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Abstract

Heteroatom doping of graphitic carbon is of high interest for tuning its physicochemical properties. Aluminum is commonly reported as a high-interest
dopant, but few synthetic strategies have been reported owing to the low equilibrium solubility of Al within graphite. Herein we report several strate-
gies to achieve metastable aluminum-substituted turbostratic graphitic carbon materials with aluminum contents up to ~ 0.5 at%, via co-pyrolysis
of two molecular precursors between 800 and 1100°C. The resulting materials exhibit turbostratic graphitic structure and a previously unreported

aluminum environment detectable by X-ray absorption spectroscopy (XAS), a likely signature of trigonal planar or puckered AlC;-type sites.

Introduction

Substitutional heteroatom doping and co-doping of carbon-
based (and other group IV) solids by elements such as boron,
nitrogen, phosphorous, and sulfur has been extensively
explored to tune the structural and chemical/electrochemical
properties for a variety of applications.!'! Notable examples of
this strategy are boron incorporation into graphite for nuclear
shielding applications, modification of the electronic struc-
ture of fullerenes and nanotubes by B (p-type) and N (n-type)
doping, and nitrogen incorporation into templated carbon to
enhance CO, uptake for direct air capture applications and
methane adsorption. In general, this body of research is wide-
ranging in its findings, and recently many long-prevailing
trends in the results are coming under higher scrutiny. Phos-
phorous incorporation is relatively common as a strategy to
enhance the electron donating character of sp>-hybridized
carbon surfaces; on the other hand, few experimental reports
exist that describe the successful substitutional incorporation
of aluminum into a graphitic lattice. Hence, there is fundamen-
tal importance in this endeavor given the complementarity of
the electron withdrawing/donating properties of Al and P with
respect to carbon.

Aluminum and carbon are typically explored together as
metal matrix composite (MMC) materials, or in other compos-
ite applications (e.g., aluminium nanoparticles on porous car-
bon supports).”?] Graphite and aluminium metal face wettability
issues when forming composites; the binary phase, aluminum
carbide (Al,C;) is readily formed at high temperatures.l*>! Few
existing studies directly target substitutional doping of graph-
ite with aluminium as the dopant. A representative such study,
perhaps the first to explicitly report substitutional incorporation
of aluminum into an sp>-hybridized carbon system, is focused
solely on graphene and not a free-standing, bulk material [}

On the contrary, numerous computational studies investigate
aluminum doping in carbon materials (e.g., in carbon nano-
tubes (CNTs),!”#] graphite,”'" and graphene!''~'*}) and many
predict applications towards hydrogen storage,['*! gas sens-
ing,[%121416) and catalysis!! 7' that would require free-stand-
ing, bulk AIC, materials. The aluminum-carbon binary phase
diagram reported by Gokcen and Oden"'! (Fig. S1) seems to
remain the state of knowledge today as to the equilibrium alu-
minum solubility in crystalline graphite. The precise solubility
limit is unknown but is often reported as negligible (which we
assign as<0.01 at%). We hypothesized that further investiga-
tion via bottom-up synthesis techniques could lead to a variety
of ordered or disordered and stable or metastable bulk graphitic
materials with higher aluminum content than 0.01 at%, similar
to those prepared for other heteroatoms (e.g., boron!?*?! and
phosphorus®?).

In this work, we explore a variety of direct (bottom-up from
molecular precursors) synthesis approaches targeting high alu-
minum-content graphitic carbon materials where aluminum is
exclusively substituted within the graphitic lattice. Under opti-
mal conditions and after appropriate post-synthesis processing,
samples containing up to<0.5 at% Al could be synthesized and
were subsequently characterized. These materials are generally
highly disordered, but evidence is presented that the aluminum
is likely bound in trigonal planar environments within the gra-
phitic lattice. Challenges of the present synthesis method are
also discussed, lending insights for future studies.

Results and discussion

Synthesis

Several synthetic approaches were explored herein in an
effort to achieve phase-pure samples of aluminum-substituted
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graphitic carbon (AIC,). The temperature range of interest
in this work, informed by previous work in boron-1>°! and
phosphorus-doping,??! was 800-1100°C. Hence, while the
graphitic ordering of such products was expected to only be
modest (especially in the stacking direction), the range of het-
eroatom content was expected to be as high as possible, the
primary target of this work. Closed-reactor synthesis in this
temperature range typically requires the use of quartz ampules
when refractory metal ampules are not available (such as in this
laboratory). Hence, all experiments described herein involve
the selection of precursors followed by charging into a quartz
ampule under inert argon atmosphere, and subsequent heating
to a set temperature between 800 and 1100°C.

