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Rapid, Energy-efficient Synthesis of the Layered 
Carbide, Al4C3 
Jennifer L. Kennedy,a,b Timothy D. Drysdale*a and Duncan H. Gregory*b,  

The phase-pure binary aluminium carbide, Al4C3 can be synthesised in vacuo from the elements in 30 

minutes via microwave heating in a multimode cavity reactor. The success of the reaction is dependent 

on the use of finely divided aluminium and graphite starting materials, both of which couple effectively 

to the microwave field. The yellow-brown powder product was characterised by powder X-ray 

diffraction, scanning electron microscopy / energy dispersive X-ray spectroscopy thermogravimetric-

differential thermal analysis and Raman spectroscopy. Powders were composed of hexagonal single 

crystallites tens of microns in diameter (Rhombohedral space group R3 ̅m; Z = 3; a = 3.33813(5) Å, c = 

25.0021(4) Å) and were stable to 1000 °C in air, argon and nitrogen. Equivalent microwave reactions 

of the elements in air led to the formation of the oxycarbide phases Al2OC and Al4O4C. 

Introduction 

Al4C3 is an important compound which can have a significant 
impact upon the strength and structure of a variety of materials. 
Up to the present time, only a small number of reports referring 
to the synthesis and application of the phase have been 
published.1-6 Al4C3 has a layered rhombohedral structure 
(R3 ̅m) composed of alternating Al2C and Al2C2 layers.7 
 Aluminium carbide often arises as an undesired degradation 
product which can have a significant negative impact on SiC-Al 
and carbon-fibre composites.8  In fact, the synthesis of Al4C3 is 
often an unwanted consequence of other processes such as the 
Hall-Héroult process.9 Conversely, the material has been found 
to have beneficial effects in alloy systems such as  Al–SiC–
Al4C3, Al–Al3Ti–Al4C3, etc.7, 10 The dispersion of fine Al4C3 
particles strengthens certain Al alloys11, 12 and coating Al alloy 
surfaces with Al4C3 can enhance the wear resistance of the 
metal significantly.13 Al4C3 is a starting point for the growth of 
an array of structurally related compounds and materials, such 
as the diamond-derived (Al2O3–Al4C3–AlN) intergrowths.14 
Al4C3 can also act as a template for designing microstructures 
such as nanoscale carbons.15 Recently the nanostructured 
carbide itself has been demonstrated to be a potentially useful 
functional material, with 1D Al4C3 nanowires acting as cold 
electron emitters with promising field emission performance.5,6 
 With the global push to improve the green credentials of 
large-scale industry, a key focus of research has become the 
investigation of alternative synthesis and processing methods to 
reduce energy consumption and pollution.16 Previous work has 
shown that solid state reaction times can be cut by orders of 
magnitude by switching from conventional heating to 
microwave (MW) heating processes.17 We have shown 

previously that the use of microwaves can facilitate the 
synthesis of carbides over second timescales.18-21 Microwaves 
are particularly well–suited to the synthesis and processing of 
carbides, with carbon acting as both a starting material and a 
microwave susceptor.17 
 Further attractions of MW processing are the opportunities 
offered to access new and metastable materials22 and to  
rationalise the interaction of solids with electromagnetic 
fields.23 The development of microwave synthesis in the 
solution state has been more rapid given the challenges 
associated with homogeneity and scale up in MW solid-state 
synthesis and materials processing.24 To advance solid-state 
microwave process design there is a requirement both to 
develop an underpinning understanding of how microwave 
reactions proceed and to design instrumentation optimised for 
chemical reactions. Herein we report the first successful 
synthesis of aluminium carbide, Al4C3, using microwaves. The 
synthesis can be completed in 30 minutes using a simple 
multimode cavity (MMC) reactor. A combination of powder X-
ray diffraction (PXD), Raman spectroscopy, thermal analysis 
and scanning electron microscopy (SEM) confirms that we can 
produce highly crystalline, oxide-free rhombohedral Al4C3. 

Results and Discussion  

Aluminium carbide could be synthesised from the elements in 
an MMC reactor in 30 minutes. Syntheses were dependent on 
applied power and reaction time, and demanded the use of a 
sealed environment in vacuo (Fig. 1).   
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Fig. 1 Schematic of reaction set up. 

