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Porous graphite was prepared by dealloying SiC in molten germanium, and then excavating the Ge phase.
Dealloying is a technique whereby nanoporous materials are produced via the selective dissolution of
one or more components from a homogeneous alloy. Here, the liquid metal dealloying (LMD) process
was extended to non-metal precursors, demonstrating that carbide-derived carbons (CDCs) can be
fabricated by this process. The dealloying depth, concentration profile and length scale of the dealloyed
microstructure were examined as they varied with immersion times and temperatures. The dealloying
depth h varied with time as h ~ t'2 and we also observed a build-up of Si concentration in the
germanium near the dealloying interface. These observations are consistent with kinetics that are rate-
limiting in the liquid germanium side of the moving interface. However, the measured activation barrier
of 2.4—2.8 eV was too high to be consistent with diffusion in the liquid phase, so instead we propose a
mechanism in which Si diffusion is impeded by unsaturated carbon bonds near the dealloying interface.
The porous graphite exhibited three-dimensional connectivity and a high degree of crystallinity, with an
I(D)/I(G) ratio of 0.3 for samples dealloyed at the highest temperatures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Porous graphite is a versatile material with a wide range of
applications. Depending on the details of its microstructure, its
desirable properties include high specific surface area, good elec-
trical conductivity and relatively low cost. Such characteristics
make it useful for hydrogen adsorption [1], molecular sieves [2],
filtration devices [3] and electrode materials in devices such as Li
ion batteries [5,6] and capacitors [7]. Some traditional methods for
synthesizing porous carbon materials involve high temperature
catalytic or chemical activation, and carbonization of a precursor
[8—10]. While various methods of synthesizing porous carbon
materials exist, producing interconnected material with tunable
pore sizes, narrow feature size distribution and a significant degree
of graphitization has been a challenge. For these reasons, identi-
fying new methods to transform carbon-containing materials into
porous graphite is of significant scientific interest.

Porous graphite synthesis from carbides is a well-studied field
and a comprehensive review of the topic can be found in Ref. [11].
Carbide-derived carbons (CDCs) employ a direct transformation of
a carbide (SiC, VC, TiC etc.) to carbon using a variety of processing
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conditions that lead to differing properties and morphologies of the
resulting material, including nanotubes, diamond, carbon onions
and porous carbon with varying pore sizes [12—15]. The most
common synthesis methods include halogenation, hydrothermal
treatment and thermal decomposition. Halogen treatment is a
process in which the metal or metalloid atoms in the carbide are
selectively etched upon exposure to a halogen containing gas. The
carbon fabricated by treatment in pure chlorine gas is predominatly
highly disordered and porous, but often contains residual halogen
or metal chlorides that can be removed by annealing [11,15]. Hy-
drothermal decomposition involves interaction of the precursor
with hot, high-pressure water in the range of 200—1000 °C and
pressures of up to hundreds of MPa. The carbon structure formed
by this technique varies depending on the precursor and the pro-
cessing conditions; for instance, amorphous porous graphite was
grown on the surface of Tyranno fibers (amorphous SiOxCy with
nanometer-sized B-SiC domains) at 300—400 °C and 100 MPa,
whereas the formation of amorphous carbon, graphite and dia-
mond structured carbon were reported on the surface of a- and B-
SiC powder and single crystals after treatments at 300—800 °C and
100—500 MPa [11,16—19]. Thermal decomposition of carbides takes
advantage of carbon’s thermal stability to transform the carbide
precusor into carbon in a vacuum or in high-temperature inert
atmospheres [11]. Various carbon morphologies are also produced
by this method, including graphene, nanotubes and porous carbon
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[11,20,21].

Another, but less well-studied, technique previously used to
fabricate nanoporous graphite is liquid metal dealloying (LMD). In
its most general sense, dealloying is a processing technique
wherein a homogenous non-porous alloy undergoes selective
dissolution of one or more of its components under conditions
where the remaining component re-organizes itself, usually via
interfacial diffusion, into a three-dimensional bicontinuous porous
structure. Because the final structure forms as a kinetic competition
between the rate of material removal and the rate of material re-
organization along the interface between the alloy and the disso-
lution medium, the length scale of the resultant microstructure is
controlled dynamically, rather than being intrinsic to the parent
alloy [22—25]. Furthermore, because mass transport is primarily via
interface diffusion, there are no mechanisms to create defects like
grain boundaries; the implication of this is that if one dealloys a
single crystal, the final dealloyed material is a porous single crystal.
We shall see, however, that dealloying of SiC does not fall neatly
into this category because mass re-organization of carbon is
accompanied by simultaneous chemical changes.

