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ABSTRACT: Polydicyclopentadiene (pDCPD), a thermoset with
excellent mechanical properties, has enormous potential as a
lightweight, tough, and stable matrix material owing to its highly
cross-linked macromolecular network. This work describes
generating pDCPD-based foams and hierarchically porous carbons
derived therefrom by combining ring-opening metathesis polymer-
ization (ROMP) of DCPD, high internal phase emulsions (HIPEs)
as structural templates, and subsequent carbonization. The
structure and function of the carbon foams were characterized
and discussed in detail using scanning electron, transmission
electron, or atomic force microscopy (SEM, TEM, AFM), electron energy-loss spectroscopy (TEM-EELS), N2 sorption, and
analyses of electrical conductivity as well as mechanical properties. The resulting materials exhibited uniform, shape-retaining
shrinkage of only ∼1/3 after carbonization. No structural failure was observed even when the pDCPD precursor foams were heated
to 1400 °C. Instead, the high porosity, void size, and 3D interconnectivity were fully preserved, and the void diameters could be
adjusted between 87 and 2.5 μm. Moreover, foams have a carbon content >97%, an electronic conductivity of up to 2800 S·m−1, a
Young’s modulus of up to 2.1 GPa, and a specific surface area of up to 1200 m2·g−1. Surprisingly, the pDCPD foams were carbonized
into shapes other than monoliths, such as 10’s of micron thick membranes or foamy coatings adhered to a metal foil or grid
substrate. The latter coatings even adhere upon bending. Finally, as a use case, carbonized foams were applied as porous cathodes for
Li−O2 batteries where the foams show a favorable combination of porosity, active surface area, and pore size for outstanding
capacity.
KEYWORDS: emulsion templating, carbonization, ROMP, polyHIPEs, porous cathode

■ INTRODUCTION
Ring-opening metathesis polymerization (ROMP) has become
one of the most versatile polymerization techniques, finding
application in many areas of polymer and materials
research.1−3 The ROMP of dicyclopentadiene (DCPD), a
cheap byproduct in the C5 stream of naphtha crackers, is
industrially relevant to fabricate, e.g., body panels for vehicles
or cell covers for chloro-alkali plants, domestic wastewater
treatment units, and large waste containers.4−7 The thermoset
poly(dicyclopentadiene) (pDCPD) is characterized by ex-
cellent mechanical properties with high toughness and rigidity
and outstanding chemical resistance. The latter is ascribed to
autoxidation of the surface of pDCPD.8 Current research
interests in pDCPD-based materials include polymerizable
ferrofluids,9 membranes for purification purposes,10−12 nano-
porous pDCPD,13 pDCPD aerogels,14,15 fibers made by
electrospinning,16 and emulsion-templated macroporous
foams17−23 or nanocomposites.24−26 The macroporous foams
are, in the context of this work, of particular interest. Generally,

cellular polymer foams are usually prepared by chemical or
physical foaming, whereby the cell sizes, morphologies, as well
as the preparation of fully open-cell structures are difficult to
control.27 An alternative, offering a solution for that obstacle, is
provided by the so-called emulsion-templating approach. High
internal phase emulsions (HIPEs) are a special type of
emulsions characterized by a droplet (internal) phase volume
fraction exceeding 74.05% of the total emulsion volume.28

Their structure consists of deformed (polyhedral) and/or
polydispersed droplets separated by a thin film of the
continuous phase (made up by monomers).29 Polymerization
of the continuous phase of a HIPE and removal of the droplets
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of the dispersed phase produce highly macroporous and
permeable matrices (termed polyHIPEs). The resulting
polyHIPE foams are typically made up of highly 3D-
interconnected macropores (so-called voids, of typical
diameters between 5 and 20 μm) and interconnecting pores
(so-called windows; typically, between 0.1 and 2 μm). The
materials are attractive for a wide range of applications
including, e.g., filter membranes, adsorbents, supports for solid
phase chemistry, ion exchange resins, scaffolds for tissue
engineering, hybrid materials, and supports for CO2 capture.30

