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We report the formation of novel complex intermetallics in Al-Pd-W-Fe alloys with varying icosahedral orders.
The quaternary system is akin to the Al-Pd-Cr-Fe and Al-Pd-Mo-Fe systems, in which high-order periodic
approximants associated with the face-centred icosahedral quasicrystal, i-Al;oPdaoMn;o, have been previously
reported. Herein, an analogous high-order periodic approximant is identified at compositions of

Pseud N . . . Lo
Ef:;riipmn ductivity Algy_68Pd24W1_oFeg g, along with an icosahedral quasicrystal at approximately AlggPd2aWsFeg. For the periodic
Thermoelectric approximant, millimetre-sized single grains were successfully obtained through slow cooling method combined

with a post isothermal treatment at a sub-melting temperature. To our surprise, single grains annealed at 1223 K
and 1248 K showed different crystal symmetries, suggesting a structural phase transition analogous to one
observed in the corresponding approximant of the Al;oPds;Mo,Feg alloy. High-quality monophase samples of all
three phases, with varying icosahedral orders, were obtained using several heuristic approaches. These mono-
phase samples were finally subjected to a comparative assessment of their thermoelectric properties, which

reveal contrasting behaviour associated with the position and shape of the pseudogap at the Fermi level.

1. Introduction

Since the first discovery of icosahedral quasicrystals (iQCs) in 1984
[1,2], the number of solid-state materials in this category has continued
to grow. Intense research efforts have been invested to reveal their
exceptional structural orders (see a recent review in Ref. [3] and refer-
ences cited therein) and unusual physical properties [4], as well as in
addressing the ongoing controversy regarding the structural stability of
these and related materials [5-11]. More recently, interest in iQCs has
been renewed by the observation of intriguing low-temperature quan-
tum phenomena, such as anomalous quantum critical phenomena [12,
13], superconductivity [14,15], and long-range magnetic orders [16,
17].

It is widely believed that iQCs are cluster-based compounds, and
there exist at least three distinct families of iQCs, each characterized by
its constituent clusters [3]. For instance, face-centred iQCs found in
Al-based alloys are based on Mackay-type clusters, whereas primitive as
well as face-centred iQCs found in (Zn,Mg)-based alloys are based on
Bergman clusters. The latest discovered family of primitive iQCs [18],
based on Tsai clusters, has been attracting wide attention as they serve
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as a platform of various low-temperature phenomena [12,16]. All these
families of iQCs are regarded as Hume-Rothery electronic compounds,
each formed at a specific valence electron concentration [7,8].

Elucidating the structure of iQCs has remained an important chal-
lenge, as structural knowledge is crucial for understanding their unique
physical properties. However, traditional crystallographic analyses are
largely hindered by the absence of periodicity. In this respect, the highly
accurate structural solution of the stable binary iQC, i-YbCds; [18],
based on Tsai clusters, was a milestone achievement by Takakura et al.
[19]. It demonstrated the effective incorporation of structural knowl-
edge gained from periodic approximants (PAs) [20], including those of
order 1/1 [21] and 2/1 [22], into the six-dimensional crystallographic
modelling of the iQC.

PAs of an iQC are periodic crystals that share the same kinds of
constituent clusters and their packing rules as the iQC. Each of the
fundamental periods of the crystal structure is associated with an irre-
ducible fraction, q/p, representing a rational approximant of the golden
mean, 7 = (1 ++/5)/2 [20]. Typically, q/p is a ratio of two successive
Fibonacci numbers: 1/0, 1/1, 2/1, 3/2, 5/3, etc. For a cubic PA, a single
q/p is sufficient to determine the fundamental periods in all three
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dimensions. The lattice parameter a4/, of a cubic q/p PA is related to the

_ 2p+

quasilattice constant ag through ag/, = q’)aR [20], where ag stands for

V2t
the length of the six basis vectors (along fivefold axes) chosen such that

the length of the six reciprocal basis vectors used to index the iQC’s
diffraction peaks is 7/ag [23,24]. Note that ag defines the edge length of
the three-dimensional tiling composed of two kinds of rhombohedra
[25-27], employed as the underlying quasilattice of an iQC. In general,
the higher the orders of periodic approximation, the larger the size of the
unit cell, making the structure more like the iQC. The similarity is re-
flected in the chemical composition and, consequently, the valence
electron concentration, or e/a ratio. Therefore, high-order PAs offer
valuable insights into the structure and stability of iQCs.