Dealloying has been studied for over a century [26], but pri-
marily in the context of metal alloy corrosion. In this context, we
call the technique electrochemical dealloying (ECD). Detailed ki-
netic and microstructural analysis by Pickering, Wagner and Forty
[25,27,28] provided the basis for modern study; more recently,
Erlebacher et al. recognized the utility of dealloying as a method to
make bulk quantities of nanostructured materials [29]. Our un-
derstanding of ECD has become well-established, and leads to the
following general model of microstructural evolution: in ECD of a
two-component alloy [30], e.g. Ag7oAusp, a COMMON precursor,
porosity evolution is driven by the application of a potential that
lies between the reduction potentials of the two elements. Under
these conditions, Ag atoms are easily solvated and extracted from
low coordination sites, but the unoxidized Au atoms are mobile
enough to diffuse along the solid-liquid interface to reorganize and
form an open porous structure with 20—30 nm ligaments and pores
[22,23,31].

Liquid metal dealloying (LMD) is analogous to ECD with a few
notable differences. In LMD, the dissolution medium is a liquid
metal and the driving force for selective dissolution is differences in
enthalpy of mixing between the alloy and the liquid metal. The
process was first described by Wagner [32] over 50 years ago but
has recently re-emerged after work published by Kato and Wada
[33]. In LMD, a homogeneous alloy is submerged into a molten
metal whose enthalpy of mixing is positive with respect to the
remaining species and negative with the dissolving species, i.e., one
species dissolves and the other does not. As in ECD, the non-
dissolved species migrates along the alloy-melt interface and re-
organizes into a porous structure. But upon termination of the
process, pulling the alloy out of the melt, the molten metal simply
solidifies and a fully dense composite is formed that consists of the
porous material with the dissolving medium solidified within the
pores. This bicontinuous nanocomposite sometimes exhibits su-
perior mechanical properties [31,34]. However, if a porous mono-
lith is preferred, the dissolving metal can be excavated by chemical
etching.

The reintroduction of LMD has proven to be a significant
advancement to the wider field of dealloying because it expands
the set of materials systems to study when compared to ECD [31].
The electrochemistry of precious metals is well understood but less
noble metals rapidly oxidize or corrode in aqueous solvents, placing
limitations on the set of materials that can be electrochemically
dealloyed. In contrast, by using a liquid metal as the dissolution
medium, a variety of new single and multi-component porous
materials have been fabricated, e.g. porous Ta from Ta—Ti dealloyed

in molten Cu [35], porous Nb/NbsSiz composite also dealloyed in
molten Cu [36] and porous Si from Mg—Si dealloyed in molten Bi
[37]. Most systems studied by LMD utilize metal alloy precursors
but it has recently been demonstrated that nanographite can be
fabricated by selectively dissolving the metal from a metal-carbon
precursor. Specifically, Yu et al. began with a Mn—C powder pre-
cursor (<100 um) and selectively dissolved Mn in molten Bi to form
a three dimensional nanoporous graphite powder [38].

The structure of the resulting carbon material produced via either
LMD or CDC formation can be affected by the concentration of carbon
in the precursor. SiC and Ti3SiC, produce CDCs with varying porosities
due to differences in the carbon fraction [ 11]. A similar phenomenon is
found for the LMD of metals. Geslin et al. reported a wide range of
porous Ta morphologies fabricated by dealloying TixTa;x with vary-
ing phase fractions of the non-dissolving component, from the pro-
totypical bicontinuous morphology at high Ta mole fractions (35 at.%)
to a lamellar structure at intermediate concentrations (15 at.%) [39].
Additionally, two distinct graphite morphologies were observed from
the LMD of a Mng5Cy5 precursor that phase separated into Mn;3Cg and
a-Mn, where the lower porosity material originated from the former
phase [38]. We also suspect variations in the morphology of resultant
carbon produced via LMD of metals and ceramics due to differences in
crystal structure. Since covalent bonding is directional and the crystal
structure of the ceramic is less densely packed than its metallic
counterparts, we can expect differences in the connectedness and
morphologies of the porous materials produced when one of the
components is extracted.

In this work, we demonstrate for the first time the LMD tech-
nique on a ceramic precursor, further adding to the set of materials
systems amenable to dealloying. Porous graphite was fabricated by
immersion of SiC in molten Ge, where Si was selectively dissolved
from the precursor. The system exhibits the required thermody-
namic requirements for dealloying, namely, carbon is insoluble in
Ge while Si and Ge are miscible over their entire composition range
both in the solid and liquid phases. However, compared to other
dealloyed systems, SiC is unique being a covalently bonded stoi-
chiometric precursor with a very high bond enthalpy and upon
dealloying carbon transforms from an sp> bonded network with Si
to a highly crystalline sp?> bonded network without a further
graphitization step; it is a kind of LMD with an additional chemical
(structural) reaction at the metal/solid interface.