Another use is to carbonize the polyHIPE foams, generating
monolithic macroporous carbon scaffolds.31,32 Carbon foams
have been prepared from polyHIPE precursors based on
poly(styrene) and poly(divinylbenzene),33−36 poly-
(acrylonitrile),37 furfural-phloroglucinol,38 tannin,39 Kraft
black liquor,40,41 2,5-dihydroxy-1,4-benzoquinone, and urea42

or resorcinol-formaldehyde resins.43 In addition, the prepara-
tion of macroporous carbon composites through the carbon-
ization of nanocomposite polyHIPE foams as templates has
also been reported.44−46 These HIPE-derived macroporous
carbon foams have been used in various applications such as
catalysis47−49 and CO2 capture,46,50 or as carbon components
in battery electrodes.51−53

To exploit the control over void and window size and
porosity in the polyHIPEs in applications such as battery
electrodes, the macroporous morphology of the polyHIPE
must be preserved at the high temperatures required for
carbonization. To avoid both severe shrinkage of the foam
skeleton and collapse of the precursor morphology, a fixation
step is required prior to carbonization. Processes and
techniques disclosed so far to stabilize polyHIPE precursors
before heating include sulfonation,54 hyper-cross-linking,55

Pickering-HIPE templating,44,56 or oxidation in air at high
temperature.37,57 Although all of these techniques have been
shown to be effective, incorporating heteroatoms into the

precursor forms toxic gases during carbonization and, in the
case of nanoparticles, increases the cost and complexity of the
systems and presents additional challenges in purification and
processing. Homogeneous fixation for homogeneous shrinking
is challenging but required to avoid shape loss during
carbonization.37,54,55 Overall, a workflow for tunable foam
morphology and simple, reliable, and nonhazardous fixation to
obtain tailored carbon foams is still a challenge.

Herein, we show a ROMP-based strategy to prepare HIPE-
derived carbon foams of various shapes, tunable pore sizes,
high electronic conductivity, and high specific surface area,
using the commodity monomer DCPD. The fixation step used
here is very mild and homogeneous over the entire volume of
the samples, resulting in relatively low and uniform shrinkage
in all dimensions. This property represents a unique feature of
this approach, which allows access to foams as monoliths,
membranes, and coatings on substrates. Activation allows us to
increase the active surface area to make them suitable for
electrochemical applications, which we demonstrate with the
Li−O2 battery.58−61

■ EXPERIMENTAL SECTION
Materials. Dicyclopentadiene (DCPD, Aldrich), Pluronic L-121

(poly(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol), Aldrich), the initiator ((H2IMes)(PCy3)Cl2Ru(3-
phenyl-indenylid-1-ene) (M2, Umicore, H2IMes = N,N-bis(mesityl)
4,5-dihydroimidazol-2-yl, PCy3 = tricyclohexylphosphine)), and
toluene (p.a. Aldrich) were used as received.

Synthetic Procedure. Preparation of Monolithic or Membrane
HIPE-Derived Carbon Foams. The according amounts of monomer
DCPD, Pluronic L121, (Table S1), and toluene (50 μL) were placed
in a 3-neck round-bottomed flask equipped with a mechanical stirrer
and a dropping funnel. The mixture was stirred at 400 rpm for 5 min,
and upon continuous stirring deionized water was added dropwise at
25 °C over about 1 h. Afterward, the initiator M2 (1.3 mg, 0.0007
mmol with respect to DCPD) dissolved in toluene (0.25 mL) was

