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ABSTRACT
Intermetallic compounds, due to their well-defined stoichiometry, arrangement 
of atoms and controlled crystal structure, are a promising alternative to expensive 
noble metal catalysts. In this paper, the catalytic properties of Al-13.5 at.% Cr and 
Al-13.5 at.% V alloys, corresponding to the quasicrystalline approximants  Al45Cr7 
and  Al45V7, were investigated for the first time.
The alloys in the form of fragmented brittle ribbons were produced by the melt-
spinning. The microstructure of the ribbons, both in the as-spun state and after 
heat treatment (100 h at 600 °C), was characterized by X-ray diffraction, scanning 
electron microscopy and transmission electron microscopy. In the as-spun state, 
the ribbons showed a multiphase microstructure. In addition to the  Al45Cr7 phase 
in the Al-Cr alloy and the  Al3V phase in the Al-V alloy, they also contained α(Al) 
solid solution and icosahedral quasicrystalline phases. After heat treatment, the 
alloys became almost single phase, consisting mainly of stable monoclinic phases: 
 Al45Cr7 or  Al45V7. The catalytic performance of the phenylacetylene hydrogenation 
reaction was tested on as-spun and heat-treated alloys that had previously been 
pulverized and sieved to select a powder fraction of less than 32 µm. All the tested 
materials show high substrate conversion, above 80% after 1 h reaction, along 
with high activity rate. The homogenized powders demonstrated a slightly bet-
ter properties in relation to as-spun materials. These results confirm the potential 
of intermetallic catalysts, including the tested alloys, in hydrogenation reactions 
and verify the possibility of using the metallurgical method to obtain catalytically 
active materials.

Received: 13 February 2023 
Accepted: 7 August 2023 
Published online: 
29 August 2023 

© The Author(s), 2023

Handling Editor: Yaroslava Yingling.

Address correspondence to E-mail: l.litynska@imim.pl

http://orcid.org/0000-0001-8786-3586
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08842-4&domain=pdf


J Mater Sci (2023) 58:13422–13436 

GRAPHICAL ABSTRACT 

Introduction

In recent years, the idea of the application of inter-
metallic compounds in catalytic processes has been 
increasingly considered [1–6]. Theoretical studies have 
shown the crucial role of a well-defined structure and 
chemical composition of the catalyst, which leads to 
the formation of electronic structures enabling inter-
action with reactant particles and the desired reac-
tion paths [7–11]. Promising results of experiments 
on palladium-based intermetallics encouraged the 
search for new groups of compounds, also based on 
non-noble metals [e.g. 12–16]. The development of 
these solutions can be a prospect for a wide range of 
chemical industry applications as an environmentally 
friendly, low-cost alternative. Additionally, the fact 
that many of the proposed intermetallic catalysts are 
effective under mild reaction conditions, resulting in 
low-energy consumption, encourages further research 
in this field.

In particular, aluminium-based intermetallic com-
pounds containing transition metals showed excellent 
properties due to their crystallographic structure and 
electronic properties. So far, the conducted research 
has focused mainly on compounds containing Fe or Co 
as active metals, including structures related to quasic-
rystalline phases [17–21]. The fact that chromium and 
vanadium in various forms were successfully used as 
catalysts in a wide spectrum of reactions in organic 
chemistry [22–25] was the reason for undertaking 

studies of intermetallic phases from Al-Cr and Al-V 
systems.

Two intermetallic phases  Al45Cr7 and  Al45V7, which 
are quasicrystal approximants, were selected for the 
research in this work. The  Al45Cr7 phase, previously 
known as  Al7Cr, is in the range of 12.5–14 at.% in 
the aluminium-rich region of the Al-Cr phase dia-
gram [26].  Al45Cr7 is a complex intermetallic com-
pound containing 104 atoms in a monoclinic unit 
cell (C2/m space group) with the lattice parameters 
(a = 2.0595 nm, b = 0.75974 nm, c = 1.0949 nm and 
β = 107.34°) [27, 28]. This phase is an approximant of 
an icosahedral quasicrystal that can be formed during 
the rapid solidification process [29]. The  Al45V7 phase, 
isostructural to the  Al45Cr7 phase, has a very narrow 
homogeneity range and occurs at the content of 13.5 
at.% of V [30]. The structure of this phase has not been 
widely described, but the available sources indicate a 
monoclinic cell (C2/m space group) with lattice con-
stants a = 0.2560 nm, b = 0.7621 nm, c = 1.108 nm and 
β = 128.55° [31]. Under non-equilibrium conditions, 
an icosahedral quasicrystal may also form in the alloy 
with the chemical composition referring to the  Al45V7 
phase, produced by rapid solidification techniques [32, 
33].