Here we report the preparation and characterization of deal-
loyed 4H—SiC single crystals. No other SiC polytype was used to
elucidate the kinetics of dealloying, but this polymorph may be
used as a prototype for the dealloying of other SiC crystal structures
as well as other intermetallics. We find that SiC can be dealloyed in
molten Ge to produce a carbon-Ge composite that retains the di-
mensions, though not the crystal orientation, of the parent mate-
rial. We also find that the dealloying kinetics in this system exhibit
most, but not all, of the characteristics of LMD in all-metal alloy
systems. For instance, the dealloying depth h slows down as a
function of time t as h ~ t'/2 which is typical behavior in the LMD of
metal containing alloys. Unlike conventional liquid metal deal-
loying, however, the crystal structure of the parent material is not
preserved, and we transform single crystal SiC to a polycrystalline
graphitic network with a generally uniform length scale. Ge can be
chemically etched from dealloyed SiC to expose the interconnected
porous graphite film, and this material exhibits a characteristic pore
size depending on the processing temperature.

1.1. Experimental methods
The dealloying process is depicted in Fig. 1(a). Experiments were

performed by submerging bulk SiC wafer pieces into molten Ge. To
elucidate the kinetics of dealloying in this system, we examined the
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Fig. 1. (a) Schematic diagram depicting dealloying process of single crystal SiC in
molten Ge. Ge dissolves Si from the parent alloy, leaving behind a porous graphite
network. (b) Optical micrograph showing SiC with a dealloyed region. Ge, the dis-
solving medium, solidifies in the carbon pores upon termination of the dealloying
process. A fully dense network of carbon with Ge solidified in its pores is shown.
Dealloying generally starts preferentially on the Si-terminated surface while the C-
terminated surface remains unchanged. (A colour version of this figure can be viewed
online.)

dealloying depth, concentration profile and characteristic size of
the dealloyed microstructure as they varied with immersion times
and temperatures.

In a typical experiment, a 20 g mass of n-doped germanium
(99.999 wt% from Kurt ]. Lesker) was inductively heated to fixed
temperatures in a graphite crucible using a 4.5 kW Ambrell EkoHeat
power supply. The chosen temperatures were 1200 °C (+25°),
1300 °C (+20 °C) and 1400 °C (+15 °C) and temperature mea-
surements were made using an Ircon Modline 5 infrared camera
with a Yokogawa controller. All experiments were carried out un-
der a flowing Ar atmosphere (99.999 at. %). In a typical experiment,
a single piece of research grade, n-doped SiC wafer (MSE Supplies)
approx. 30 mm x 10 mm X 0.35 mm was immersed into molten Ge
for varied times at the preset temperatures using a vacuum
manipulator arm. Upon conclusion of each experiment, the sample
was lifted out of the bath to initiate cooling and discontinue the
dealloying process. Dealloying immersion times varied from 1 min
to 9 min, cooling of samples occurred on the order of 1 s, and we
assume that dealloying terminated once the sample was pulled
from the dealloying bath. The result was a fully dense structure that
consisted of porous graphite impregnated with a solid germanium/
silicon composite.

Once prepared, dealloyed samples were mounted on their
shortest dimension and polished through their cross-sections. A
typical sample is shown in Fig. 1(b). We observed that SiC pref-
erentially dealloyed on the Si-terminated face (see Discussion),
and the present work only investigates the kinetics of dealloying
on this surface. In approximately 10% of the samples, no deal-
loying was observed and in 25% of experiments, the dealloyed
interfaces were neither sharp nor continuous. We believe this
variation was likely due to surface contamination [40]. Most

samples displayed a sharp and straight interface for a minimum
length of 500 um, and these samples were used for subsequent
characterization. A minimum of 20 measurements from different
regions of a sample were averaged to determine dealloying depth.
Fig. 2 depicts a typical cross-section and corresponding dealloying
depth measurements, assessed by measuring the length from the
geometric surface of a sample to the planar dealloyed interface
using Image]. Average ligament diameters were determined using
the AQUAMI software [41] on SEM micrographs. Compositional
analysis as a function of depth was performed using energy
dispersive spectroscopy (EDS).

To excavate the carbon phase in the dealloyed samples, the Ge
rich phase was dissolved in hot aqua regia for ~45 min and rinsed
thoroughly in distilled water. The structure of the resulting porous
graphite was then analyzed using a Horiba LabRam Evolution
Raman microscope with a 532 nm laser. A Thermo Scientific Helios
G4 UC Focused Ion Beam/Scanning Electron Microscope (FIBSEM)
instrument equipped with an energy dispersive spectroscopy (EDS)
detector was used to image the material and prepare carbon sam-
ples for imaging using the Thermo Scientific TF30 Transmission
Electron Microscope (TEM).

Because bulk SiC wafers were used to obtain the kinetic pa-
rameters such as dealloying depth and ligament size, the form
factor of the material we obtained after dealloying was a porous
graphite film impregnated with solid Ge on the SiC surface.
Obtaining a free-standing porous graphite membrane for further
analysis proved to be experimentally challenging. As a method to
produce large quantities of material suitable for functional analysis
(such as BET surface area), we propose employing the use of SiC
powder in future experiments which would circumvent this
experimental limitation.