 Post-reaction, sample pellets were extremely hard and when 
ground gave a fine, yellow-brown powder. The PXD pattern of 
the MW-synthesised product is shown in Fig. 2. As time 
progresses from time zero (starting reagents) to 30 minutes it is 
possible to observe the appearance of reflections attributable to 
the carbide phase and the reduction in intensity of the 
reflections from the reagents. No other phase appears in the 
patterns suggesting no stable, observable intermediates. The 
final pattern reveals that essentially single phase Al4C3 can be 
synthesised in minute timescales. There is one additional 
reflection in the powder pattern of the product at 2θ ~ 27°, 
which can be attributed to the (200) reflection from graphite. 
 Given the absence of any reflections from Al, it is proposed 
that the graphite reflection originates from remaining susceptor. 
This premise was corroborated by thermogravimetric analysis 
(TGA) (demonstrating a weight loss after heating in air at 1000 
°C) and subsequent PXD, which showed that the excess 
graphite had been lost (i.e. the absence of the (200) reflection) 
and indicated no evidence of Al4C3 oxidation. No obvious 
amorphous component was detected from the background in the 
powder diffractograms either before or after the TGA 
experiment. Similar TGA experiments performed under Ar or 
N2 (heating to 1000 °C) and subsequent XRD, showed no 
evidence of oxidation or nitridation of the carbide (or indeed 
any other changes). These observations are consistent with a 
reported decomposition temperature for Al4C3 at much higher 
temperature (2150 °C) where graphite and a carbon-saturated 
melt are observed as products.25 

 Scanning electron microscopy images (Fig. 3) from the 
MMC sample showed that the product exists as well-formed 
micron-scale hexagonal crystallites typically 5 μm or more 
across.  EDX data confirmed that only aluminium and carbon 
are present (57.2(1) At.% Al, 42.8(1) At.% C) and show no 
trace of oxygen or nitrogen across samples (see ESI). 
 Rietveld refinement against lab PXD data (Table 1, Fig. 4) 
confirmed a rhombohedral structure for Al4C3 based on layers 
of aluminium atoms interspersed with carbon atoms arranged in 
a regular stacking sequence. 

 
 

Fig. 2 (a) Ex-situ PXD pattern from the Al + C reaction after 0, 10, 20 and 30 min 
in the MMC reactor. The asterisk indicates the (002) graphite reflection; (b) 
refined phase fractions of Al4C3 (open squares) and Al (open circles) against 
reaction time. The behaviour can be fit approximately to sigmoidal growth and 
first order exponential decay functions respectively (error bars lie within the 
width of the plot symbols). 

 
Fig. 3 SEM micrograph showing well-crystallised, micron-scale hexagonal 
particles of Al4C3. 
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Fig. 4 Observed (plusses), calculated (solid green line), and difference (solid 
purple line) profile plot for the Rietveld refinement against powder XRD data for 
aluminium carbide. Tick marks denote Al4C3 diffraction peaks. The graphite 
reflection at 2θ ~ 27° was excluded from the refinement. 

Table 1 Crystallographic data for Al4C3. 

Chemical Formula Al4C3   
Crystal System Rhombohedral   
Space Group R3�m   

a  / Å 3.33813(5)   
c  / Å 25.0021(4)   

Volume / Å3 241.276(9)   
Z 3   

Formula Weight / g mol-1 143.96   
Calculated density, ρ / g cm-3 2.972   

No. of data 6195   
No. of parameters 23   

Rwp 0.1338   
Rp 0.0956   
χ2 1.861   

 

 Al4C3 can be considered to be a close-packed structure of 
aluminium atoms with a sublattice of interstitial carbon (Fig. 5; 
ESI). The close packed structure is a mixture of hexagonal and 
cubic close packed layers. Jeffrey and Wu describe the Al4C3 
structure as consisting of [Al2C2] and [Al2C] structural units.2 
In the case of the [Al2C2] units the carbon atoms occupy 
trigonal bipyramidal interstices and the metal atoms are 
hexagonally stacked.26 In the [Al2C] units, carbon atoms 
occupy octahedral interstices and the Al atoms form CCP 
layers.26 Al atoms lie in hexagonal layers with an …ABAB… 
stacking sequence switching to …ABCB… when z = 0, 1/3, 
2/3.1 Hence the metal layer stacking sequence for the unit cell is 
ABABCACABCBC as depicted in Fig. 4a. The refined lattice 
parameters are in good agreement with earlier studies of 
Al4C3