The thermodynamically stable iQCs in the Al-Pd-TM (TM = Mn, Re,
Ru, Os) systems [28,29], based on pseudo-Mackay clusters [3], have
been attracting wide attention due to their potential feasibility for ap-
plications [30,31]. Despite previous studies, however, their atomic
structure largely remains elusive. Structural investigations of PAs,
especially high-order ones, are essential for gaining valuable insights
into the problem. In the Al-Pd-TM (TM = Fe, Ru, Rh, Ir) systems, a few
variants of 1/0 PAs, named the C, C;, Cg, and C3 phases, were reported in
the literature [32-37]. More recently, a higher-order PA was discovered
in an alloy with similar composition to C;-AlPdFe but with a minor
substitution of Fe with either Cr [38] or Mo [39]. The latter PA,
belonging to the space group Pa3 and having a lattice parameter of
approximately 40 A, can be considered a 2 x 2 x 2 superstructure of the
conventional cubic 2/1 PA [40].

Crystal structure refinement showed that the new 2/1 PA with the
doubled supercell contains two kinds of constituent clusters [38]: the
pseudo-Mackay cluster (pMC) and the mini-Bergman cluster (mBC),
both of which have diameters of ~8A. These clusters were spatially
arranged such that their centres define the vertices of a
three-dimensional tiling composed of four kinds of polyhedral cells
called the canonical cells [3,41]. This tiling can be regarded as a 2 x 2 x
2 superstructure of the standard 3/2 cubic approximant tiling (called the
3/2 cubic packing [41]) and is hereafter referred to as the 23.3/2 cubic
packing. It was further noted that the arrangement of pMCs and mBCs
exhibits a specific ordering, wherein pMCs occupy vertices of even
parity while mBCs occupy vertices of odd parity [38]. Here, the parity of
each vertex is defined as that of the sum of six integers used to index it. It
is important to note that this specific type of ordering may naturally
extend to that in face-centred (or F-type) iQCs [42-45]. The PA may now
be called a 23-3/2 PA (instead of 23-2/1 PA) based on the cluster packing
concept. Similarly, the C, C;, Cg, and Cg phases may now be referred to
as 1/1 (rather than 1/0) PAs, with or withouta 2 x 2 x 2 superstructure.
The present argument implies that the proper quasilattice constant ag
associated with the cluster packing is 1/7 times the conventional one
used to describe P-type Al-based iQCs [46]. Notably, a new
six-dimensional structural model for F-type iQCs has recently been
proposed, based on this understanding [47].

The 23.3/2 PAs [38,39] were found to exhibit a deep pseudogap near
the Fermi energy [48], a characteristic often observed in
quasicrystal-related materials [49]. While the conventional
Hume-Rothery type argument asserts that such a pseudogap originates
from the interaction between the Fermi sphere and (pseudo-)Bril-
louin-zone boundaries, it has been suggested that orbital hybridization
plays a significant role in deepening it [50,51]. Indeed, it is considered
that the hybridization between Al-sp and Cr/Mo-d orbitals is responsible
for the depth variation of the pseudogaps in the two PAs [48].

Whether the pseudogap can be deepened further by selecting an
element with stronger hybridization is worth examining. Tungsten (W)
is considered a promising candidate because it not only shares similar-
ities with Cr and Mo, but it could also enhance hybridization due to the
more extended nature of its outer d orbitals. It is also worth noting that,
in early metallurgical studies of iQC-related alloys, W was identified as
one of the transition metals capable of promoting iQC formation when
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combined with Al and Fe [52]. The rationale behind the formation of the
metastable Al-Fe-W iQC may be linked to the affinity of W for local
icosahedral coordination. However, as in Refs. [38,39], the present
study focuses more on the potential role of W in optimizing the electron
concentration to stabilize a high-order PA or iQC electronically, when W
is used as a minor replacement for Fe in C;-AlPdFe.