Table 1. Porosity and Void Sizes of Foams Prepared with Different Surfactant Amounts before and after Carbonization for 2 h
at 900 °C

samplea
porosity before carbonization

[%]b void sizes before carbonization [μm]c
porosity after carbonization

[%]d void sizes after carbonization [μm]e

pDCPD0.25 80 69 ± 53 82 87 ± 56
pDCPD1 81 35 ± 23 82 33 ± 10
pDCPD3 80 7.4 ± 5.5 84 10 ± 6
pDCPD5 81 6.7 ± 2.6 85 6.4 ± 2.5
pDCPD7 82 4.2 ± 2.4 85 4.3 ± 1.6
pDCPD10 79 3.4 ± 1.2 84 2.5 ± 0.9
aFoams prepared with different surfactant loading given in the subscript in vol % with respect to DCPD. bExperimental porosity assessed with
mercury porosimetry; see ref 18. cDiameter determined by SEM of broken samples; see ref 18. dExperimental porosity assessed with mercury
porosimetry of samples carbonized at 900 °C (heating ramp 4 °C·min−1, 2 h at 900 °C). eDiameter, determined by SEM of broken samples.

Table 2. Physical Properties of Carbon Foams Prepared from pDCPD7 at Different Temperatures

Temp. [°C]a Porosity [%]c Void sizes [μm]d Window sizes [μm]d He dens. [g·cm−3]e BET [m2·g−1]f BET [m2·g−1]g Electr. Cond.[S·m−1]h

500 79 4.2 ± 1.2 1.5 ± 0.9 1.38 2.50 497 ± 3 /
700 81 4.6 ± 1.6 2.1 ± 0.9 1.69 3.10 1182 ± 9 61 ± 4
900 85 4.3 ± 1.6 1.2 ± 0.6 2.09 22.6 626 ± 4 1150 ± 57
1100 85 4.5 ± 1.5 2.0 ± 1.6 2.07 10.1 946 ± 6 2410 ± 120
1400 81 3.9 ± 1.5 2.7 ± 0.9 1.68 4.10 313 ± 1 2790 ± 84
1400b 79 4.2 ± 1.4 1.2 ± 0.6 1.68 14.2 n.d. 2590 ± 90

aCarbonization temperature, heating ramp 4 °C·min−1, 2 h at the given temperature. bHeating ramp 4 °C·min−1, 8 h at 1400 °C. cExperimental
porosity assessed by mercury porosimetry. dDiameter determined by SEM of broken samples. eSkeletal density determined by helium pycnometry.
fSurface area determined by N2-adsorption measurements (BET method). gSurface area after activation with CO2 at the temperature listed in the
first column as determined by N2-adsorption measurements (BET method). hElectrical conductivity determined by a four-point method.
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added, and the emulsion was stirred for a further 5 min. Subsequently,
the emulsion was transferred to the appropriate mold (i.e., glass vials)
for monoliths or casted onto the glass plates for membranes. The
filled molds or casted glass plates were transferred into a preheated
oven operating under air. Curing of the emulsions at 80 °C for 4 h
resulted in the formation of white rigid monoliths in all cases. The
specimens were purified by Soxhlet extraction with acetone for 24 h
and subsequently dried in a desiccator under vacuum (10 mbar) until
constant weight was reached. Such obtained specimens were placed in
an oven operated in air and stored there for at least 5 days. Yet
oxidized specimens were placed on a quartz boat in a quartz tube in
the isothermal zone of a tubular furnace operated under argon. The
samples were then heated to the temperature listed in Table 1 or with
the heating ramp of 4 K/min.

Carbon Dioxide Activation. The CO2 activations were performed
using 500 mg of carbon foam for each batch. The raw material was
placed in a quartz boat in a quartz tube in the isothermal zone of a
tubular furnace and purged with flowing argon. The samples were
then heated to the temperature as listed in Table 2 (temperatures
given are of the furnace) with a heating rate of 4 K min−1 followed by
subsequently changing the gas to CO2 with a flow of 10 mL min−1

and annealing at the target temperature. Samples were cooled to room
temperature under flowing argon.

