throats (windows) connecting larger
macropores (voids) apparently represent physical barriers
that slow the dissolution of long-chain polysulfides (e.g.,
Li,Sg, Li,S¢) into the electrolyte during the redox process,
which is also a known effect in porous carbon aerogels
[49]. Another hypothesis is that empty macropores, which
were initially not filled with sulfur, subsequently serve as
empty areas into which long-chain polysulfides can diffuse
before escaping into the electrolyte, slowing dissolution
and prolonging their participation in the redox process,
thus stabilizing the capacity. The latter is confirmed by the
excellent retention of the initial charge—discharge capacity
of the cathodes thus obtained, which have a high Cou-
lombic efficiency (CE) of >96% and are reversible even
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Fig.4 Cycle performance of carbon coated Ni-foil derived carbon/sulfur cathode with 46 wt. % and 60 wt. % sulfur (A); and corresponding spe-
cific voltage profile of 1st, 4th, 50th, 100th cycles of cathode materials with 46 wt. % sulfur (B)

after 100 cycles (Fig. 4A). This CE value is comparable
to that of mesoporous carbon foam [50, 51], or carbon
nano-tube-based composite cathodes with comparable sul-
fur loading [52]. Apparently, HIPE-derived carbon coat-
ings have a favorable combination of porosity, pore size,
3D-interconnected structure, and good adhesion to the Ni-
foil, which together ensure cathode performance despite a
low specific surface area determined by the B.E.T. method
(Sggr of 3 m? g7! determined for representative free stand-
ing carbon foam samples) and low sulfur loading (up to
0.74 mg cm™?) compared to other carbon materials in
Li-S batteries with Syy of more than hundreds of m? g™
[36-38, 53, 54]. Although the capacities achieved here are
not particularly impressive in comparison to the state of
the art [55], the results clearly demonstrate the feasibility
of producing a binder and particulate carbon additive free
electrode-architecture with this approach.

Finally, we also tested aluminum (Al) foils as metal sub-
strates and design the cathode. Using Al instead of Ni would
have the advantage of lower weight and a lower price of the
final electrode. As described above, the HIPE was spread
across the foils in thickness of 150 pm, covered with a glass
plate, polymerized in an oven at 80 °C for 2 h. It was found
that during polymerization of the HIPE and subsequent oxi-
dation of the polyHIPE, the aluminum surface directly under
or adjacent to the coating turned yellow compared to the bare
Al-foil, indicating a possible reaction of the Al surface with
the reactants from the HIPEs. EDX analysis confirmed that
the oxygen content in these yellow areas at the aluminum
surface increased threefold, from 9 to 27 wt%. PolyHIPE-
coated foils were further carbonized, forming carbon coat-
ings on the surface of the Al-foil, which was subsequently
filled with elemental sulfur by melt diffusion (sulfur loading
of 0.70 mg/cm? was achieved). The cathodes thus prepared
were then used for galvanostatic cycling experiments. Al-
based cathodes showed no electrochemical activity, prob-
ably due to the formation of an electrically non-conductive

(oxide) layer on the surface, so the Al-substrate as current
collector was not investigated further.

Conclusion

In summary, emulsion templating combined by doctor blade
method was used to fabricate highly porous, 150 to 300 um
thick poly(dicyclopentadiene)membranes with a polyHIPE
architecture adhered to various metal substrates such as
nickel- or aluminum-based foils or meshes. Carbonization
of these substrates coated with polyHIPEs at 600 °C resulted
in 10 s of micron thick carbon coatings on the metal sur-
faces with preserved polyHIPE structure. The developed
carbon-coated Ni-foils were then filled with elemental sul-
fur (loadings of up to 0.74 mg/cm?) and cathodes for Li—S
cells were designed and tested. Initial discharge capacities
of over 800 mAh g~! and capacity retention at about 550
mAh g~! after 100 cycles at a rate of 0.1 C indicate that the
cathodes are functional. Thus, our fabrication method, which
enables binder-free, highly porous and flexible carbon coat-
ing directly on metallic current collectors, offers a promising
opportunity for the development of electrodes for batteries.

Experimental

Dicyclopentadiene (DCPD, Aldrich), Pluronic L-121
(poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol, Aldrich), the initiator (H,IMes)
(PCy;)Cl,Ru(3-phenyl-indenylid-1-ene) (M202, Umicore,
H,IMes = N,N-bis(mesityl)-4,5-dihydroimidazol-2-yl),
PCy; =tricyclohexylphosphine)), and toluene (p.a. Aldrich)
were used as received.