We hereby report that, in the Al-Pd-W-Fe system, 23-3/2 PA and iQC
phases can indeed be stabilized at suitable choices of composition.
Additionally, a structural trend is uncovered as the amount of W is
increased: The 23-3/2 PA is dominant within a compositional range of
Al67,68Pd23,24W1,2Fe7,9, which will be replaced by the IQC as the W
content is increased up to 3 at%. A similar trend was already suggested
when Cr was used to substitute Fe [38]. Moreover, at AlggPd24W,Fe7, we
observed a structural phase transition at ~ 1223 K, from the 23.3/2PAat
higher temperatures to another form of 3/2 PA, analogous to the
low-temperature variant with the trigonal space group P3 reported
below ~1023 K in the Al-Pd-Mo-Fe system [39].

The impact of these structural variations on the valence band
structure, particularly on the pseudogap near the Fermi level, is revealed
through thermoelectric measurements of the distinct compounds stud-
ied. Highly pure, monophase samples necessary for these measurements
are made available through adjusting the composition and temperature,
as confirmed using electron and powder X-ray diffraction. Additionally,
slow cooling of the melt, combined with an extended post-annealing at
sub-melting temperatures, proves successful in yielding high-quality
single grains suitable for structure analysis.

2. Experimental
2.1. Sample synthesis

High-purity Al (99.99 %), Pd (99.9 %), W (99.9 %) and Fe (99.99 %)
were used as the starting materials. The pure metals were weighed to
achieve a total composition of Al;oPdy; W,Feg_, with x ranging from 1 to
7. The materials were then melted together using arc melting under Ar
atmosphere in a two-step process: first, Pd, Fe, and W were melted
together, followed by remelting the resulting alloy ingot with the
remaining Al. This two-step process was designed to suppress Al evap-
oration and prevent the formation of phases with significantly higher
melting temperatures than the target phases. However, the as-
synthesized ingots still consisted of mixed phases. Therefore, anneal-
ing was an essential next step in our synthesis to improve alloy ho-
mogenization and promote the formation of the target phases.

Isothermal annealing was performed at temperatures ranging from
1073 to 1373 K. Fragmented pieces of the as-synthesized ingot were
placed in an alumina (AlyO3) crucible, which was then sealed in a quartz
tube under an Ar atmosphere to prevent oxidation during heat treat-
ment. Heat treatment was conducted to promote homogenization and
the formation of the target phases, using an electric furnace (Yamato,
Muffle Furnace FO200) with various temperature programs. After
isothermal annealing at elevated temperatures, the sample was cooled to
room temperature via furnace cooling, unless otherwise stated (e.g., in
the case of water quenching).

2.2. Characterization

Phase identification was conducted using powder X-ray diffraction
(PW-XRD) (Ultima IV; Rigaku) with CuKa radiation (A = 1.5406 A). The
Le Bail method [53] was applied to powder diffraction data from
selected samples to index the diffraction peaks and estimate the lattice
parameters using the JANA2020 software suite [54]. A scanning elec-
tron microscope (SEM) (SU6600, operating at an acceleration voltage of
15 kV; Hitachi) implementing an energy dispersive X-ray (EDX) spec-
trometer (INCA X-Act; Oxford Instruments) was used to acquire metal-
lographic images to discern constituent phases and their estimated
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compositions. SEM observations were conducted on either polished flat
surfaces of polycrystalline samples or cleavage surfaces of single crys-
talline samples, using secondary-electron (SE) mode or
backscattered-electron (BSE) mode. To find better estimates of the
compositions, an electron-probe micro-analyzer (EPMA) (JXA-8530F,
operating at an acceleration voltage of 15 kV; JEOL) using wavelength
dispersive X-ray (WDX) spectroscopy was employed. A transmission
electron microscope (TEM) (JEM-2000EXIl, operating at an acceleration
voltage of 200 kV; JEOL) was utilized to acquire crystallographic in-
formation of individual phases in the samples. For TEM experiments, an
alloy sample was first ground into a fine powder in a small amount of
ethanol and then dispersed onto a Cu grid. Single-crystal X-ray diffrac-
tion (SC-XRD) measurements were performed on single crystal speci-
mens (~50 um) of the two variants of 3/2 PA, using an XtaLAB
Synergy-R single-crystal diffractometer equipped with Hybrid Pixel
Array Detector (HyPix6000; Rigaku) with Mo Ko radiation (A =
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0.71073 A). The CrysAlis®™ software Ver.42.49 (Rigaku Oxford
Diffraction) was used for the indexing of Bragg peaks and integration of
peak intensities, where automatic absorption correction was applied.