7,27 and bond distances were close to those reported 
previously with Al-C distances in the range 1.921(3) - 2.195(3) 
Å and Al- Al distances in the range 2.678 (2) - 2.967 (1) Å 
(ESI).1, 28 
 Sun et al reported the experimental and calculated Raman 
spectra of Al4C3 in 2011.5, 6 Fig. 6 shows the spectra of MW- 
synthesised Al4C3. The Raman spectrum was obtained from 
individual Al4C3 particles resolved within the sample under the 
Raman microscope. The spectrum is comprised of six bands, 

which correspond closely to those reported previously.5, 6 There 
is no evidence of bands from carbon in the recorded spectra; 
bands for disordered (D) and ordered (graphitic; G) carbon  
would be expected at 1350 cm-1 and 1590 cm-1 for 
respectively.29  Further, there are no bands for other Al-
containing species such as the various polymorphs of Al2O3

30 
and hence Raman spectroscopy would support diffraction 
evidence that the only product of the microwave reactions is 
Al4C3. 

 
Fig. 5 Crystal structure of Al4C3, (a) as a ball and stick representation showing Al-
C bonds; (b) as a polyhedral representation showing layers Al-centred 
tetrahedra; (c) as a polyhedral representation showing double layers of C-
centred trigonal bipyramids and single layers of C-centred compressed 
octahedra. 

 
Fig. 6 Raman spectrum of Al4C3 showing the six characteristic bands of the 
carbide and the absence of carbon D and G bands (inset). 

Table 2 The Raman shifts of the carbide phase and their assigned symmetry 
modes. 

Raman Shift (cm-1) Symmetry Mode5, 6 
252.85 Eg 
288.65 Eg 
340.86 A1g 
493.00 A1g 
718.22 Eg 
864.40 A1g 
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 When considering the reasons for the efficiency of the 
microwave reaction, it is useful to consider the way in which 
the reagents will interact with the applied MW field. It would 
be expected that both aluminium and graphite would heat 
principally via a conduction mechanism.31 Graphite is well 
known as a very effective microwave absorber with a high 
dielectric loss, reaching temperatures in excess of 1000 °C in < 
2 min.32 The behaviour of aluminium as a conductive metal, (σ 
= 3.5 x 107 S m-1)33 however would be expected to be highly 
particle size-dependent. As the microwaves penetrate further 
into a material, both the field intensity and power density will 
fall exponentially. One thus defines the penetration depth, Dp, 
as the distance into the material at which the power flux falls to 
1/e of the initial value:34 

Dp ≈ λ0�ε'

2πε”   (1) 

where λ0 is the wavelength of the microwave  radiation, ε′ is the 
dielectric constant and ε″ is the dielectric loss. The penetration 
depth of Al has been determined by Rodiger et al. to be 1.7 μm 
(for 2.45 GHz microwaves at 20 °C).35 Thus, for large particle 
sizes one would expect a high reflectance at the surface leading 
to the escalation of high surface voltages. In our previous work 
in M-C systems (where M = W, Mo, Nb and Ta) a general 
behaviour in the interaction of these systems with microwaves 
has been observed.19-21,36,37 This behaviour is rationalised by 
considering the loss tangent, tan δ ( = ε″ / ε′),  which describes 
the ability of a material (at a specific temperature and 
frequency) to absorb microwave energy and dissipate heat;34 
Initially energy is absorbed by the carbon susceptor (loss 
tangent up to 2.95; c.f. loss tangent of water 0.118, at 2.45 GHz 
and 298 K38) then as the temperature increases the dielectric 
properties of the reactant mixture reach an optimum point 
where tan δ is at a maximum. From this point product 
formation is rapid and the reaction self-terminating. 
 Given that Al4C3 is considered to be the only phase in the 
Al-C equilibrium phase system25 and, indeed, that no other 
phases are observed by ex-situ PXD, it is postulated that the 
reaction mechanism is a simple one involving direct 
combination of the elements. However it is only via probing the 
carbide formation process in-situ that any intermediate steps in 
the reaction are likely to be identified. Such insight requires the 
development of in-situ analysis instrumentation to perform 
time-resolved experiments.17 
 Conventionally Al4C3 is prepared via direct carbonisation or 
carbothermal reduction-carbonisation techniques.39-41 The 
carbide can be prepared by reacting stoichiometric quantities of 
aluminium and graphite between 1250 - 1500 °C under a flow 
of argon or by combining alumina and graphite under similar 
conditions at 1900 °C.40 Optical pyrometry offers a convenient, 
contactless method of measuring temperature without 
perturbing a microwave field. However, given the sealed tube 
reaction configuration shown in Figure 1, it proved impossible 
to obtain valid temperature values using this method. 
Considering the temperatures typically required in the 