At all temperatures explored in this work, an undesired
byproduct, the aluminosilicate mineral known as mullite
(3A1,04-28i0,), was formed during synthesis. This byproduct
is attributable to a reaction between the quartz ampule and the
Al-containing precursor (e.g., AICl; or TMA). This byproduct
could be easily removed by dissolution in aqueous HF (see Fig.
S2). Numerous attempts were made to prevent the formation of
mullite altogether, including passivation of the quartz ampule
with pre-synthesis carbon deposition, the use of a molybdenum
packet to isolate the precursors from the quartz, and simply the
exploration of dilute Al-doping to prevent excessive leaching
of the quartz ampule; nevertheless, none of these strategies
were successful in preventing the formation of mullite (more
information is given in the Supporting Information). Therefore,
the remainder of this study emphasizes the post-HF treated
AlCl;-derived or TMA-derived AIC, materials in investigations
of structure and composition.

Structure

The crystalline structure of directly synthesized AIC, was
investigated by powder XRD, as shown in Fig. 1. All of the
XRD patterns for the pre- and post-HF washed AIC, materials
show a broad reflection centered at 20=23-26°, corresponding
to the (002) reflection in graphite. The broadness of this fea-
ture indicates the existence of small crystallites and significant
long-range disorder in the stacking structure (i.e., turbostratic
ordering). Additional well-defined peaks in the pre-HF treated
samples are indicative of mullite.*’] Under otherwise identi-
cal conditions, the mullite reflections increase in intensity with
increasing Al:C ratio (decreasing x) and with increasing tem-
perature. Mullite formation is likely attributable to side reac-
tions between the aluminum precursor and the quartz ampule,
sequestering a portion of the available aluminum and prevent-
ing complete incorporation within the graphitic lattice. The
mullite reflections completely disappear following HF treat-
ment, indicating that HF dissolution is a viable route to obtain
mullite-free AIC,.

The in-plane structure of the as-synthesized AlC, materi-
als was further investigated by Raman spectroscopy (Fig. 2).
Spatial scanning across the surfaces of the AlCl;-derived AIC,
materials revealed two distinct structural environments: more-
ordered and more-disordered graphitic carbon, independent of
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Figure 1. X-ray diffraction patterns of pre- (light trace) and post-HF
treated (dark trace) AlICI;-derived AIC, (of nominal composition
x=3, 6, 10) compared to a crystalline mullite standard.
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Figure 2. Raman spectra of post-HF treated AICl,;- and TMA-

derived AIC, materials under irradiation at 532 nm, showing two
distinct types of material in each sample: more-ordered (dashed
lines) and more-disordered (solid lines) nanocrystalline graphite.

the nominal composition. Three notable peaks are observed in
each spectrum, known as the D peak (~1340 cm '), G peak
(~1580 cm™), and 2D peak (~2680 cm™'). In regions where
the AIC, is more ordered, the full-width at half-maximum
(FWHM) of the D and G peaks are narrow and the 2D region
is defined by four well-resolved peaks. In more disordered
regions, the D and G peaks are wider, the 2D region is a broad,
modulated hump, and the I(D):1(G) ratio is>1. These spec-
tral features are quantitatively summarized in Table S2. The
more ordered regions may be a result of carbon pyrolysis in the
presence of aluminum as a catalyst. The interlayer spacing, as
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determined by XRD, is narrower in all AIC, materials derived
by AICI; (e.g., 3.48-3.50 A at 1100°C) than in pure carbon
materials derived under equivalent conditions (e.g., 3.51 A for
neat benzene-derived carbon synthesized at 1100°C) (Fig. S3.).
Lower aluminum content (e.g., AIC,,) correlates with narrower
interlayer spacing; hence, the least amount of aluminum in the
initial reaction leads to the strongest catalytic effect, likely
owing to the formation of mullite in higher Al content reaction
mixtures.

Composition and morphology

The elemental composition of directly synthesized (post-HF
treated) AIC, was investigated herein by EDX spectroscopy
(Fig. 3). Materials derived from AICl; were determined to
have Al contents of 0.1-0.5 at% Al, generally increasing
with the nominal composition (i.e., the initial concentration
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of Al in the reaction mixture). On the other hand, materials
derived from TMA had negligible Al content remaining after
HF treatment. These results indicate that there is a signifi-
cantly larger dependence of the eventual Al content on the
identity of the precursor than on the nominal composition of
the reaction.