Preparation of a Carbon-Foam-Coated Ni Substrate. DCPD-
based HIPEs (HIPE preparation as described above) were cast onto
nickel foils or a wire grid (purchased from Schlenk Metallfolien
GmbH, 99.5%) without any surface pretreatment using a casting
blade with a slit of 200 μm. Afterward the specimens were covered
with a support lid in a way that direct contact of the lid with the
casted HIPE was assured. Such prepared specimens were put into an
oven operated at 80 °C for 2 h. Afterward the lid was removed and
stored in an oven operated in air at 40 °C for 5 days in order to
oxidize. Subsequent carbonization at 600 °C (heating ramp of 4 K/
min) yielded a composite of the nickel substrate coated with
macroporous carbon layers.

Electrochemical Methods. Cathodes were prepared by gently
mixing hand-ground carbonized HIPEs with an isopropanol and
polytetrafluoroethylene (PTFE, suspension in water, Aldrich) binder
in a ratio of 9:1. This mixture was applied on an Al mesh current
collector. The electrodes were washed with H2O/acetone 1:1 and
dried overnight under vacuum at 80 °C. Typical cathodes contained
about 1−5 mg cm−2 of carbon. Equally, Ketjen Black or Super P (C-
Energy) were used. Counter electrodes were made from LiFePO4 (PI-
Kem), Super P, and PTFE in a weight ratio of 8:1:1 and made
analogously to the cathodes.

Characterization. TGA measurements were performed with a
Netzsch Simultaneous Thermal Analyzer STA 449 F1 Jupiter

(crucibles: aluminum from Netzsch). A nitrogen flow of 50 mL
min−1 was used in combination with a protective flow of helium of 8
mL min−1. The heating rate until a final temperature of 1100 °C was
10 K min−1. Morphology was investigated using scanning electron
microscopy (SEM). SEM images were taken on a Vega-3, Tescan
microscope. Pieces of carbon foam (section of about 0.5 cm2) were
broken without using liquid nitrogen and mounted on a carbon tab,
and SEM analysis has been conducted without prior gold sputtering as
carbon foams themselves were conductive. For TEM analysis, samples
were embedded in an Araldite/Epon embedding mixture, which was
composed of 49% w/w Araldite/Epon stock solution, 49% w/w
hardener DDSA (Fluka), and 2% w/w accelerator DMP-30 (Fluka).
Infiltration was performed stepwise (impregnation at room temper-
ature for 24 h and polymerization at 50 °C for 72 h). Embedded
samples were sectioned using Leica Ultracut ultramicrotome to a
thickness between 70 and 120 nm. All EFTEM experiments were
acquired in TEM mode. For the calculation of elemental distribution
images, a jump ratio method was used. The high-resolution
transmission electron microscopy was done on a 200 kV field-
emission gun microscope JEOL JEM 2100. Samples were dispersed in
ethanol and placed on a copper holey carbon grid. Nitrogen
adsorption measurements of carbon foams were performed on an
IMI-HTP manometric gas analyzer (Hiden Isocehma). After
degassing of the samples at 100 °C for 2 h in a dynamic vacuum,
the skeletal sample density was measured using helium pycnometry
(99.999% He; Messer) at 25 °C for the dead volume corrections. The
specific surface areas were determined by the Brunauer−Emmett−
Teller (BET) method in accordance with ISO 9277:2010(E)
standards. The true porosity (experimental porosity) of each sample
was determined by mercury intrusion porosimetry (Micromeritic
WIN9400 Series).