conventional preparation of Al4C3 from the elements combined 
with the observation of the softening of the quartz reaction 
vessel in our experiments, it can be assumed that that 
temperature in the microwave reactions here must far exceed 
1000 °C  
 Without doubt the practical preparative procedure would be 
simplified (and ultimately be made more cost-effective in 
scaled-up processes) if the carbide synthesis could be 
performed in air (as we have achieved in the MW preparation 
of SiC from the elements, for example18). Despite the presence 
of carbon in large excess, microwave reactions in open tube 
conditions resulted in the formation of phase mixtures of Al2O3, 
Al2OC, Al4O4C and Al4C3 (see ESI). This is perhaps 
unsurprising as the requirement of an inert environment is also 
essential for synthesis of Al4C3 via conventional heating 
processes.40,41 The reasons for the preferential formation of 
oxides and oxycarbides under such conditions can perhaps be 
explained by the reaction processes that may occur in the 
presence of oxygen (Table 3).40-42 

 

Table 3 Calculated molar enthalpy (ΔH) and Gibbs free energy (ΔG) of 
formation of Al2OC, Al2O3 and Al4O4C at 298.15 K. For comparison the 
enthalpy and Gibbs free energy of formation of Al4C3 are also shown.43 

Phase Reaction ΔH / kJmol-1 ΔG / kJmol-1 
Al2OC 2 Al + CO ⇌ Al2OC -634.96 -641.09 
Al2O3 4 Al + 3 O2 ⇌ 2 Al2O3 -1675.69 -1690.88 

Al4O4C 2 Al2O3 + 3 C ⇌ Al4O4C + 
2 CO 

-2314.32 -2343.25 

Al4C3 4 Al + 3 C ⇌ Al4C3 -206.90 -232.95 

 

 The extremely high enthalpy and Gibbs free energy values 
for the oxide and oxycarbide phases strongly support the 
observed requirement for an oxygen-free environment. 
Moreover, the oxycarbide phase Al2OC has been observed to 
appear in carbon-rich environments44 which may also be 
explained by the solid phase reaction given below (equation 
2).45 In situ evolved gas analysis would be required to verify the 
nature of the gaseous by-products. 

Al2O3  +  3 C  ⇌  Al2OC  +  2 CO(g) (2) 

The relative stability of alumina and the aluminium oxycarbide 
phases above not only accounts for the difficulty in producing 
Al4C3 from the elements in air, but also contributes to the 
challenges involved in synthesising Al4C3 via the carbothermal 
reduction-carburisation of alumina (equation 3). Typically such 
processes require reaction temperatures in excess of 1800 °C.46 

2 Al2O3  +  9 C  →  Al4C3  +  6 CO(g)   (3) 

Ideally, a process exploiting earth-abundant alumina as a 
starting material while expending less energy in a microwave-
driven synthesis route would be attractive. In this context 
however, the thermodynamic challenges associated with 
equation 3 (ΔH ≥ 2000 kJ mol-1 47) are compounded by the poor 
dielectric properties of alumina. With a dielectric constant, ε′ 

Page 4 of 11Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

and dielectric loss, ε″ of 9.1 and 0.004 respectively,48 although 
the penetration depth of alumina is far superior to aluminium 
(10 m vs. 1.7 μm),35 the loss tangent is orders of magnitude 
lower. Hence, it is only at elevated temperature that Al2O3 
begins to heat effectively in a microwave field. These factors 
present a convincing argument for single mode cavity (SMC) 
microwave synthesis in which the power density within the 
sample can be controlled more efficiently. Previous 
experiments have demonstrated that reactions forming carbides 
are self-terminating and circumvent, for example, problems 
with thermal runway in oxide starting materials such as 
alumina.17 The design of such SMC processes will be a subject 
of our future investigations. 