2. Results and discussion
2.1. General observations

In conventional dealloying experiments, the surfaces of the
material are chemically identical and therefore dealloy in an
identical fashion under the same conditions. However, single
crystal SiC is bipolar with a Si (0001) face and a C (0001) face and
studies have reported markedly different chemical and physical
properties of the two surfaces; for example, Kusunoki et al. found
that after heating SiC at 1700 °C in a vacuum, an aligned carbon
nanotube film grew on the C face perpendicular to the surface while
multiple graphene sheets formed on the Si face under the same
conditions [42,43]. In our experiments, we observed that the
dealloying process is initiated more readily on the Si surface. This
observation held especially at the lower dealloying temperatures;
at higher processing temperatures, we more frequently observed
the evolution of a porous carbon structure initiated on the C-
terminated surface. We hypothesize that the high solubility of Si in
Ge allowed for more effective wetting of the Si surface by Ge
compared to the C terminated face, facilitating initiation of the
dealloying reaction at the Si surface at lower temperatures.

The dealloying interface (i.e., the boundary between the deal-
loyed and undealloyed material) was sharp, continuous and
obvious, as is clear from Fig. 1. Dealloying depth measurements
were taken from dealloyed regions that had an interface length of
500 um or longer where, in comparison, the ligament size of the
porous carbon was on the order of tens of micrometers or less.
Upon termination of the experiment, polished cross-sections show
Ge solidified in the pores of the carbon and the carbon phase clearly
appearing as dark precipitates dispersed throughout the lighter Ge
background when examined via scanning electron microscopy.
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Fig. 2. Scanning electron microscopy (SEM) micrographs of SiC samples dealloyed in molten germanium at 1300 °C for different times. The dealloying front proceeds right to left
from the geometric surface towards the sharp and flat dealloying interface. The dealloying region displays different contrast as the light phase is Ge rich and the dark phase is
carbon. The two images on the left were taken at 850x magnification and the images on the right were taken at 800x magnification, but it can be observed that the dealloying

depth increases with time.

2.2. Dealloying kinetics and morphological evolution in SiC-Ge

To discuss our observations regarding the dealloying kinetics of
SiCin Ge, it is useful first to review the kinetic response during LMD
to that of electrochemical dealloying (ECD), the latter of which uses
an electrolyte to induce selective dissolution, in order to compare
the behavior of SiC dealloying to both.

LMD and ECD are both corrosion processes that result in a
bicontinuous microstructure, and a detailed comparison/contrast
between the two techniques has been reviewed by McCue et al.
[30]. Notable points for comparison between the methods are the
rate-limiting kinetics and the solubility of the remaining compo-
nent in the bath. In the systems examined to date, LMD exhibits a
dealloying depth that increases with time as t'2, with a corre-
sponding decrease in the interface velocity as the dealloyed front
penetrates into the sample. In the Ti-Ta system dealloyed in molten
copper, these observations were quantitatively consistent with
diffusion-limited transport of Ti through the molten copper in the
pores formed behind the moving dealloying front. In contrast, the
dealloying depth in ECD shows a constant velocity [44], which in-
dicates that the dealloying kinetics are limited by the interface
dissolution reaction. The diffusion rates of the removed material in
the liquid dissolution medium in both cases are similar, with
diffusion coefficients of approximately 10~ cm?/s, so the difference
in kinetics is primarily manifested in the interface velocity.
Consistent with rate limiting behavior, for LMD, the dealloyed front
typically advances at a velocity of order 1 um/s whereas in ECD the
interface velocity is of order 0.01 pmy/s. Diffusion limited transport
in LMD leads to a significant concentration (>10 at. %) of the dis-
solved species in the liquid medium near the dealloyed interface
(within the porous layer) that decays toward the geometric surface
of the sample.

SiC dealloyed in Ge exhibits kinetic behavior most similar to
LMD. Fig. 3 shows the dealloying depth as a function of time for
single crystal SiC at three different temperatures: 1200 °C, 1300 °C
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Fig. 3. Dealloying depth vs. t'/2 for samples studied. We studied three temperatures:
1200 °C (blue, squares), 1300 °C (yellow, diamonds), and 1400 °C (green, triangles).
Dealloying depth increased with increasing temperature and followed a power law
relationship with time. The error bars represent one standard deviation. (A colour
version of this figure can be viewed online.)

and 1400 °C. Similar to observations of dealloying of metallic sys-
tems, dealloying depth h increases with temperature for a fixed
dealloying time t and varies as a power law relationship with time
consistent with diffusion-limited kinetics, i.e., h ~ t! 12, We were
unable to find a value in the literature for the diffusivity of Si in
molten Ge, so we assumed that, because both Si and Ge are Group IV
elements, they are chemically similar and exhibit comparable
diffusion behavior [45]. We therefore estimate the diffusion coef-
ficient of Si in liquid Ge to be on the order of 10~ cm?/s based on the
reported value for the self-diffusion coefficient of Ge in molten Ge
as 1.8 x 10~% cm?/s at 1247 °C [46]. We find experimentally that the
interface velocity in this system is of order 0.1-1 pm/s. Compared to
typical ECD and LMD systems, diffusion of Si in the germanium bath
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is approximately 2 orders of magnitude faster than in either ECD
and LMD, while the interface velocities lie in-between typical
values for the two processes. Because diffusion is relatively fast
compared to the interface velocity, we found it surprising that the
interface velocity exhibited apparent diffusion limited kinetics (i.e.,
slowed down with dealloying depth).