The aim of this work was to verify (to our knowl-
edge for the first time) the use of two intermetallic 
alloys with a chemical composition corresponding 
to the  Al45Cr7 and  Al45V7 phases as catalysts. For this 
purpose, the hydrogenation of phenylacetylene was 
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chosen as the reaction to produce styrene, which is 
a widely used substrate in the petrochemical indus-
try. The current approach for the synthesis of styrene 
requires development due to the expensive and scarce 
palladium-based catalysts that also get poisoned, 
which drastically reduces the selectivity of the cata-
lyst [34]. Therefore, extensive work is being carried 
out on alternatives that do not contain noble metals or 
eliminating expensive components. In addition, phe-
nylacetylene hydrogenation reaction was conducted 
with other intermetallic compounds under the same 
conditions, which allows for a direct comparison of 
the results obtained. The investigated alloys were 
produced by the melt-spinning method and addition-
ally subjected to homogenization heat treatment. The 
choice of the alloy preparation method was due to 
the promising results obtained previously for  Al13X4 
and  Al5X2 (X = Fe, Co) ribbons [19, 20], which enabled 
relatively easy obtaining of the catalyst in the form of 
powder. The phase composition and microstructure 
of proposed materials were examined by X-ray dif-
fraction, scanning and transmission electron micros-
copy. The powdered as-spun and annealed ribbons 
were used as a catalyst for the reaction taking place 
in the liquid medium, and their catalytic activity was 
evaluated.

Materials and methods

Materials

The alloys with nominal compositions Al-13.5 at.% 
Cr and Al-13.5 at.% V (designated as Al-13.5Cr and 
Al-13.5 V, respectively) were cast in an induction fur-
nace under an argon atmosphere using high-purity 
elements (99.99%). The ingot pieces were re-melted 
in the quartz crucible with a bottom hole of 0.8 mm in 
diameter and cast by melt-spinning technique. Melt-
ing and casting were performed in a protective helium 
atmosphere. The liquid alloy was ejected onto a surface 
of a copper wheel rotating at a linear speed of 20 m/s. 
The pressure of the gas ejecting the molten alloy was 
0.180 MPa. The obtained alloys were in the form of frag-
mented brittle ribbon flakes. Half of the ribbons from 
both materials were encapsulated in a quartz ampule 
under vacuum, heat-treated at 600 °C for 100 h and 
then quenched in water. Prior to the catalytic tests, the 
as-spun and annealed ribbons were pulverized using a 
vibration micro-mill PULVERISETTE 0 with tungsten 

carbide mortar and grinding ball (50 mm in diameter). 
The time of milling was 30 min. The obtained powders 
were sieved by vibratory sieve shaker Fritsch Analysette 
3 to select the powder fraction below 32 µm.

Microstructural characterization

Microstructural observations, chemical analysis and 
crystallographic characterizations of the samples were 
performed using a combination of X-ray diffraction, 
scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM).

Phase compositions of the pulverized ribbons were 
examined by X-ray diffraction using a Panalytical 
Empyrean diffractometer and an X’Celerator linear 
detector with Cu–Kα radiation (λ = 0.1540598 nm), 
and a rear graphite monochromator. The obtained 
data were analysed using the profile fitting pro-
gramme FullProf [35] and a profile matching method. 
The background intensity was approximated with 
a polynomial function, and the peak shape was 
adjusted by a pseudo-Voigt function. The as-spun 
ribbons were examined by synchrotron SR-XRD tech-
nique using high-energy X-ray diffraction measure-
ments at DESY in Germany, Hamburg, with beamline 
P07B (87.1 keV, λ = 0.0142342 nm). For phase analysis, 
diffraction patterns were recorded in the so-called 
continuous mode using a 2D Mar345 Image Plate 
detector. The samples were rotated 180° around the 
ω-axis when X-rayed to obtain texture-less measure-
ments [36].