2.3. Measurements of thermoelectric properties

For measuring thermoelectric properties, dense disc-shaped bulk
samples were obtained by placing powdered samples, ground in a
mortar, into a graphite die with an inner diameter of 10 mm, followed
by spark plasma sintering (LABOX-110MC; SinterLand, Inc., Niigata,
Japan) in a purified argon atmosphere. The applied pressure and tem-
perature during the sintering process were adjusted up to 90 MPa and
1163 K, respectively. The electrical conductivity (¢) and Seebeck coef-
ficient (S) of these samples were measured from 300 K to 873 K using
the four-probe method and steady-state temperature gradient method,
respectively (ZEM-3; Advance Riko, Inc., Kanagawa, Japan). For
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Fig. 1. (a) PW-XRD (Cu-Ka) patterms taken from Al;oPds;W,Feg_, (x =1 and 3) alloys annealed at 1173 K for 7 days. Prominent peaks are tentatively indexed
assuming a cubic 22 superstructure of 3/2 PA for x = 1 and an F-type iQC for x = 3. (b) (top) A selected area diffraction pattern taken from the x = 1 sample with the
incidence along <100>, indicating the formation of the 2%.3/2 PA with space group Pa3. Peaks are indexed accordingly. (bottom) An SEM micrograph (SE mode) of
the x =1 sample (polished surface). Estimated compositions from SEM-EDX analysis are as follows: Algy gPda35Wo oFey g for the major light-grey areas (white
arrowhead) and Aly; sPdyo 7Wo.1Fey 7 for the remaining darker areas (black arrowhead). (c) (top) A selected area diffraction pattern taken from the x = 3 sample with
the incidence along a twofold axis, indicating the formation of an F-type iQC. (bottom) An SEM micrograph (SE mode) of the x = 3 sample (polished surface).
Estimated compositions from SEM-EDX analysis are as follows: Alyg¢PdgeWao1Fegg for the fine granular regions with the brightest contrast (yellow arrow),
Algy 2Pdo4 W 7Fes 5 for the surrounding light-grey areas (white arrow), and Aly; 3Pds; W 3Feg ¢ for the darkest areas (black arrow).
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evaluating the dimensionless figure of merit, 2T, thermal conductivity
(x) was measured using the laser flash method (LFA, TC-7000, Advance
Riko, Inc.).

3. Results and discussion
3.1. An initial scan of the compositional space

Four alloy samples with nominal compositions, Al;oPda;WyFeg_y
(x =1, 3,5, 7), were initially prepared to gather preliminary data on the
potential formation of complex intermetallic compounds. The compo-
sitions of Al and Pd were chosen based on the reference composition,
Al7oPd1MoqFeg, of the 23.3/2 PA in the Al-Pd-Mo-Fe system [39].
Isothermal annealing was conducted at 1173 K for a week.