Synthetic procedure Preparation of carbon coatings
on metal substrates. The appropriate amounts of the
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monomer DCPD (8.02 g), Pluronic L121 (0.62 g), and tolu-
ene (0.050 cm®) were added to a 3-neck round bottom flask
equipped with a mechanical stirrer and dropping funnel.
The mixture was stirred at 400 rpm for 5 min and deionized
water (33 cm?) was added dropwise with continuous stirring.
Initiator M202 (8.1 mg) dissolved in toluene (0.25 cm’) was
then added, and the emulsion was stirred for an additional
1 min. DCPD-based HIPEs were then cast onto metal sub-
strates (foils or meshes) using doctor blades with dimen-
sioned slits between 150 and 350 pm. The cast HIPEs were
then covered with a glass lid to both ensure direct contact
and prevent evaporation of DCPD (Fig. 5). As shown in
Fig. 5 (black line), the spacer between the substrate and the
glass plate was used to maintain the cast thickness of HIPE.

The samples were placed in an oven at 80 °C for 2 h for
polymerization. After 2 h, polymerization was complete and
the lid was carefully removed. The polyHIPE adhering to the
metal substrate was then oxidized in an oven at 40 °C for 5 d.
Subsequent carbonization at 600 °C (heating ramp of 4 K/
min) of the now oxidized polyHIPE coating adhering to the
metal substrate resulted in a macroporous carbon coating on
the metal substrates.

Sulfur infiltration The sulfur content was 60 and 46% by
weight, respectively, and was calculated based on the mass
of the carbon layer obtained on the metal substrates. Sulfur
was first dissolved in toluene and spread on carbonized sam-
ples in order to achieve a more homogeneous distribution.
These were placed in a Biichi oven (Biichi glass oven B 585)
and heated to 155 °C under N, gas. All together the sulfur
infiltration process was accomplished within 30 min. As
soon as sulfur melted (at 120 °C), it was completely soaked
into the porous carbon material. The amount of sulfur inside
the electrode was determined gravimetrically.

Test cells for electrochemical measurements Electro-
chemical measurements were performed in pouch cells. An
acrylate/Al/PP compound foil served as casing of the pouch
cells, with PP (polypropylene) layer being the inner layer.
For standard Li-S cell measurements the electrode stack
consisted of a 2x3 cm? sulfur/carbon working electrode
and a metallic lithium stripe (100 pm or 230 um) counter
electrode, which were separated by a Celgard 2400 sepa-
rator. The compound foil and the PP separator were dried
under vacuum at 90 °C prior to cell assembly. The current

collector tap of the sulfur/carbon electrode was cut out of
the Al foil on which the active material layer was casted
while a Ni-foil stripe, pressed on Lithium served as current
collector tap at the negative electrode. Additionally, a ref-
erence electrode was placed between the current collector
taps. The reference electrode consisted of a small piece of
lithium foil wrapped around the Ni foil current collector
tap and was in contact with the separator. After electrolyte
addition, the compound foil was heat-sealed and a stripe
of hot melt adhesive was additionally placed around the
metal taps, ensuring the tightness of the sealing at metal/PP
contact areas. Cell assembly was accomplished under inert
atmosphere. If not stated differently, assembled cells were
opened at ambient conditions and were instantaneously vac-
uum-sealed to eliminate argon from inside the cell. During
electrochemical measurement, cells were placed in a jig to
apply a moderate pressure on the electrode stack. A solution
of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
—0.25 M LiNO; in a dimethoxyethane/dioxolane (1:1 w/w)
mixture served as the liquid electrolyte. LiTFSI was dried at
90 °C under vacuum for minimum of two days. LiNO; was
used as received. The obtained electrolytes showed a water
content below 20 ppm. For electrochemical tests, the elec-
trolyte amount in standard cells was held constant at 0.014
cm’/mg of sulfur present at the applied electrode.

Electrochemical characterization Galvanostatic cycling and
cyclic voltammetry measurements were performed using
MACCOR Series 4000 battery tester and Biologic MPG -2,
respectively. Unless otherwise specified, cut-off voltages
for galvanostatic cycling measurements were set at 1.8 V
and 2.6 V vs Lit/Li, and the C rate was set at 0.1 C for a
maximum of 200 cycles. The C-rate indirectly defines the
charge and discharge current of the cell during galvanostatic
measurement. Applying a C-rate of 1 corresponds to charg-
ing or discharging the cell within 1 h. Here the C-rate [h™!]
was calculated based on the theoretical capacity of sulfur
(1672 mAh g~") irrespective of the practical sulfur utiliza-
tion. Measurements were controlled in full cell operation
(control of cut-off voltages between working and counter
electrode EWE-ECE).

Characterization Morphology investigations were per-
formed using scanning electron microscopy. Scanning elec-
tron microscopy (Vega-3, Tescan) with a secondary elec-
tron detector was used to study the surface morphologies.

Fig.5 Schematic drawing of the

process for the pDCPD coating Glass lid — I

of the metal substrates

Metal substrate
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The samples were coated with a~3 nm thin gold layer to
increase the electrical conductivity (Cressington 108 auto
sputter coater). A tungsten cathode was used as the electron
source and an accelerating voltage of 20 kV was applied.
3D images were generated using 3D software (Mex 5.1)
by capturing SEM images with a tilt of 3°. In addition, an
energy dispersive X-ray (EDX) detector was used to study
the elemental composition.
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