The as-spun ribbons as well as the pulverized rib-
bons were investigated using FEI-SEM XL30 scan-
ning microscope equipped with EDAX Genesis EDS 
spectrometer. Standard analyses were carried out at 
accelerating voltages of 20 kV and a working distance 
of 8 mm. In order to obtain a compositional contrast 
between the different phases in the sample, the back-
scattered electron signal (BSE mode) was selected. 
To analyse the longitudinal cross-section of the rib-
bons, their fragments were embedded in epoxy resin, 
grinded with SiC paper and then polished with dia-
mond paste. The powder samples in as-spun and 
heat-treated states were applied to adhesive tape to 
examine their external morphology and determine the 
particle size.

Detailed microstructural studies were provided by 
FEI Tecnai G2 FEG super TWIN transmission elec-
tron microscope operating at 200 keV and equipped 
with a high-angle annular dark field scanning 

13424



J Mater Sci (2023) 58:13422–13436 

transmission electron microscopy detector (HAADF-
STEM) combined with energy-dispersive X-ray 
(EDX) EDAX microanalysis. Elemental composition 
measurements were performed by energy-disper-
sive X-ray spectroscopy (EDS) in STEM mode using 
camera length of 200 mm, appropriate for Z-contrast 
HAADF imaging. The crystal structure of the phases 
was analysed by selected area electron diffraction 
method. Thin foils for TEM were prepared from 
the ribbons by punching discs with a diameter of 
3 mm and electropolishing by Tenupol-5 double jet 
at −30 °C and 12 V using an electrolyte of nitric acid 
and methanol (1:2 vol.) to obtain perforations.

Hydrogenation experiments

The catalytic activity of the powdered as-spun and 
annealed ribbons was tested in the semi-hydrogen-
ation of phenylacetylene to styrene with 2-propanol 
as a solvent. Before the catalytic tests, the surface of 
the powders was treated with an aqueous  NaBH4 
solution to remove possible oxidation. The reduced 
powder, reagent and solvent placed in an agitated 
batch glass reactor were continuously stirred during 
the tests. The composition of the reaction mixtures 
was characterized using a gas chromatograph (Cla-
rus 500, Perkin Elmer) with He as carrier gas (flow 
rate 1 ml/min). Styrene and ethylbenzene were the 
only observed products. The content of reactants 
was determined by comparison with the calibration 
curves. No reaction was observed in a blank run in 
the absence of catalyst or hydrogen flow.

Results and discussion

Al‑13.5Cr ribbon

The observation of the longitudinal cross-section of the 
Al-13.5Cr ribbon by the scanning electron microscope 
backscattered electrons (SEM-BSE) method revealed a 
non-uniform microstructure both in length and thick-
ness. The thickness of the ribbon was found to vary 
in the range of 20–70 µm (Fig. 1) along its length. The 
lower edge of the ribbon is smooth, indicating that 
it has solidified on the surface of the copper wheel 
(wheel side), while the upper roughened edge has 
been in contact with the helium atmosphere (free 
side). The thick ribbon shown in Fig. 1a contains two 
regions: an almost featureless region with single den-
drites at the wheel side and a dendritic microstructure 
near the free side. Reducing the thickness of the rib-
bon leads to the disappearance of the dendrite zone. 
Almost in the entire volume of the ribbon, a homoge-
neous structure is visible, with rarely occurring colum-
nar grains growing from the wheel side (Fig. 1b and 
c). The formation of different microstructure variants 
results from local conditions during the melt-spinning 
and the progressive reduction of the cooling rate from 
the wheel to the free side. Similar microstructures 
were observed in Al-Mn-Be [37], Al-Mn-Fe [38] and 
Al-Mn [39]; hence, the presented microstructure seems 
to be typical for rapidly solidified aluminium-based 
ribbons.