■ RESULTS AND DISCUSSION
Synthesis and Morphological Properties. Following

our established protocols17−23 that allow pDCPD foams with
different void and window sizes to be prepared by simply
varying the amount of surfactant, HIPEs were prepared from
water in DCPD (adjusting the phase ratio to ∼0.80) using
Pluronic-L121 as the surfactant (Figure 1, left; amounts
summarized in Table S1). Upon adding the initiator M262 and
heating the emulsion for 2 h at 80 °C, monolithic macroporous
foams with different void and window sizes were obtained
(Table 1). The foams were dried and exposed to air at 40 °C
for at least 5 days to oxidize the specimens.17−23,63 The
oxidation step is crucial for subsequent carbonization because

Figure 1. Left: preparation of the carbon foams. Right: combined TGA/DSC investigation of the carbonization process. Insets: photographs of a
broken tensile test bar before (above) and after pyrolysis (below) indicating the sample’s macroscopic shrinkage upon pyrolysis.
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it (additionally) cross-links the polymer backbone and fixes the
macroporous morphology to maintain dimensional stability
(unoxidized samples carbonize while losing the porous HIPE
structure; see Figure S1). Complete oxidation resulted in a
typical elemental composition of 62−65% C and 6−7% H
(Table S2), which means that 28−32% oxygen was
homogeneously incorporated into the foams (significantly
more than the usual 6%),37 due to a unique feature of pDCPD,
the highly unsaturated backbone that results from metathesis
polymerization.

Subsequently, the fully oxidized pDCPD foams were
pyrolyzed at 900 °C under an inert argon atmosphere. The

carbon foams retained their monolithic shape with a
proportional shrinkage of about 33% in all dimensions and
67% of the size preserved (Figure 1). This is significantly less
shrinkage than carbon foams fixed by other techniques, where
shrinkage during carbonization is usually about 55%.54−56 The
excellent geometric stability of our carbon foams was further
confirmed by the preserved macroporous morphology (Figure
2), which corresponds to that of the original pDCPD foam
without void distortion and can be ascribed to the high
tendency of the pDCPD precursor foam to oxidize. Carbon-
ization resulted in a mass loss of 70 ± 3%, as indicated by TGA
(Figure 1, right, and Figure S2).

Figure 2. Morphology of the carbon foams obtained via pyrolyzing pDCPD foams with 80% nominal porosity prepared with (a) 0.25 vol %, (b) 1
vol %, (c) 3 vol %, (d) 5 vol %, (e) 7 vol %, and (f) 10 vol % of surfactant (shown above in a higher magnification).

Figure 3. Left: AFM image of a carbonized foam wall. Right: HR-TEM images of the carbon morphology of the sample pyrolyzed at 700 °C (left),
900 °C (middle), and 1400 °C (right) and conductivity vs pyrolysis temperature (for error bars see Table 2).
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SEM shows that the characteristic morphologies of the
HIPE-derived foams were preserved in the carbonized samples
(Table 1, Figure 2, and Figures S3−6). Macroporous carbon
foams with void diameters ranging from 2.5 ± 0.9 (HIPE
prepared with 10 vol % surfactant) to 87 ± 56 μm (0.25 vol %
surfactant used) were obtained. These values are comparable
to the void diameters of the oxidized samples before pyrolysis
(Table 1).17−19 Considering that the specimens shrank to 67%
of their initial size during carbonization, the unchanged void
sizes are surprising at first glance. However, this phenomenon
has already been described for other systems and is a common
feature when carbonizing macroporous foams.33,37,40 Thus, the
ROMP-based system presented here allows the void sizes of
the HIPE-derived carbon foam to be varied simply by varying
the amount of surfactant used in the synthesis of the precursor.
According to the elemental analysis, the carbon foams had a
high carbon content of 96−98%. Other elements present were
hydrogen (<1%) and oxygen (1.4−3.3%) (Table S2).

