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Abstract: Porous carbons are widely used in energy storage
and gas separation applications, but their synthesis always
involves high temperatures. Herein we electrochemically
selectively extract, at ambient temperature, the metal atoms
from the ternary layered carbides, Ti;AlC,, Ti,AIC and Ti;SiC,
(MAX phases). The result is a predominantly amorphous
carbide-derived carbon, with a narrow distribution of micro-
pores. The latter is produced by placing the carbides in HF,
HCI or NaCl solutions and applying anodic potentials. The
pores that form when Ti;AlC, is etched in dilute HF are around
0.5 nm in diameter. This approach forgoes energy-intensive
thermal treatments and presents a novel method for developing
carbons with finely tuned pores for a variety of applications,
such as supercapacitor, battery electrodes or CO, capture.

Carbon materials with various dimensions offer extraordi-
narily high structural versatility and significant promise in
numerous applications. Along with fundamentally interesting
0D, 1D, and 2D allotropes, such as fullerenes, nanotubes and
graphene, 3D porous carbon architectures are useful in many
emerging energy related applications,? such as battery
anodes, electrode materials for supercapacitors, and catalyst
supports in fuel cells.”*! In addition to their high surface areas
and high conductivity, porous carbons are environmentally
benign and show many attractive properties."””) Among
those, activated and templated carbons are the most widely
studied, but carbide-derived carbons (CDCs) produced by the
thermal or thermochemical removal of metals from carbides
have received much attention in the past decade. This method
yields carbon materials with highly tunable porosities and
surface areas,'”! electric properties,'"!! and surface chemis-
tries.!"”

The most common method to produce CDCs uses
selective etching of metalloid atoms (Ti, Si, etc.) from
binary or ternary carbides using chlorine gas (Cl,). Volatile
chlorides are removed with the gas flow, leaving behind
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a porous CDC."! While this process is effective, it requires
the use of Cl, gas that leaves traces of metal chlorides that
may affect biocompatibility or cause corrosion, and can only
be done at temperatures of 200 °C or higher. Several chlorine-
free alternative approaches to CDC synthesis—such as
vacuum decomposition at high temperatures>'¥ or hydro-
thermal treatment of carbides!>'®—have been demon-
strated. Notably, synthesis of CDCs at room temperature,
except for recently reported nanometer-thin films on SiC!"!
has remained elusive.

A decade ago, it was shown that CDCs can be produced
by Cl, etching of the MAX phases.’’?? The latter are so
called because their general formula is M,,,;AX, (n=1, 2, 3),
where M represents an early transition metal, A mostly
represents IIIA or IVA group elements, and X represents
either C or/and N. The MAX phases are inherently nano-
layered (Figure 1a). The bonding between the A and M layers
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Figure 1. a) Schematic representation of the room-temperature CDC
synthesis from MAX phase. b—d) Cyclic voltammograms obtained in
HF (green) and HCl (circles) when, b) Ti;SiC,, ¢) Ti;AlC,, and d) Ti,AlIC
were used as anodes. For the case of HF, cycles 1 (triangles) and 5
(stars) are shown.

is relatively weak compared to the M—X bonds that are quite
similar to the bonds in their binary MX counterparts, i.e.
strong, mixed metallic-ionic—covalent.”? CDCs produced
from MAX phases have shown significant promise as
materials for energy storage, catalyst support, water filtration,
and several biomedical applications.[1%232!

Herein the working hypothesis was that, since the MAX
phases possess metallic-type conductivity, they may be good
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candidates for anodic de-alloying.™ The purpose of this
paper is to report on the room temperature electrochemical
conversion of three MAX phases—Ti;AlC,, Ti,AlIC and
Ti;SiC,—into CDCs. Three aqueous solutions (5 wt. %
NaCl; 10 wt.% HCIl; and 5 wt.% HF) were used as
electrolytes. A general schematic of the synthesis concept is
depicted in Figure 1a. By the application of an anodic
potential at room temperature, the M and A elements are
selectively etched, resulting in the formation of a predom-
inantly amorphous CDC, with a narrow pore size distribution.