To examine the origin of rate-limiting behavior in more detail, we
extracted the activation barrier associated with dealloying from our
data collapse following the methodology outlined in Reference [35]. If
there is an activated process controlling the dealloying kinetics, then
dimensional analysis requires that any function such as the dealloying
depth h must have the functional form h(kt), where the Arrhenius rate
constant is k ~ exp(— Eq /kgT); kg is Boltzmann’s constant, T is the
temperature and E, is the activation barrier. To find Eg4, then we plot
h(t) vs.scaled timet’ =t-exp(— Eq /kgT), and optimizing for the best
data collapse assuming, as is common, that h(t) follows a simple
power law relationship h(t) ~ t* (e.g., h(t) ~ t!/? for diffusion-
limited kinetics). This requires varying both E; and n (and a con-
stant prefactor). Forcing n = 0.5 yields a reasonable fit to the data
collapse as is shown in Fig. 4, for which E; = 2.8 eV. The best data
collapse using this approach, however, is achieved when n = 0.67
whichyields a slightly smaller activation energy, E; = 2.4 eV. It should
be noted, however, the data collapse is relatively insensitive to this
value. Either way, a value of E; between 2.4 and 2.8 eV is unreasonably
large for a liquid phase diffusion process. For comparison, the acti-
vation energy for self-diffusion in molten Ge is only 0.16 eV [46]. Our
measured value is closer to solid-state diffusion in Si—Ge, for which
the activation barriers range from 2.9 to 3.5 eV depending on
composition [47]. Lee et al. reported on the kinetics of carbon for-
mation via the chlorination of SiC and observed a similar anomaly: the
CDC layer thickness followed a power law relationship with time
where n = %, but the calculated E; = 1.7 eV was too high to be
consistent with gas phase diffusion in the pores. Instead, an alterna-
tive mechanism of transport was suggested where chlorine diffused
as an adsorbent on the pore surfaces [48].

We also examined the concentration profile of silicon as it varied
through the dealloyed region by direct measurement of the solid-
ified Ge-rich phase using EDS. As shown in Fig. 5, we found that the
Si concentration profile decays away from the dealloying front, but
the build-up of Si atoms only occurs in the first micrometer of a
sample in a dealloyed region that extends to ca. 100 pm; after this
first micron, the concentration of Si is below the EDS detection
limit. In contrast, in the concentration profile obtained by McCue in
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Fig. 4. Collapsed dealloying depth versus scaled time ¢’ = t-exp(—E, /kgT) for SiC for
measurements taken at 1200 °C (blue, squares), 1300 °C (yellow, diamonds), and
1400 °C (green, triangles). Dashed line: fits to the data using the relationship
h(t) ~ t'/2 . The values for E, and the scaling exponent were determined as the values
associated with best least-squares fit. (A colour version of this figure can be viewed
online.)
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Fig. 5. Si concentration versus distance away from the dealloying interface for SiC
dealloyed in molten Ge. Unlike in conventional LMD where there is a gradual decline of
the dissolving component across the dealloyed region, the Si concentration declines
rapidly to near 0 at. % within the first micrometer of the dealloyed region. (A colour
version of this figure can be viewed online.)

the Ti—Ta system, the Ti concentration only reached a near-zero
concentration close to the geometric surface of the dealloyed
sample [35]. We were also unable to fit the concentration decay to
McCue’s model.

The observations of (i) a high activation barrier associated with
rate-controlling behavior, (ii) a slowdown of the interface velocity
with time, and (iii) a decaying concentration of Si in the Ge liquid
dealloying medium near the dealloying front, taken together, sug-
gest that the mechanism of dealloying is complex. One possibility is
a facile dissolution of a Si—C complex from the parent alloy that acts
as a vehicle transporting C atoms to growing graphite clusters. This
coupled species dissociates over approximately the first micron of
the liquid, freeing Si to quickly diffuse into the molten Ge. A second
possibility is that as carbon reorganizes from the sp> configuration
in SiC to sp? hybridized graphite, there is a transition zone in which
a high number of C-dangling bonds act as transient points of
attachment for Si, significantly slowing down diffusion within this
zone. Such novel chemical-limiting steps in dealloying kinetics may
be unique to systems such as SiC where the hybridization of carbon
changes during dealloying.