Next, the effect of carbonization temperature on the physical
properties of carbon foams was investigated by pyrolyzing
oxidized pDCPD foams prepared with 7 vol % of surfactant at
500, 700, 900, 1100, and 1400 °C for 2 h in an Ar atmosphere.
These polymer foams, prepared from the HIPE precursor
stabilized with 7% surfactant, have shown favorable properties,
i.e., a good compromise between maximum porosity, void and
window sizes, and good mechanical stability.17−23 Regardless
of the pyrolysis temperature, the morphology of the carbon
foams was largely preserved after pyrolysis, and void sizes
between 3.9 ± 1.5 μm and 4.6 ± 1.6 in diameter and window
sizes between 1.2 ± 0.6 μm and 2.7 ± 0.9 μm in diameter
(Table 2 and Figures S5 and S6) were obtained, as shown by
the SEM analysis. Carbon foam skeletal densities were
determined by helium pycnometry and increased from 1.380
g·cm−3 at 500 °C to 2.090 g·cm−3 at 900 °C. At higher
pyrolysis temperatures, the skeletal density decreased again and
reached 1.680 g·cm−3 at 1400 °C (Table 2). All skeletal
densities observed here are lower than the density of graphite
(2.25 g·cm−3), suggesting a disordered carbon structure.
Further information on the carbon foam structure at the
nanoscale was obtained from high-resolution TEM micro-
graphs (Figure 3, right), which show increasingly ordered
carbon with increasing carbonization temperature. Electron

energy loss spectroscopy (EELS) in the TEM mode confirmed
this impression (Figure S7), showing the appearance of a
feature at 6.5 eV energy loss corresponding to an orientation-
dependent EELS excitation process of the π−π* transition in
the samples treated at higher temperatures. The low-loss
spectra of the sample treated at 500 °C clearly indicate the
presence of a fully amorphous carbon modification.64,65

Similarly, the π* peak at the C K-edge (at 284 eV energy
loss) increases, indicating that the degree of graphitization
increases with increasing pyrolysis temperature (Figure S6).66

This trend can be confirmed macroscopically by the
increasing electronic conductivity of the samples with
increasing pyrolysis temperature (Figure 3). Carbon foams
treated at 500 °C are poor conductors, whereas a maximum
conductivity of about 2800 S·m−1 was measured for the sample
pyrolyzed at 1400 °C for 2 h (Figure 3, right; Tables 2 and
S4). Finally, the mechanical properties of the samples prepared
at 500 and 900 °C were determined by tensile tests (Figure S8,
Table S5). The Young’s moduli increased from 1.1 ± 0.2 GPa
(pyrolysis at 500 °C) to 2.1 ± 0.3 GPa (900 °C). The samples
fractured at a stress of 2.8 ± 0.2 MPa (500 °C) and 13.4 ± 0.6
MPa (900 °C) at an elongation of 0.3 ± 0.05% and 1.3 ± 0.3%,
respectively. The samples produced at 1400 °C were too brittle
to be measured.
Porosities. The carbon foams had porosity in the range of

79−85% as indicated by mercury porosimetry and a rather low
specific surface area of 2.5−22.6 m2·g−1 as determined by N2
desorption measurements (BET method) (Table 2, Figure
S9). The somewhat increased surface area of the samples
pyrolyzed at 900 °C can be attributed to small macropores
with diameters of about 350 nm within the polymer matrix, as
shown by atomic force microscopy (AFM) studies (Figure 3,
left, Figure S10 and TEM Figure S11). This pore formation
can be explained by gas evolution during the carbonization
process.67 Additionally, subsequent surface activation of
carbon foams with CO2 greatly increases the pore volume
specific surface area.68 To significantly increase the surface
area, the carbon foams were activated with CO2 at the
pyrolysis temperature (Table 2). N2 physisorption isotherms
showed a significant increase in N2 uptake up to 0.1p/p0 ≈ 0.1
after activation of the samples with CO2 (Figure 4a, inset),
indicating the presence of micropores. The specific surface