Three phases have been identified in the Al-13.5Cr 
ribbon based on the synchrotron X-ray diffraction pat-
tern: the  Al45Cr7 phase, the icosahedral quasicrystal 
and the α(Al) solid solution (Fig. 2a). The main phase 

Figure 1  SEM-BSE micrographs of a longitudinal cross-section of the as-spun Al-13.5Cr ribbon of different thicknesses a about 70 µm 
and b, c about 30 µm

13425



 J Mater Sci (2023) 58:13422–13436

with a mass fraction of about 84% is the  Al45Cr7 inter-
metallic compound, which is between 12.5 and 14 at.% 
of Cr in the phase diagram presented by Okamoto 
[26]. The monoclinic  Al45Cr7 (C2/m) phase with lattice 
constants a = 2.0595 nm, b = 0.7574 nm, c = 1.0949 nm 
and β = 107.34° composed of icosahedral clusters is an 
approximant of icosahedral quasicrystal [27, 40]. The 
presented X-ray pattern shows the first characteristic 
reflection of the icosahedral quasicrystal at the posi-
tion of 22.8° [41], while the remaining quasicrystalline 
peaks overlap with the reflections of the  Al45Cr7 phase. 
The estimated mass fraction of the quasicrystal was 
about 7.2%. Additional reflections in the X-ray plot 
are attributed to the α(Al) solid solution. Contrary 
to our results, the icosahedral phase reported previ-
ously in the rapidly solidified ribbons containing Cr 
in the range from 4 to 15 at.% was usually dominant 
compared to the other phases [42–45]. The difficulty in 
forming the icosahedral phase in our case may be due 

to the fact that the cooling rate of the melt-spinning 
apparatus is not high enough to suppress the forma-
tion of a stable  Al45Cr7 intermetallic compound.

The microstructure of the as-spun Al-13.5Cr ribbon 
registered using TEM contains a mixture of fine grains 
about 200 nm in size with the structure of internal 
defects (Fig. 3a). The EDX point microanalysis showed 
differences in the chemical composition of the grains; 
some grains contained about 98 at.% of Al and 2 at.% 
of Cr, others were enriched in Cr (12 at. % of Cr and 88 
at.% of Al). The SADP obtained for individual grains 
allowed for the identification of the same phases, 
which can be seen in the X-ray diffraction pattern 
(Fig. 2a). The Cr-enriched grains were found to consist 
of the  Al45Cr7 phase or icosahedral quasicrystal. The 
SADP presented in Fig. 3b was described as the [112] 
zone axis of the  Al45Cr7 phase. Some of the observed 
SADPs contained the reflections corresponding to the 
icosahedral quasicrystal in addition to the reflections 
of the crystalline phase. Figure 3d shows an example 
of superimposed diffraction patterns of the  Al45Cr7 
phase taken along the [350] zone axis and the five-
fold symmetry of icosahedral quasicrystal. The bright 
areas between the grains were identified as α(Al) solid 
solution, and the corresponding SADP of α(Al) solid 
solution along the [111] zone axis is shown in Fig. 3c.

Figure 2  X-ray patterns of the Al-13.5Cr ribbon in the as-spun 
state a, as-spun ribbon after pulverization b and after annealing 
100 h/600 °C c 

Figure  3  Al-13.5Cr ribbon: a TEM bright-field image and 
SADPs of b the  Al45Cr7 phase along [112] zone axis c α(Al) 
solid solution along [111] zone axis and d icosahedral quasicrys-
tal with fivefold symmetry and  Al45Cr7 along [350] zone axis 
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Prior to the catalytic tests, the as-spun and 
annealed Al-13.5Cr ribbons were pulverized by ball 
milling. Based on the literature reports, it has been 
found that the phase composition of the powdered 
ribbon can be significantly changed compared to 
the as-spun state due to internal strain and disor-
der introduced during milling. For example as the 
milling time progresses, the body-centred tetrago-
nal crystal structure is transformed into a face-cen-
tred cubic in Ni–Mn–Ga melt-spun ribbons, which, 
in turn, leads to the suppression of the martensitic 
transformation and degradation of the magnetic 
moment [46, 47]. Therefore, the X-ray measurement 
of the pulverized as-spun ribbons was carried out in 
order to check the influence of the milling process 
on the phase composition (Fig. 2b). Comparing the 
X-ray diffraction patterns shown in Fig. 2a and b, it 
was found that both are almost identical. It follows 
that the short milling time (30 min) of the tested rib-
bons does not introduce any significant changes in 
their structure.