We briefly compare the kinetic response of carbon fabricated by
LMD and halogenation, a conventional method of CDC preparation.
In 2001, Ersoy and colleagues reported a linear growth rate for
porous carbon films produced via halogenation of sintered SiC at
1000 °C [51]. Similarly to ECD, this relationship indicates an
interface-limited reaction, where in the case of the CDC, the con-
trolling factor of the reaction was not diffusion of the reactant
species through the growing carbon film. The composition of the
mixture affected the linear rate constant, but as an example, the
linear rate constant for a chlorine-hydrogen environment was
0.03 pm/min. However, Lee et al. demonstrated faster kinetics and a
diffusion-limited process for CDC growth in the same temperature
range as Ersoy’s study, but attributed the conflict to differences in
experimental setup and procedures [48]. Regardless, the reaction
kinetics described in both the interface and diffusion limited CDC
growth processes are significantly slower than in LMD. According
to Lee’s study, growth of a 50 um CDC film would take almost 5 h at
1000 °C (interface velocity of 0.2 pm/min). In the LMD process
described in this work, the processing time to grow a porous
graphite layer of equal thickness is only 15 min at 1200 °C (interface
velocity of 3 pm/min).
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2.3. Ligament morphology and size

Fig. 6(a) shows representative SEM micrographs of polished,
cross-sectioned samples dealloyed at different temperatures. In each
micrograph, the dark phase is carbon and the light phase is solidified
germanium. For samples dealloyed at 1200 °C, the carbon phase
presents as randomly oriented elongated spines with a high degree of
interconnectedness. For samples dealloyed at 1300 °C, the carbon
appears as circular particles aligned normal to the dealloying direc-
tion with much less interconnectivity. At the highest temperature
examined, the anisotropy is reduced and the morphology consists
primarily of disconnected circular structures interspersed in the Ge
matrix. Even when the Ge phase was dissolved, the porous carbon
appears as randomly oriented individual flakes and clusters of flakes
on the surface (see Fig. 7) as opposed to a porous network. It is
interesting to note that although the material does not appear to
contain a high degree of interconnectivity in the SEM micrographs,
the porous graphite was mechanically robust, surviving the vigorous
etching and rinsing process, while still retaining the dimensions of the
parent dealloyed zone. The TEM images (Fig. 8) of porous graphite
processed at the highest temperature, 1400 °C, explain the inconsis-
tency. The material consists of a network of ligaments that extend
three-dimensionally; the ligaments are comprised of a series of
overlapping graphite crystals which act as nodes from which elon-
gated crystals branch. These ~1 pum long spokes connect various hubs;
the result is a robust network that extends throughout the bulk of the
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Fig. 6. (a) SEM micrographs depicting ligament size increase with increasing tem-
perature. Variation in ligament morphology is also observed with a higher degree of
interconnectedness at the lowest experimental temperature, coalesced graphite par-
ticles aligned perpendicular to the dealloying direction at 1300 °C and larger circular
particles at the highest temperature. (b) Ligament diameter versus processing tem-
perature for dealloying SiC. Length scales increase at higher temperatures. (c) Trend in
ligament diameter versus inverse homologous temperature (Tm/Tgealoy) for electro-
chemical dealloying and liquid metal dealloying at different times, shown as grey
triangles for metal systems (adapted with permission from Ref. [30]. Error bars
represent one standard deviation. For comparison, the trend between ligament
diameter and inverse homologous temperature for SiC (Tsuplimation/Tdealioy) iS Shown as
green squares. Error bars lie within the data markers. (A colour version of this figure
can be viewed online.)

Fig. 7. (a) SEM micrograph of porous graphite produced by dealloying at 1400 °C. (b)
SEM micrograph of a cross-section of SiC dealloyed at 1300 °C. The morphology of the
porous graphite is shown at increasing magnifications. The material presents as of
clusters of graphite flakes on the surface.

Fig. 8. TEM images of a SiC sample dealloyed in molten Ge at 1400 °C after etching in
aqua regia to remove solidified Ge from pores. Images depict highly interconnected
porous graphite. (Inset) selected area electron diffraction shows that the graphite is
polycrystalline.
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material to form a topologically connected porous structure that we
were unable to visualize with SEM.