Figure 4. N2 isotherms measured at 77 K of pDCPD carbon foams activated at different temperatures (a) and SEM picture of a pDCPD membrane
of ∼130 μm thickness (above) and (below) after pyrolysis in a thickness of 80 μm (b).
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areas were calculated by the BET method (SBET) and gave the
highest SBET value of 1182 m2·g−1 for the foam activated at 700
°C. The lowest surface area (313 m2·g−1) was found for the
foam activated at 1400 °C. The samples activated at lower
temperatures (i.e., 500 and 700 °C) exhibited a typical type I
isotherm with only an additional steep increase at p/p0 ≈ 1,
which can be attributed to the presence of macropores (Figure
4a). The isotherms of the samples activated at temperatures
above 900 °C can be assigned to the type II isotherm, which
has a hysteresis loop, indicating the presence of mesopores
(Figure 4a and Figure S9). Mesoporosity was further

rationalized by HR-TEM analysis, and mesopores with a
diameter of 10−30 nm were observed (Figures S12 and S13).
Shaping. The results described so far were typically

obtained with a monolithic cylindrical carbon specimen
(diameter: 1.3 cm; height: 2.7 cm) or cuboidal specimen
(for the four-point conductivity measurements; size: a = 20
cm; b = 1.5 cm; c = 0.5 cm). In addition, it is worth noting that
other macroscopic shapes of carbon foams are easily accessible
from the ROMP-based derivatives. To demonstrate this,
carbon foam membranes with dimensions of 5 × 5 cm and a
thickness of 80 μm were prepared (see Figures 4b and S14).

Figure 5. PolyHIPE-derived carbon foams for Li−O2 battery cathodes. (a)−(c) Discharge voltage versus capacity for galvanostatic discharge of
four different carbon materials with 0.1 M LiNO3 in dimethylacetamide as electrolyte and a current of 70 mA gC−1. CO2-activated and nonactivated
carbonized HIPEs are compared with two commercially available carbon blacks, Ketjen Black (1200 m2 g−1) and SuperP (60 m2 g−1). The HIPEs
were prepared with 7 vol % of surfactant and carbonized/activated at 1100 °C. Capacities are normalized with respect to (a) the carbon mass (mAh
gC−1), (b) the total electrode weight including the formed Li2O2 and the electrolyte (mAh gtotal−1), and (c) the total volume of the electrode
including the formed Li2O2 and the electrolyte (mAh cmtotal

−3). (d) SEM image of the discharged activated HIPE electrode. (e) Relative masses at
the end of discharge for carbon, electrolyte, and Li2O2. (f) Relative volumes at the end of discharge for carbon, electrolyte, and Li2O2 (right).
Volumes are normalized with respect to the volume of the electrolyte-filled porous electrode before discharge (left). The Li2O2 in the pores
displaces electrolyte beyond the initial electrolyte volume.
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HIPE-Derived Carbon Foam as Li−O2 Battery Cath-
odes. As a use case for the distinct properties of the HIPE-
derived carbon foams, we demonstrate their use as porous
cathodes for Li−O2 batteries.

Their cycling mechanism causes them to require distinct
combinations of porosity, active surface area, and pore
size.58−61 The cathode is in the charged state a porous carbon
electrode that is filled with O2-saturated liquid organic
electrolyte in contact with an O2 head space. As the battery
discharges, dissolved O2 is reduced at the pore surface to form
solid Li2O2 particles. With a capacity of 1168 mAh per gram of
Li2O2 (compared to ∼130−200 mAh g−1 for current
intercalation cathode materials in Li ion batteries), Li−O2
batteries could significantly outperform current batteries and
have gained enormous research interest. Achievable capacity
per electrode volume is determined by the initial porosity and
the achievable degree of pore filling with Li2O2.

69 With
common carbon materials, discharge quite typically ends at low
degrees of pore filling as soon as the composite of carbon and
Li2O2 becomes too tortuous for O2 and ion transport. The
latest understanding of the discharge mechanism states that
Li2O2 morphologies with compact packing of several 100 nm
particle sizes that pose the least impediment for O2/ion
transport require very low current densities w.r.t. the true pore
surface of ≪0.1 μA cmreal

−2 and the majority of the pore
volumes stemming from pores a few μm in size.61 While
common activated carbons feature the required BET surface of
around 1000 m2 g−1, they fail to provide the mentioned pore
size.