Experimental 

Synthesis 

Stoichiometric amounts of powders of aluminium (Sigma 
Aldrich, (99.9%)) and graphite (Sigma Aldrich, <20 mm, 
synthetic) (4:3 molar ratio, typical mass 0.5 g) were ground in a 
mortar and pestle for 10 minutes. The dry, ground powders 
were pressed in an 8 mm pellet die (Medway Optics, 5 tonnes, 
10 min) without use of a binder. Pellets were embedded in 
graphite (acting as a MW susceptor) in a 10 mm diameter 
quartz tube which was then evacuated and sealed. Synthesis 
experiments were conducted in a multimode microwave cavity 
reactor (Sharp R272WM, 800 W, 2.45 GHz) in which the 
microwave field was mapped iteratively using graphite.  

Characterisation 

Products were characterised by PXD (PANalytical Xpert MPD, 
Cu Kα1 radiation; collected for 1-12 h over a range of 5 < 2θ/ ° 
< 85 with a step size of 0.0167 ° 2θ)) and data used to identify 
product phases (by comparison with the ICDD PDF database 
using the PANalytical program X'pert HighScore Plus).  
 Structures were refined by the Rietveld method against 
PXD data (collected for 12 h over a range of 5 ≤ 2θ/ °  ≤110 
with a step size of 2θ  = 0.0167 °) using the GSAS and 
EXPGUI software.49,50 Rietveld refinements were performed 
using the previously described rhombohedral R3�m structure of 
Al4C3 as a starting model.27 The background (modelled using a 
shifted Chebyschev function; function 1 within GSAS), scale 
factor, zero point and cell parameters were refined in initial 
cycles. Peak widths and profile coefficients (peak shape was 
modelled using the pseudo Voigt function; peak shape function 
2 within GSAS) and isotropic temperature factors were 
subsequently refined. The observed (200) reflection from 
graphite (27° 2θ) was excluded from the profile as the inclusion 
of this impurity phase peak caused the refinement to diverge. 
Otherwise all refinements converged smoothly in final cycles. 
We find no evidence of oxygen-inclusion in the bulk material 
or in the form of additional oxide phases. This is corroborated 
by Energy-dispersive X-ray Spectroscopy (EDX; see below) 
data, which confirm that only aluminium and carbon are 
present. 

 Thermogravimetric analysis (TGA) measurements were 
performed using a TA Instruments Q500 gravimetric analyser. 
Samples were heated in platinum pans from ambient 
temperature to 1000 °C at a rate  of 10 °C min-1, with the mass 
of the sample recorded as a function of temperature. 
Measurements were carried in air, flowing Ar and flowing N2 
respectively. 
 Raman data were collected at room temperature using a 
Horiba LabRAM confocal microscope system with a 532 nm 
green laser. A hole aperture of 50 µm, 600 g mm-1 grating and a 
synapse CCD detector were employed. Sample morphology and 
composition were studied using SEM (Hitachi S4700 
microscope, 20 kV accelerating voltage). An Oxford 
Instruments X-act spectrometer was coupled to this microscope 
for EDX analysis. The instrument is calibrated using the INCA 
EDX analysis software (Cu used for all calibration 
measurements) and the software also allows selection of 
regions for analysis and definition of measurement parameters. 