We used the Aquami software on images of the porous graphite-
germanium composite produced after dealloying (see Fig. 6 (a)) to
quantify the ligament sizes and an explanation of the detailed
methods used in the digital image analysis can be found in Refer-
ence [41]. The ligament morphology of dealloyed SiC differs from
those produced in conventional dealloying but in a general sense,
the relationship between ligament length scale and temperature is
maintained as shown in Fig. 6(b). Specifically, the ligament length
scale grows with increasing temperature. Looked at in detail,
however, there is an interesting discrepancy associated with the
remaining component being carbon. Sieradzki, McCue, et al.
determined that ligament diameter scales with “inverse homolo-
gous temperature,” Try/Tyealloy. for both LMD and ECD [30,52]. A plot
showing this relationship is depicted in Fig. 6(c) where data from
the present work is also shown for comparison. Since graphite does
not melt at atmospheric pressure, its sublimation point, 3642 °C,
was used to calculate the inverse homologous temperature. While
we do observe an increase in ligament length scaled with inverse
homologous dealloying temperature, our work does not fall on the
expected universal trend for LMD and ECD. We attribute this
discrepancy to the substitution of melting point with sublimation
point and the larger ligament length scale observed for the SiC
system.

Using images from Reference [38], we calculated ligament di-
ameters of the porous graphite produced by LMD of a Mn—C pre-
cursor at 800 °C to be approximately 0.2 um. In comparison, our
samples processed at the lowest temperature (1200 °C) developed
ligament diameters less than 0.5 pm. We posit that by reducing the
processing temperature even further, we can evolve a material with
even higher porosity. We mentioned earlier in the manuscript that
we observed limited wetting of the SiC by the liquid metal at
temperatures lower than 1200 °C but the literature suggests that
we can alter the composition of the Ge bath to improve the surface
attraction between the materials [53], allowing us to probe even
lower temperature ranges in the future.

Due to decreased surface mobility, materials with higher melting
points produce smaller ligaments after dealloying. During deal-
loying, the material behind the dissolution front often coarsens, and
this is the reason larger ligament sizes are seen at the outer geo-
metric surface of a sample. Coarsening is driven by two surface-
diffusion mediated processes with a t'/* dependence: capillary ef-
fects and genus-reduction events. The driving force in the former is a
reduction of surface area where there is mass transport from regions
of high to regions of low curvature. The latter is driven by Rayleigh
instabilities where ligaments pinch off to reduce the genus or
number of handles on a ligament [54]. In metal systems, experi-
ments show a significant gradient of coarsening within a single
sample; the ligament size varies by almost three orders of magnitude
across the dealloyed depth. Gaskey et al. developed a model to
describe the observed phenomenon [36]. They explain that coars-
ening in nanoporous metals is dominated by an attachment-
mediated Ostwald ripening process that is facilitated by the solubi-
lity of the remaining component in the melt. In contrast, the feature
sizes in our experiments are — for the most part — uniform across the
dealloyed region at lower dealloying temperatures, indicating
essentially zero carbon interface mobility (and consistent with the
consolidation of the carbon network near the dealloying front).
However, at 1300 °C, we sometimes observed regions with an abrupt
size increase and a transition from a filamentous to a large-scale
morphology near the surface of the sample (Fig. 9), which we are
unable to explain at this point.
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Fig. 9. SEM micrograph showing anomalous carbon structures with larger feature size
near the geometric surface of the sample after LMD at 1300 °C. There is a 25 pm region
on the surface where the carbon ligaments appear >5 pm in diameter, but the rest of
the sample shows uniform particle size up to the dealloyed interface.

2.4. Raman spectroscopy of porous graphite

The Ge rich phase of dealloyed SiC was chemically etched in hot
aqua regia and the presence of porous carbon was confirmed via
EDS analysis, selected area electron diffraction and Raman spec-
troscopy. The Raman fingerprint of graphite-related materials
exhibit three prominent peaks: the G band (~1580 cm™!), D
(~1350 cm™ 1) and the 2D band (~2700 cm™!). The G peak is acti-
vated by sp? carbon networks and is therefore always present in the
Raman fingerprint of any graphitic material, along with the 2D
band which corresponds to a high energy second order-process and
is also always observed in the fingerprint. The D band and the D’
band (1620 cm™') are defect activated peaks and are weak in the
Raman spectra of graphite with low defect concentrations [55—57].
The ratio of intensity between the D and G peaks, the I(D)/I(G) ratio,
can provide information about the crystal size and the defect
density in the material where this ratio is inversely proportional to
the crystal size, L4 [55]. The shape of the 2D band and the I(2D)/I(G)
ratio can be used to identify the number of graphene layers [58].
Fig. 10 demonstrates a typical Raman spectrum of the material
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Fig. 10. Raman spectra of the porous graphite before and after the Ge phase was
etched from the pores. The Raman fingerprint exhibits characteristic features of
nanographite. The very low intensity peaks between 1700 cm~' and 2600 cm ™~ were
activated by epoxy sample mount.
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prepared at 1400 °C. The Raman features shown in the present
work are similar to those reported for nanocrystalline graphite [57],
that is, graphite that consists of small, randomly oriented crystal-
lites in which the many grain boundaries and edges strongly acti-
vate the defect peaks. In order to evaluate the effect of the Ge
removal from the graphite pores, Raman analysis was performed on
material before and after Ge etching, which is also depicted in
Fig. 10. We observed G band broadening by 6 cm~! and a stiffening
of peaks after Ge removal where the G peak shifted by 5 cm~. Such
small changes in the peaks are consistent with strain and doping by
metals, which are known to influence the Raman spectrum of
graphene and graphite [59—61]. However, the I(D)/I(G) and I(2D)/
I(G) ratios remain relatively unchanged, indicating that no signifi-
cant change in the graphite structure occurred during the corrosion
of Ge in aqua regia.