Small traces of chlorine (< 1.2 at%) are also found to exist
within post-HF washed AIC, materials; this residual Cl con-
tent scales directly with the nominal Cl content provided by
the AICl; precursor. EDX mapping confirms that Cl is not
preferentially located within the Al-rich regions (Fig. S4)
Rather, the Cl is likely trapped between graphitic sheets, as
an intercalant, or covalently bonded to the graphitic network,
as previously observed.?>** No regions of stoichiometric
compositions consistent with mullite are found to exist within
post-HF washed AlIC, materials.
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Figure 3. Chemical composition of post-HF treated AlICI;- and TMA- derived AIC, materials as determined by EDX spectroscopy. AlCI5-
(1100°C) and TMA- (800°C) derived materials are shown in magenta and blue, respectively. The sample names indicate the nominal Al:C

ratio in the initial reaction.
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X-ray absorption spectroscopy

The chemical environment of aluminum within the highest Al
content materials was further investigated by XAS. The XAS
spectra at the Al K-edge of both pre- and post-HF treated
AlCl;-derived AIC, (of nominal composition x=3, 6, and 10)
are shown in Fig. 4. The pre-HF treated samples, included
herein for control purposes (since they are known to contain
predominantly mullite-type Al), all exhibit an edge and two
post-edge features at 1567.4, 1568.7, and 1572.7 eV, respec-
tively, that are consistent with mullite.[>>?%! After HF treat-
ment, a prominent edge feature at 1566.8 eV and a post-edge
feature at 1571.7 eV (referred to as E* and E”, respectively)
arise in all AIC, materials with>0.2 at% actual Al content
(AIC, AlIC4, and AIC;). A slight third feature is evident at
1569.0 eV in AIC,. The primary new environments, E* and
E”, are not consistent with tetrahedral (Td) AlO, or octa-
hedral (Oh) AlOg environments found in mullite, K10, or
AIPO,, nor are they consistent with Td AIC, environments
in Al,C;. The novel environments are rather lower in energy,
suggesting a lower aluminum coordination environment,?!
such as trigonal planar or pyramidal. In general, both E*
and E” increase in intensity at higher synthesis temperatures

[Fig. 4(b)].

The TMA-derived AIC, plays an important role in this
study owing to the inherent presence of Al-C bonds derived
from TMA itself, some of which would likely remain intact
in the AIC, product. Indeed, the XAS spectrum of the neat
TMA-derived material pyrolyzed at 800°C does in fact exhibit
the same E* and E” features present in AICl;-derived AIC,
materials [Fig. 4(c)], albeit in lower overall concentration of
Al Interestingly, the TMA-derived samples also contain an
Al environment at 1561.3 eV that may be attributed to Al-Al
bonding.!*® This would be consistent with TMA decompo-
sition mechanisms where TMA decomposes to monome-
thyl aluminum (MMA) and bulk Al metal phase segregation
occurs.[?>3% While we are unable to assign an unambiguous
Al bonding environment to E* and E”, the existence of these
features in AIC, from both precursors after HF treatment is
likely indicative of Al-C bonding in both materials.

Conclusions

Two aluminum-bearing precursors and a wide range of syn-
thetic conditions were explored in an effort to synthesize
carbon-rich graphitic materials incorporating Al within the
sp’-hybridized lattice. All routes followed a single-step, direct
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Figure 4. XAS spectra near the Al K-edge of (a) pre- and (b) post-HF treated AICI;-derived AIC, (where x=3, 6, and 10) AIC, materials syn-
thesized at 1100°C (solid line) are compared to 800°C (dashed line). (c) XAS Al K-edge spectra of halide- and TMA-derived AIC, (where
x=3, 6, and 10) synthesized at 800°C (dark orange) and 1100°C (light orange). Standards include AIPO,, K10, mullite, Al,C5, and Al foil.
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synthesis approach that was chosen to favour metastable states
with a high Al dopant concentration, at the penalty of low gra-
phitic ordering. The use of a quartz ampule as the closed reac-
tion vessel led to the formation of mullite as an impurity in all
reactions studied; this impurity could be effectively removed by
post-synthetic dissolution in aqueous HF. The resulting materi-
als were thoroughly characterized, showing that a small content
of Al was likely incorporated within the lattice. The presence
of Al precursors in the reaction mixture gave rise to a catalytic
graphitization resulting in interlayer spacings closer to that in
crystalline graphite. Using AICl; as the aluminum precursor,
up to~0.5 at% was evidenced across a wide range of initial
conditions, indicating that factors such as the temperature and
vessel wall chemistry played a larger role than the composition
of the initial reaction. Analysis of the XAS spectra obtained for
all AIC, materials with appreciable Al content showed that a
pair of new features, at 1567—1572 eV, are a unique signature of
such materials and are consistent with the presence of trigonal
planar AlC;-type environments. Further studies are warranted
to examine these features in detail and determine their origin.