The morphology of the powdered as-spun Al-13.5Cr 
ribbon is shown in the SEM-BSE image in Fig. 4a and 
b. The powder particles have irregular shapes with 
sharp edges. Their sizes vary considerably, and much 
smaller particles can be seen between larger ones. 
The surfaces of large particles are not smooth and are 
covered with fine elements (Fig. 4b). The size distri-
bution has been found to range from less than 1 µm 
to 30 µm. The estimated average size of the powder 
particles is 4.4 µm (Fig. 4c). The powdered Al-13.5Cr 
ribbons annealed for 100 h at 600 °C are presented 
in Fig. 4d and e. Compared to the as-spun powder, 
the particle size appears to be slightly smaller. The 
estimated average dimension of powder particles is 
about 3.6 µm (Fig. 4f). The larger particles do not have 
sharp edges in this case and look like agglomerates of 
smaller particles.

Annealing the Al-13.5Cr ribbon for 100 h at 600 °C 
promotes the formation of a single phase, as shown 
in the X-ray pattern (Fig. 2c). Reflections of the α(Al) 
solid solution disappeared, and only peaks of the 

Figure 4  SEM-BSE micrographs of the Al-13.5Cr ribbon after pulverization in the as-spun state a, b and annealed powdered ribbon d, 
e, corresponding histograms showing the particle size distribution are seen in c, f 
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stable  Al45Cr7 phase were identified. This result was 
confirmed by TEM observation of thin foils. It can 
be seen that the transformation to the single-phase 
microstructure was associated with grain growth 
compared to the as-spun state. Figure 5a shows an 
example of the TEM bright-field image containing 
grains with dimensions of the order of 1 µm. The 
morphology of the grains has also changed, and they 
have become smooth. The SADPs obtained from 

separate grains taken along the [010] and [111] zone 
axis are shown in Fig. 5b and c.

Al‑13.5 V ribbon

Figure 6 shows the longitudinal cross sections of the 
as-spun Al-13.5 V ribbon, showing changes in the 
microstructure along the length and distance from 
the cooling substrate, similar to the Al-13.5Cr as-spun 
ribbon. In the cross-section of a thick ribbon, two 
regions can be distinguished, homogeneous at the 
wheel side and dendrites on the free side (Fig. 6a), 
while the thin ribbon is nearly uniform throughout its 
volume (Fig. 6b). The enlarged SEM-BSE microstruc-
ture (Fig. 6c) showed that the homogeneous area is 
composed of fine spherical particles placed between 
rarely appearing dendrites.

The X-ray measurements allowed to identify three 
phases occurring in the as-spun Al-13.5 V ribbon: 
the  Al3V phase, the α(Al) solid solution and the ico-
sahedral quasicrystal (Fig. 7a). The tetragonal  Al3V 
phase (space group I4/mmm and lattice constants 
a = 0.378 nm and c = 0.8322 nm [48]) is dominant 
together with α(Al) solid solution. The icosahedral 
phase coexisting with an aluminium solid solution 
and the tetragonal  Al3V phase in the rapidly solidi-
fied ribbon of similar composition (14.3 at% V) has 
been reported by Inoue et al. [49].

TEM studies provided detailed information on 
the microstructure of the as-spun ribbon. Two types 
of microstructure were found according to the SEM 
observations. Figure 8a shows the microstructure cor-
responding to the areas near the free side that con-
tained small particles (up to 0.5 µm) embedded in the 
α(Al) solid solution. The quasicrystalline phase was 

Figure  5  a TEM bright-field image of the Al-13.5Cr ribbons 
after annealing for 100 h at 600 °C and b, c SADPs obtained for 
the separate grains of  Al45Cr7 phase

Figure 6  SEM-BSE micrographs of the Al-13.5 V ribbon in the as-spun state
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identified from the SADPs obtained for the single par-
ticles with five-, three- and two-fold symmetry typi-
cal for icosahedral quasicrystal (Fig. 8c–e). The SADP 
taken from the area between the quasicrystalline par-
ticles confirmed the α(Al) structure (Fig. 8f). The TEM 
bright-field image of the dendrite that formed near the 
free side of the ribbon is shown in Fig. 8b. The SADP 
corresponding to the visible dendrite was identified as 
the  Al3V phase (Fig. 8g), while the surrounding region 
as α(Al) solid solution (Fig. 8h).