The PW-XRD pattern obtained from the x =1 sample, shown in
Fig. 1(a), exhibits similar features to the 23.3/2 PAs in the Al-Pd-Cr-Fe
and Al-Pd-Mo-Fe systems [38,39]. These features include the two
prominent peaks at 20 ~ 42° and 44° (indexed as {16,10,0} and {6,10,
16}, respectively), accompanied by a minor peak around 26 ~ 45°
(indexed as {20,0,0}). The pattern could be fitted with an estimated
lattice parameter of a = 2az/; ~ 40.4A. The formation of the 23.3/2 PA
is also evident in the electron diffraction pattern shown in Fig. 1(b), top,
which compares well with Fig. 3(a) of Ref. [38]. In the SEM image of the
x =1 sample (Fig. 1(b), bottom), two distinct phases are noticeable,
depicted as light grey and dark grey areas. An estimated composition
(via SEM-EDX) of the light-grey areas was Al _¢7Pd_24W_1Fe_g, which
fairly agrees with the nominal composition, thus likely representing the
target phase. On the contrary, the dark-grey areas had an estimated
composition of Al_72Pd-50W_Fe_g, apparently deficient in W. The
latter may represent a quaternary extension of e-AlPdFe [32]. A few
micro-voids can be observed attached to the latter phase. Note that the
PW-XRD profile of the x = 1 sample (Fig. 1(a); see also Fig. 2(a)) also
suggests a potential inclusion of the C; phase, which, however, was not
observed in the SEM image (Fig. 1(b), bottom).

The PW-XRD pattern of the x = 3 sample (Fig. 1(a)) appears to
indicate the formation of an F-type iQC phase, analogous to i-Al-Pd-Mn
[28]. Diffraction peaks are thus indexed by six even or six odd integers,
with a fitted quasilattice constant of ap = 2ag ~ 5.65 4. Additional ev-
idence is provided by electron diffraction along twofold direction, as
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Fig. 2. (a) PW-XRD (Cu-Ka) patterms taken from Al;oPdsW,Feg_, (x =5 and
7) alloys annealed at 1173 K for 7 days. (b) SEM micrographs (SE mode) taken
from the two samples. Each sample exhibits two primary phases with different
gray levels. Estimated compositions of these phases as determined by SEM-EDX
analysis are A: Aly1Pdy31WosFess, B:  Aly;sPdigoWirsFegs, C:
Al 3Pdos 5Wo 6Feas, and D: Aly; 3Pd;6.sWi1.6Feg 3. Yellow arrows indicate the
remains of Al-flux.
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shown in Fig. 1(c), top, which demonstrates the z-scaling characteristic
of an F-type iQC [42]. In the SEM image of the x = 3 sample (Fig. 1(c),
bottom), the majority phase is shown as light-grey areas, with an esti-
mated composition (SEM-EDX) of Al_g;Pd-24W_3Fe_g, which is
consistent with the nominal composition and thus likely representing
the iQC phase. The minority phase with dark-grey contrast is again W
deficient, with an estimated composition of Al_71Pd_22W_oFe_7, likely
representing a quaternary extension of e-AlPdFe [32]. It is worth noting
that the current sample contains large voids with diameters exceeding
100 pm, exhibiting significantly enhanced porosity compared to the
sample with a lower W content (x =1). The same trend is indeed
commonly observed in other samples, as will be presented below.

The other two samples (with x = 5 and 7) exhibit similar PW-XRD
patterns (Fig. 2(a)) without any indications of iQC or PA. SEM micro-
graphs in Fig. 2(b) reveal the coexistence of two primary phases in these
samples: one rich in W and the other poor in W. Based on their estimated
compositions, the W-poor phase appears to be the ¢ phase [32], while
the W-rich phase does not appear to be reported in the literature.
Therefore, we synthesized another sample with a nominal composition
of Alyy 3Pd167W11.6Fe 4, annealed at 1223 K for 240 hours, to find if it
primarily consisted of the W-rich phase. An SEM micrograph (not
shown) revealed that the sample again consisted of two similar phases,
with the W-rich phase occupying roughly 90 % of the total volume. A
PW-XRD pattern obtained from the sample is presented in Supplemen-
tary Fig. 1 alongside a simulated pattern for a model of 5-AlPdMn [55],
employed as a reference to the e-phase structural family. Note the
qualitative agreement between the superposition of the two patterns and
the observed patterns from the mixed-phase samples in Fig. 2(a). We
have also managed to collect SC-XRD data from a fine mono-grain cut
out from the Aly;3PdieyWi1.6Feo4 sample. The resulting dataset
allowed us to solve the crystal structure, which was determined to be
hexagonal with space group P63/m and lattice parameters a = 11.36 4
and ¢ = 12.99 4. The details of the structural analysis will be presented
elsewhere.