Materials and methods

Direct synthesis of AIC,

Aluminum-doped graphitic materials, hereinafter referred to as
AlC,, were synthesized via a direct synthesis route analogous to
previous strategies employed for boron?"! and phosphorus.[??!
In each case, a quartz ampule (15 cm length, 1.0 cm inner diam-
eter) was charged with either a mixture of benzene (anhydrous
99.8%, Sigma Aldrich) and aluminum trichloride (AICl;, anhy-
drous, Acros Organics), a solution of trimethylaluminum in
toluene (TMA/toluene, 2.0 M, Sigma Aldrich), or neat trimeth-
ylaluminum (TMA, 97.0%, Sigma Aldrich), inside a glovebox
under inert argon conditions (<0.5 ppm O,,<0.5 ppm H,0).
In certain cases, the ampule was pretreated by carbon passiva-
tion (neat benzene pyrolysis inside a double-necked ampule) or
the precursors were wrapped in a molybdenum foil (>99.9%,
25 pm thick, Sigma) pouch prior to sealing for the final reac-
tion; such efforts were not found to be more successful than
direct pyrolysis within a standard quartz ampule. The total
amounts of the precursors were determined by setting the final
pressure of the reaction at 20 bar, based on the inner volume of
the ampule (~ 12 mL) and the assumptions that pyrolysis would
be stoichiometric and all products would be diatomic gases (H,,
HCI, or Cl,). A Swagelok ultra-torr adaptor was placed over
the open end of the ampule; the capped ampule was removed
from the glovebox and partially submerged in liquid nitrogen
to solidify the precursor solution. The ampule was connected to
a Schlenk line, evacuated to 1072 mbar, and then flame-sealed
under vacuum.

Sealed ampules were placed on an elevated platform at the
center of a chamber furnace (Carbolite CWF 12/13) and heated
to a final set temperature between 800 and 1100°C via a pro-
grammable PID controller (Eurotherm 3216). The temperature
set point was held for 1 h and then cooled to below 100°C at

which point the furnace was opened and the sealed ampules
were removed. Sealed ampules were carefully opened using
a diamond-bladed rotary saw in a fume hood where gaseous
byproducts (e.g., HCI) could be safely released. The solid prod-
uct was collected and rinsed with deionized water and acetone.
All samples were dried in air at 80°C for 24 h before further
analysis. To dissolve aluminosilicate impurities, some samples
were subjected to HF washing dissolution in 20% aqueous HF
for 48 h, followed by rinsing with copious water. The resulting
materials are referred to according to their nominal composition
and aluminum precursor, as shown in Table S1.

Materials characterization

Powder X-ray diffraction (XRD) measurements were per-
formed using a Bruker D8 ADVANCE diffractometer using
Cu Ka, , radiation (A=1.54 A) in reflection geometry. Samples
were prepared for XRD by ultrasonication in acetone for 5 min
and then drying at 80°C for 24 h. Raman spectroscopy was per-
formed using a Horiba LabRAM HR Evolution spectrometer
equipped with a confocal microscope and a frequency-doubled
Nd:YAG laser (532 nm) with an incident power of 10 mW.
Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) spectroscopy were measured using a Physical
Electronics (PHI) 710 microscope with a field emission source
operated at 1 and 10 kV, respectively. Samples were prepared
for SEM and EDX by pressing the as-collected material into
indium foil which was then secured to an aluminum mount.
The actual Al content in each material as measured by EDX is
shown in Table S1.

X-ray absorption spectroscopy

Aluminum and carbon chemical environments were analyzed
by X-ray absorption spectroscopy (XAS), measured at the
Spherical Grating Monochromator (SGM) beamline at the
Canadian Light Source (CLS). As-synthesized flakes were
mounted on carbon tape and measured under ultra-high vac-
uum (10~ mbar). Total fluorescence yield (TFY) was measured
for each sample by averaging over four silicon drift detectors
(SDDs). Several standard materials were mounted for com-
parison to AIC,: aluminum foil (0.25 mm thick, 99.999%,
Sigma-Aldrich), aluminum carbide (Al,C;, 98%, Goodfellow
Corp.), mullite (3A1,05:2Si0,, 98%, Alfa Aesar), montmoril-
lonite (K10, Clay Minerals Society), and aluminum phosphate
(AIPO,4, 99.99%, Sigma-Aldrich).
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