The SEM-BSE micrographs of the pulverized rib-
bon obtained by milling the as-spun Al-13.5 V ribbon 
are presented in Fig. 9a and b. The average size of the 
powder particles was estimated to be about 5.4 µm 
(Fig. 9c). The observed particles have sharp edges, 
and the smaller particles are partially agglomerated. 
It was found, as in the case of the powdered Al-13.5Cr 
ribbon, that the X-ray pattern (Fig. 7b) contained the 
reflections at the same positions as in the as-spun 

ribbon (Fig. 7a). It can, therefore, be concluded that the 
milling process does not affect the phase composition 
of the alloy. The particles of the powdered heat-treated 
ribbon (100 h/600 °C) are finer in comparison with the 
as-spun powder (Fig. 9d and e), and their average size 
is 4.1 µm (Fig. 9f). Annealed powders were also char-
acterized by a larger agglomeration of small particles.

The X-ray of the annealed ribbon (Fig. 7c) showed 
two phases: the  Al45V7 phase (mass fraction about 
90%) and the small amount of α(Al) solid solution 
(10%). It means that the metastable quasicrystalline 
phase and  Al3V transformed to the stable  Al45V7 
phase, according to the phase diagram presented by 
Okamoto [30].

TEM bright-field image also contained a two-phase 
microstructure in the form of elongated grains visible 
in Fig. 10a. The SADPs obtained for both areas con-
firmed their structure:  Al45V7 (Fig. 10b) and α(Al) solid 
solution (Fig. 10c).

Catalytic tests

The catalytic properties of manufactured alloys were 
evaluated for pulverized Al-13.5Cr and Al-13.5 V rib-
bons in an as-spun and annealed state with particle 
diameters below 32 µm. However, as shown in Fig. 4 
and Fig. 9, most of the powder particles were much 
smaller, and their estimated average dimensions were 
around 5 µm for all tested materials. Experiments 
were performed with mild reaction parameters to 
ensure low-energy consumption and environmentally 
friendly conditions. Reactions were carried out under 
 H2 pressure of 5 bar in a reactor heated to 50 °C by a 
water coat. Isopropanol was used as a solvent for phe-
nylacetylene. In addition to styrene, ethylbenzene can 
be formed during the reaction as a result of the com-
plete hydrogenation of the unsaturated carbon–carbon 
triple bond. The tracking of the reaction course was 
provided by composition tests of the reaction mixture 
carried out every 10 min during the process using the 
gas chromatography method. The gas chromatogra-
phy method provides very high accuracy; however, 
the reaction mixture was tested 3 times for each time 
point. The errors calculated on the basis of these meas-
urements are relatively small, and their values are in 
the range of 2% (the error bars have been plotted on 
the presented curves). Due to the high conversion 
achieved, the experiments were carried out for 1 h 
in all cases. The performed reactions indicated cata-
lytic activity for all examined powders. The substrate 

Figure 7  XRD patterns of the Al-13.5 V ribbon in the as-spun 
state a, the as-spun ribbon after pulverization b and after heat 
treatment for 100 h at 600 °C
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Figure 8  The Al-13.5 V 
as-spun ribbon: a, b TEM 
bright-field images, c-e 
SADPs obtained for the 
separate grains visible in 
(a) with five-, three- and 
two-fold symmetry of 
icosahedral quasicrystal, f, 
h SADPs obtained for α(Al) 
solid solution taken from the 
areas between the particles or 
dendrites shown in (a, b) and 
g  Al3V phase obtained for the 
dendrite in (b) taken along 
[100] zone axis

Figure 9  SEM-BSE micrographs of the Al-13.5 V ribbon after pulverization in the as-spun state a, b and annealed powdered ribbon d, 
e, corresponding histograms showing the particle size distribution are seen in c, f 
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degree of conversion and selectivity in reactions were 
determined, and the results are shown in Fig. 11.