Conclusions 

In summary, high-purity aluminium carbide has been 
synthesised over rapid timescales (c.f. 12 h at 1500 °C required 
conventionally39) The applied microwave power and the 
atmosphere in which the reaction is conducted are key variables 
in the synthesis of the carbide in the absence of oxides or 
oxycarbides.  Reduction of the applied power means that the 
reaction either (1) will not proceed or (2) will be inefficient 
with incomplete conversion of starting materials. PXD and 
Raman spectroscopy confirm the formation of the carbide phase 
and indicate that high-purity products can be obtained. The 
structure of Al4C3 has been confirmed by Rietveld refinement 
against PXD data and shows no significant differences to that 
of the conventionally-prepared carbide. SEM has shown that 
the phase exists as micron-scale hexagonal crystallites and 
EDX analysis confirmed that only aluminium and carbon were 
present.  It is expected that this easily-implemented 
experimental methodology may be applied to the formation of 
other more complex carbide materials based on the layered 
structure of Al4C3. Ultimately, it will be exciting to observe 
how the composition, crystal chemistry and microstructure 
might be controlled via microwave synthesis parameters and to 
what extent both structural and functional properties can be 
influenced. 
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Single-phase aluminium carbide, Al4C3, can be synthesised from the elements 

energy-efficiently in 30 min using simple multi-mode microwave techniques;  

syntheses are atmosphere-dependent with open reactions leading to the 

preferential formation of oxycarbides.  
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Fig. S1 PXD patterns of post-TGA Al4C3 with thermal analysis carried out under : (a) 
air, (b) argon and (c) nitrogen. Note the graphite reflection at 2θ ~ 27 o is no longer 
present in the pattern from the air-heated product (a). 
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Table S1: Atomic parameters from Rietveld refinement. 
 

Atom 
Type 

Atom 
Site 
Label 

X Y Z Site 
occupancy 

Thermal 
Displacement 
Type 

Uiso Multiplicity 

Al Al1 0 0 0.29407(5) 1.0 Uiso 0.0171(5) 6 
Al Al2 0 0 0.12953(4) 1.0 Uiso 0.0150(5) 6 
C C1 0 0 0 1.0 Uiso 0.0081(7) 3 
C C2 0 0 0.21700(13) 1.0 Uiso 0.0081(7) 6 

 
 
 
 
 
 
Table S2: Selected atomic distances (Å) and angles (o) from Rietveld Refinement 
 

Atomic Distances (Å)  and Angles (o) in Microwave Synthesised Al4C3 
Al(1)- Al(1) 2.7511(17) Al(1)-Al(1)-C(2) 135.530(34) 
Al(1)-Al(2) 2.9679(13) C(1)-Al(1)-C(1) 101.013(34) 
Al(1)-C(1) 2.1629(5) C(1)-Al(1)-C(2) 116.991(28) 
Al(1)-C(2) 1.9268(34) Al(2)-Al(2)-Al(2) 77.17(5) 

Al(2)- Al(1) 2.9679(13) Al(2)-Al(2)-C(2) 46.067(35) 
Al(2)- Al(2) 2.6762(16) Al(2)-Al(2)-C(2) 53.65(10) 
Al(2)- C(2) 2.1870(34) Al(2)-Al(2)-C(2) 118.17(8) 
Al(2)- C(2) 1.9554(6) C(2)-Al(2)-C(2) 99.72(11) 
C(1)- Al(1) 2.1629(5) C(2)-Al(2)-C(2) 117.21(6) 
C(2)- Al(1) 1.9268(34) Al(1)-C(1)-Al(1) 101.013(34) 
C(2)- Al(2) 2.1870(34) Al(1)-C(1)-Al(1) 78.987(34) 
C(2)- Al(2) 1.9554(6) Al(1)-C(1)-Al(1) 180.0 

  Al(1)-C(2)-Al(2) 180.0 
Al(1)-Al(1)-Al(1) 74.70(5) Al(1)-C(2)-Al(2) 99.72(11) 
Al(1)-Al(1)-C(1) 50.506(17) Al(2)-C(2)-Al(2) 80.28(11) 
Al(1)-Al(1)-C(1) 107.48(6) Al(2)-C(2)-Al(2) 117.21(6) 
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Fig. S2a SEM micrograph and element map; green = Al, red = C, for MW synthesised 
Al4C3 

 
  

  
Fig. S2b EDX Spectrum for the MW synthesised Al4C3 sample above 
  

Element Weight% Atomic% 
C K 25.07 42.91 
Al K 74.93 57.09 
Totals 100.00  
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Fig. S3 Ex-situ PXD patterns from typical 4 Al + 3 C reactions performed in air 
for 30 min using graphite powder as a susceptor in the MMC reactor. 
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