To explore the effect of the A-group element on anodic
de-alloying, Ti;SiC, and Ti;AlC, were compared. To inves-
tigate the effect of n, Ti;AlC, and Ti,AlC were compared. All
samples were initially fully dense and predominantly single-
phase.

The cyclic voltammograms (CVs) obtained when these
phases were tested in the acidic solutions are shown in
Figure 1b-d. In the case of Ti;SiC, in HF (Figure 1b), active
dissolution was observed at potentials > 0.5 V (vs. Ag/AgCl).
Only pitting corrosion occurred in HCI, accompanied by gas
evolution, at potentials >2.0 V (Figure 1b). Whereas peaks
were observed in the CVs of the Ti;AlC, (Figure 1¢) and
Ti,AIC samples (Figure 1d). Based on these peaks, it is
reasonable to conclude that etching of the latter is a 2-step
process: first, the removal of Al, and then both Al and Ti
atoms depending on the magnitude of the positive
potential(Figure 1¢,d). Except for the Ti;SiC, sample etched
in HC, in all other cases, including etching in 5 wt. % NaCl
(see CV in Figure S1 in the Supporting Information (SI)), the
treatments resulted in the formation of black films on the
MAX phases’ surfaces. The films produced by etching of
Ti;AlIC, in HF and HCI were further characterized in detail.
Based on the similarity of the morphologies of the films
formed on the other MAX phases, it is reasonable to assume
that the latter are quite similar.

Transmission electron microscope (TEM) micrographs of
the Ti;AlC, sample that was partially etched in HF are shown
in Figure 2. Energy-dispersive spectroscopy (EDS) confirmed
the absence of Ti and Al, leaving behind only carbon. This is
best seen in Figure 2a,b, where, at their edges, the MAX
layers are converted to carbon. For the most part, the carbon
was amorphous (Figure 2d) as confirmed by X-ray diffraction
(Figure S2) and Raman spectra showing broad D and G bands
of graphitic carbon (Figure3a and S3, Table S1). Some
regions contained ordered carbon (Figure2c). The films,
however, were mostly comprised of amorphous carbon.
Thermogravimetric analysis (SI, Section 6, Figure S5) of the
collected films in air showed that the onset of oxidation
occurred at relatively low temperatures.

In addition to carbon, EDS and X-ray photoelectron
spectroscopy (XPS) showed the presence of a high concen-
tration of oxygen (SI, Section 5). In other words, it appears
that the CDC surfaces are functionalized by oxygen and OH.
The CDC films produced after Ti;AlC, was etched in 5 wt. %
HF solution were comprised of 20 at.% O and 80 at.% C,
according to EDS. XPS elemental analysis of the CDC
produced by electrochemical etching of Ti;AlC, in HCI and
HF is summarized in Tables S2 and S3, respectively.
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Figure 2. TEM micrographs of CDCs produced by electrochemical
etching of Ti;AIC, in 5 wt. % HF. a) CDC/Ti;AlC, interface region. Inset
shows a higher magnification of the area confined by the rectangle.

b) Same as (a) but at a higher magnification. c) Ordered and d) amor-
phous CDC structures.
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Figure 3. Characterization of electrochemically produced CDC.

a) Raman spectra of select carbon synthesized from Ti;SiC,, Ti;AlC,,
and Ti,AIC in HF and Ti;AIC, in HCl and NaCl electrolytes. b) FTIR
spectra of Ti;AlC,-CDC. c) Pore size distribution for the Ti;AIC, CDC
obtained by CO, and N, gas sorption (inset). d) Time-dependence of
etched thickness for Ti;AlC, sample etched in 5 wt. % HF at a constant
current of 100 mAcm™2 Inset: SEM image of the etching profile.