For the Al-13.5Cr as-spun powder, the reaction 
reached a final degree of conversion of 80%, and the 
activity rate was 8 ×  10–4 mol/min  gcat (activity rate 
expresses the rate of phenylacetylene conversion after 
10 min of reaction time per 1 g of applied catalyst). 
The heat-treated powder provided a degree of conver-
sion of 90% after 1 h, while the activity rate was two 
times higher and reached the value of 20.4 ×  10–4 mol/
min  gcat. These results indicate the role of the homo-
geneity of the catalyst structure on the catalytic prop-
erties, as the single-phase  Al45Cr7 catalyst provided 
a higher degree of conversion as well as significantly 
higher activity. The Al-13.5 V powder in the as-spun 
state ensured the conversion of the substrate of 90% 
after 1 h. The heat-treated powder achieved a similar 
degree of conversion and a slightly higher activity rate 
of 11.1 ×  10−4 mol/min  gcat, compared to the powder 
in as-spun state (9 ×  10−4 mol/min  gcat). Thus, in the 
case of the Al-13.5 V ribbon, there was no significant 
difference in catalyst performance in the as-spun and 
heat-treated states, despite their various phase com-
positions. Based on the obtained results, it can be con-
cluded that the activity rates reached similar values 
for all multiphase alloys tested in this work, unlike 
the heat-treated single-phase Al-13.5Cr alloy, whose 
activity was twice as high.

Figure 11  Hydrogenation of 
phenylacetylene in the pres-
ence of a Al-13.5Cr as-spun 
and b Al-13.5Cr heat-treated, 
c Al-13.5 V as-spun and 
d Al-13.5 V heat-treated 
catalysts. Reaction mixture 
components were designated: 
PHEN—phenylacetylene, 
ST—styrene and ETB—eth-
ylbenzene

Figure 10  a TEM bright-field image of Al-13.5 V ribbons after 
annealing for 100 h at 600 °C, SADPs obtained for  Al45V7 taken 
along [111] zone axis b and α(Al) solid solution c 
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These results can be directly compared with those 
obtained for  Al71.5Co28.5 and  Al71.5Fe28.5 catalysts in the 
form of pulverized melt-spun ribbons thanks to the 
use of the same reaction conditions [20]. It was found 
that both groups of materials, shown in this work and 
previously studied, achieve a similar degree of conver-
sion in the reaction of phenylacetylene hydrogenation. 
The activity rates after 10 min of reaction also have 
values of the same order of magnitude. The final sty-
rene content for as-spun Al-13.5Cr and Al-13.5 V alloys 
was about 30%, which is comparable to the results 
obtained for as-spun  Al71.5Fe28.5 alloy. These values 
were higher than those obtained with the  Al71.5Co28.5 
catalyst under the same conditions. On the other hand, 
heat-treated Al-13.5Cr and Al-13.5 V alloys allowed to 
obtain a higher share of styrene, about 40%.

Other experiments of phenylacetylene hydrogena-
tion with transition metal catalysts were performed 
for Ni-Zn and Ni-Co catalysts on  SiO2 support with 
great catalytic performance [34]. The obtained results 
show the dependence of the set of test conditions on 
the reaction results. An increase in  H2 temperature or 
pressure leads to enhancing the substrate conversion 
but decreases selectivity to styrene. Since our results 
showed almost complete phenylacetylene conversion 
after 1 h, it is worth considering experiments with 
reduced  H2 pressure in further study. The same reac-
tion under mild reaction conditions was performed 
using  Pd2Ga intermetallic powder as a catalyst, which 
ensured selectivity to styrene in the range of 90% after 
4-h reaction time [50]. In addition, a strong influence 
of reaction conditions and material preparation on 
the results obtained for this material was indicated. It 
was also shown that Ni-Ga intermetallic nanoparticles 
provided high selectivity to styrene in the phenyla-
cetylene hydrogenation reaction [51], but in this case, 
the reaction time was longer than in the present study. 
In another study, the properties of nickel-based inter-
metallic materials prepared by co-impregnation were 
investigated. Reactions with  Ni3M/SiO2 (M = Zn, Sn, 
Cd, Fe, Co, Cu or Mo) nanoparticles achieved selec-
tivity in the range of 80–90% with almost complete 
substrate conversion, but the required reaction time 
was relatively long, even over 11 h. The next part of 
the work concerned three-component particles, which 
provided even better catalytic performance and stabil-
ity during 6 consecutive reaction cycles [52].