Here we use the HIPE approach with subsequent activation
to achieve such properties. We use the HIPE prepared with 7%
surfactant and carbonized at 1100 °C in both the native and
CO2-activated form. This sample gives the best compromise
w.r.t. surface area (946 m2·g−1) and conductivity (2410 S·
m−1). With void and window sizes around 4 and 2 μm,
respectively, much of the pore volume is made up by pores of
this size. Figure 5 compares discharge curves of these two
cathode materials with other commonly used carbon blacks,
Super P (60 m2·g−1) and Ketjen Black (1200 m2·g−1). Figure
5a shows the common way of plotting capacity per gram of
carbon. Expectedly, the nonactivated HIPE with only ∼10 m2·
g−1 achieves only a few 100 mAh·gC−1. We find capacities of
∼1000 and 3000 mAh·gC−1 for Super P and Ketjen Black,
respectively, in accordance with literature values.61 The
activated HIPE outperforms them ∼10-fold and 3-fold,
respectively.

Plotting capacity per gram of carbon is common because
metal−O2 batteries are special in that the cathode in the
charged state does not contain the redox material that could be
taken as a reference for capacity. Thus, it is convenient to
report capacities per weight of porous electrode, and
additionally very larger numbers up to some 10,000 mAh·
gC−1 are often seen, which appears to compare favorably.
However, this gives an unjust comparison to intercalation
materials with ∼130−200 mAh·g−1. Figure 5b and c shows the
relevant capacities w.r.t. total electrode mass and volume
including the electrolyte and formed Li2O2. Associated relative
masses and volumes of carbon, electrolyte, and Li2O2 are
shown in Figure 5e and f. The results highlight that best
exploiting the extraordinary theoretical capacity of Li2O2
requires the electrode pores being filled to the highest possible
extent in order to maximize the active-to-inactive mass and
volume ratio. The activated HIPE achieves this best among the

materials shown, confirming its favorable combinations of
porosity, active surface area, and pore size for Li−O2
chemistry. Recharge of deeply discharged electrodes is
hampered by electron transfer and generally accepted to
require oxidation mediators with their own challenges.70

■ CONCLUSIONS
In summary, we have shown that emulsion-templated pDCPD
foams are a versatile precursor to prepare porous carbons with
tunable properties. The unique network structure of pDCPD,
the highly unsaturated backbone that results from metathesis
polymerization, allows for additional oxidative cross-linking
that occurs when pDCPD ages in air at room temperature and
is the key to preventing pDCPD foams from depolymerization
and losing their porous properties during carbonization. While
additional cross-linking is a common strategy to stiffen the
polymer backbone prior to carbonization, herein it is achieved
by mild and nonhazardous oxidation without the use of organic
solvents, toxic reagents, or catalysts. The resulting porous
carbon foams exhibit a 3D-interconnected microcellular
morphology in the form of monoliths, membranes, or coatings,
with pore sizes between 87 and 2.5 μm that can be tuned by
the amount of surfactant in the HIPE. The carbon foams have
excellent mechanical properties (Young’s moduli of ∼2.1 GPa)
and high electronic conductivity (up to 2800 S·m−1) and can
be activated to get surface areas >1000 m2·g−1. Achievable
shapes range from monoliths to membranes and coatings on
flat metal and metal grid substrates. As a use case we apply
them as porous cathodes for Li−O2 batteries where activated
HIPEs are shown to have a favorable combination of porosity,
active surface area, and pore size for outstanding capacity.
Overall, the ROMP process is shown as a very cheap and
practical approach to make tailorable carbon foams. It can be
more broadly applied to other ROMP-able monomers and
opens up countless possibilities for future carbon foam
research and applications.
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