Analysis of high-resolution Cls and O1s XPS spectra
(Tables S4 and S5) suggests that the major constituents are
carbon atoms bonded to either C or O atoms for CDCs
produced from Ti;AlIC, in HCI or HF. In the HCI case, the
ratio of C—C bonds to C—O is ca. 2.5; in HF case, the ratio is
ca. 4.3.
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Fourier transform infrared spectroscopy (FTIR) analysis
of CDCs produced by etching Ti;AlC, in HF (Figure 3b)
shows that the surface becomes terminated with -C=0, -OH,
and other similar groups that form in the aqueous environ-
ment during synthesis. Not surprising, those terminations are
similar to those deduced from XPS peak analysis of the Cls
and O 1s regions (see Figure S4 and Table S5). A prominent
C—F peak (at 1100 cm™") also suggests that some carbon
atoms are terminated with fluorine. This is similar to halide
bonds found on the surfaces of CDCs prepared by high-
temperature halogen etching.'" We were unable to fit the F
region in XPS due to its low intensity and low (< 0.5 at. %)
nominal fluorine content in the sample.

Porosity calculations derived from N, and CO, sorption
measurements on CDCs produced from etching Ti;AIC, in
HF showed a very narrow pore size distribution, with a sharp
peak at 0.5 nm (Figure 3¢, additional details can be found in
SI, Section 2). At the low synthesis temperatures used here,
the mobility of C atoms is probably too low to allow the CDC
structure to significantly transform, which partially explains
why the pores are as small as they are. This is consistent with
previous work on the low-temperature synthesis of CDCs.!

To quantify the etching kinetics, a series of experiments
were carried out on Ti;AlC, in HF. In these experiments,
a portion of a mirror-finished Ti;AlC, surface was covered by
an adhesive tape. Galvanostatic experiments, with a current
densities of 100 mA cm ™2, were then carried out for different
time intervals. After each etching, the C layer was detached
from the substrate and the profiles were analyzed using SEM
imaging of fractured surfaces (inset in Figure 3d). When the
resulting time dependencies of the thicknesses were plotted
(Figure 3d) a straight line that goes through the origin was
obtained signifying that the kinetics are linear and thus the
process is most probably interfacial reaction rate controlled
and is thus highly scalable. For example, based on Figure 3d,
50 um of Ti;AlC, can be converted to a CDC film in about
30 min.

In conclusion, room-temperature electrochemical anodic
etching of the select MAX phases in dilute HF, HCI and NaCl
solutions resulted in the synthesis of the CDCs with high rates.
This finding opens a novel route for the room-temperature
synthesis of porous carbons. Similar to higher-temperature
chlorine etching, this method allows us to produce thick
carbon films.! Unlike halogen synthesis, however, this new
method is carried out under ambient conditions and electro-
chemistry is used instead of Cl, gas to extract the metals. CDC
patterns can be obtained by partial masking of the carbide
surface. It is important to note that much like traditional CDC
materials, theoretical carbon yield is on the order of 10-20 %
(weight percentage of carbon in the carbide structure). Exact
calculations for the theoretical carbon yield from Ti;SiC,,
Ti;AlC,, Ti,AlIC can be found in SI, Section 8. A wide variety
of electrically conductive ternary carbides from the MAX
phase family can be used as precursors and synthesis
procedures can be tuned to achieve the required structures
optimized for specific applications. These efforts may, for
example, increase the accessible surface areas yet retain the
narrow pore size distributions, making these materials highly
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attractive for a number of research and commercial applica-
tions.

The extremely small pore size of the synthesized carbon
makes it particularly attractive for hydrogen and CO,
storage.”®! Apart from gas separation or storage applica-
tions™ such materials could be used in tribology® or
electrical energy storage®>*] among others, where CDCs
produced by chlorine etching of metal carbides have shown
excellent performance. It is reasonable to assume that these
CDC:s can also be used in capacitive energy storage applica-
tions, where narrow pore size distributions matter.””’ Studying
the properties and performance of this new form of CDCs is
the next frontier.

Experimental Section

Cyclic voltammograms (CVs) in the various electrolytes were
recorded in a 3-electrode cell where the MAX phase was the working
electrode, Ag/AgCl in 3m NaCl was the reference electrode, and Pt
mesh was the counter electrode. The cycling rate in all cases was
5mVs~. All CDC samples used for structural and compositional
characterization were obtained by galvanostatic etching using a con-
stant current density of 100 mA cm 2 Detailed information about the
characterization techniques used and the MAX phase sample
preparation procedures can be found in the Supporting Information.
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