Although the cited studies were performed under 
different reaction conditions than in our experiment, 
they indicate the role of material structure on catalytic 

performance. It was shown that the tested catalysts 
had a much better selectivity to styrene compared to 
the results presented in this work. However, it should 
be emphasized that the materials we examined have 
relatively large particle size due to the manufactur-
ing method and tend to be passivated due to the high 
concentration of Al. Previous experience with alumin-
ium-based catalysts indicates that surface treatment by 
using  NaBH4 aqueous solution improves their cata-
lytic properties, but does not eliminate surface oxi-
dation [53]. The melt-spinning method, on the other 
hand, is not burdensome for the environment, because 
it does not require the use of precursors for the syn-
thesis reaction, is low-cost, fast and uncomplicated. It 
also allows the production of large amounts of cata-
lysts without the need to scale the process. The results 
obtained in this study suggest that the homogeneous 
Al-13.5Cr and Al-13.5 V intermetallic alloys produced 
by the melt-spinning can be considered promising cat-
alysts for phenylacetylene hydrogenation reaction, but 
both the reaction conditions and the catalyst prepara-
tion process require further optimization to improve 
the selectivity to styrene.

Conclusions

In this work, the catalytic properties of intermetallic 
compounds from the Al-Cr and Al-V systems were 
investigated for the first time. The main findings of 
these studies are as follows:

1. The melt-spinning technique has been used to 
produce two alloys: Al-13.5 at.% Cr and Al-13.5 
at.% V, whose composition corresponded to the 
quasicrystalline approximants  Al45Cr7 and  Al45V7. 
The as-spun materials had the form of thin (20–
70 µm) brittle ribbons. A part of both alloys was 
heat-treated for 100 h at 600 °C to homogenize the 
microstructure.

2. Microstructural studies showed that the as-spun 
Al-13.5Cr ribbon contained a mixture of  Al45Cr7 
phase, icosahedral quasicrystal and α(Al) solid 
solution. The applied treatment led to the trans-
formation into a single-phase material composed 
of the stable  Al45Cr7 phase.

3. The as-spun Al-13.5 V ribbon consisted of  Al3V 
phase dendrites and fine spherical particles of ico-
sahedral quasicrystals surrounded by the α(Al) 
solid solution. A small amount of α(Al) solid 
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solution remained in the annealed ribbon, while 
the other two phases transformed into the stable 
 Al45V7 phase.

4. Catalytic tests were carried out for powdered rib-
bons (with an average size of about 4 µm) in the 
reaction semi-hydrogenation of phenylacetylene to 
styrene. Experiments conducted under mild condi-
tions (H2 pressure of 5 bar in a reactor heated to 
50 °C) showed catalytic activity with substrate con-
version above 80% after 1 h for both, the as-spun 
and heat-treated powders. Degrees of conversion 
were slightly higher for the reactions with the heat-
treated powder than with the as-spun powder. 
The highest activity rate, 20.4 ×  10–4 mol/min  gcat, 
twice as high as that of the other tested catalysts, 
was obtained for the heat-treated Al-13.5Cr alloy. 
Based on the obtained results, it can be concluded 
that the most promising catalytic performance is 
related to the homogeneous phase composition 
and morphology of the material.

The obtained results, which should be treated as 
preliminary, confirm the potential application of alu-
minium-based intermetallic alloys produced in the 
melt-spinning process as catalysts. Therefore, they 
can become an alternative to currently used catalysts 
based on noble metals in hydrogenation reactions. 
However, further research will be needed to optimize 
all alloy production and reaction steps for the best 
catalytic performance.
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