We also analyzed the Raman spectra of graphite produced by
dealloying at different processing temperatures and the results are
shown in Fig. 11 and summarized in Table 1. For graphite fabricated
by dealloying at lower temperatures, the full width at half maximum
(FWHM) of the G peak broadened due to increased disorder [62]. The
crystallite size, L4, was computed using the general equation [57,63]:

I(D)"!
Ly <nm> = (2.4x1010) /\ﬁmr(](—é)

As expected, we observed an inverse relationship between
processing temperature and I(D)/I(G) ratio, an indicator for crys-
tallinity. This trend suggests that we can tune the degree of disorder
and crystallite size by varying the temperature.

We compare the Raman features of porous graphite produced in
this work to that of carbon black (Cabot Corporation). Despite its low
surface area, carbon black’s moderate conductivity, low cost and
large pore volume make it an attractive material for electrocatalyst
supportin fuel cells and as a component of the cathode in lithium ion
batteries [64]. However, scientists have been looking for carbon
black substitutes that exhibit superior conductivity, crystallinity and
durability. Since Yu reported decreased volume resistivity in the
porous graphite material post-graphitization at high temperatures,
we note the implied relationship that a lower I(D)/(I(G) ratio (higher
crystallinity) indicates increased conductivity [38]. In this work,
porous graphite synthesized from the LMD of SiC at 1200 °C had an
I(D)/I(G) ratio of 0.41. In comparison, the measured I(D)/I(G) ratio of
carbon black was 0.78, whereas the 3D porous graphite produced via
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Fig. 11. Raman spectra of porous graphite processed at different dealloying tempera-
tures. (A colour version of this figure can be viewed online.)

Table 1
Summary of properties of porous graphite processed under different conditions.

1200°C  1300°C 1400°C 1400 °C Carbon Black
Ge in Pores
I(D)/I(G) 0.41 0.36 0.34 0.33 0.78
Ly (nm) 46.7 53.9 57.4 58.9 24.6
FWHM-G (cm™') 213 21.0 20.2 26.2 51.8
G Peak (cm™) 1580.6 1580.7 1578.8  1574.1 1585.2

LMD in Yu’s work from a Mn—C precursor exhibited an I(D)/I(G) ratio
of 0.46 only after a secondary high temperature graphitization step
that involved heating the material at 1500 °C for 2 h [38]. CDCs
fabricated by halogenation are predominantly amorphous even in
material prepared at temperatures over 1000 °C; for example, Ersoy
reported I(D)/(I(G) ratios of ~1 for CDCs fabricated by chlorination
[15,51,65,66]. The as-prepared porous graphite fabricated in this
study exhibited a high degree of crystallinity compared to material
prepared by other methods, which augurs well for its use in elec-
trical devices.

3. Conclusion

We report the fabrication of a porous network of graphite via the
liquid metal dealloying (LMD) of a covalently bonded ceramic
precursor, SiC, in molten germanium. This work focuses on the
fundamental kinetics of a promising technique whereby mechan-
ically robust and highly crystalline porous graphite can be pro-
duced. Preparing porous graphite via the LMD of SiC provides an
alternative and facile route of preparing a CDC with a uniform
morphology, tunable ligament sizes, narrow size distributions, fast
kinetics and low defect density indicated by I(D)/I(G) ratios as low
as 0.3. Furthermore, no additional annealing step is required to
remove residual halogen adsorbents. With respect to dealloying
generally, our process expands the set of systems that are suitable
candidates for liquid metal dealloying. When compared to previous
work on fabrication of porous graphite via LMD, our as-prepared
material exhibited greater uniformity and superior crystallinity,
despite having larger pore sizes which we attribute to the higher
processing temperatures.

The kinetics of LMD of the non-metal containing SiC precursor
was examined by varying the dealloying time and temperature, and
the kinetics were compared to that of conventional dealloying and
CDC processing. It was found that the interface velocity in the
present work is much faster than in CDC formation via chlorination
but slower than in conventional LMD. Regardless, diffusion-limited
kinetics dominate in all three processes. The concentration gradient
of Si decayed away from the dealloying interface and the dealloying
depth h varied with time as h ~ t/, associated with rate-limiting
diffusion away from the interface. However, the measured activa-
tion barrier of 2.4—2.8 eV is too high to be consistent with diffusion
in the Ge melt, so instead we propose a complex mechanism in
which Si diffusion is impeded by unsaturated carbon atoms near
the dealloying front.
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