We also investigated the effects of annealing temperature on the
quality of samples with compositions of x = 1 and x = 3. Fig. 3(a) and
(b) compare PW-XRD patterns taken from samples annealed at tem-
peratures ranging from 1073 K and 1373 K; to expedite the search, the
data for 1173 K are reproduced from Fig. 1(a). At 1073 K, moderate
atomic diffusion appears insufficient for homogenization, resulting in a
dominant portion of impurities remaining in the x =1 sample. As
indicated in Fig. 3(a), these impurities are mostly attributable to the C;
phase, with an estimated lattice constant of a = 2a;;; ~ 15.44 at
1073 K, which likely resulted from the arc melting process. In contrast,
the C; phase is not observed in the x = 3 sample. The peaks corre-
sponding to the target phases, PA (for x = 1) and iQC (for x = 3), remain
broad at this stage.

The quality of the samples, as indicated by peak sharpness and the
suppression of impurities, is enhanced at higher temperatures, e.g., at
1223 K for x =1 and 1223 K or 1258 K for x = 3. In Fig. 3(a), the PW-
XRD pattern of the x =1 alloy annealed at 1223 K is indexed as the
23.3/2 PA, with an estimated lattice parameter of a = 2az/; ~ 40.5A.
In this pattern, a trace of the C; phase can still be noticed. The corre-
sponding SEM image in Fig. 3(c) reveals a millimeter-sized monophase
region of the target compound with enhanced homogeneity as compared
to that in the sample annealed at 1173 K for 7 days (Fig. 1(b), bottom). A
small lighter-grey region shows minor inclusion of a W-richer compo-
nent, which was undetected in the PW-XRD data. As we will see in a later
section, the C; phase can be largely suppressed by prolonged annealing.
As for the x = 3 alloys annealed at 1223 K, the PW-XRD pattern can be
well fitted as an F-type iQC with an estimated quasilattice constant of
ap = 2ag ~ 5.654, with no visible impurity peaks. However, the SEM
image in Fig. 3(d) reveals the presence of a tiny amount of additional
components, both W-richer and W-poorer, which can still be suppressed
by prolonged annealing.
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Fig. 3. (a and b) PW-XRD (Cu-Ka) patterms of samples with compositions x =1 and x = 3, respectively, annealed at 1073, 1173, 1223, 1258, and 1373 K. The
annealing time was 5 days except that the data for 1173 K are reproduced from Fig. 1(a). In (a), the expected peak positions for the C; phase are indicated using gray
arrowhead, whereas peaks marked with asterisks may be assigned to the p phase (~ 30°) and elemental W (~ 40°). Peaks are indexed for the 23.3/2 PA (a, 1223 K), F-
type iQC (b, 1223 K), and C; phase (a, 1373 K). (c and d) SEM images, taken in the SE mode, of the samples with compositions x = 1 and x = 3, respectively, which
were annealed at 1223 K for 5 days. Estimated compositions from SEM-EDX analysis are as follows: (c) Algy1Pda3 §W1 oFeg 1 for the majority phase (light-grey areas)
and Algp oPd;g.4Wig 3Feg s for the small area with brighter contrast (yellow arrow). (d) Alye.cPdo W2z oFeq g for the fine granular regions with the brightest contrast
(yellow arrow), Algg oPd23 3W5 oFes 7 for the majority phase (light-grey areas indicated with white arrow), and Aly; 4Pdas sWo sFes ¢ for the remaining darkest areas

(black arrow).

The x =1 alloy annealed at 1373 K shows that the PA phase was
fully decomposed, leading to the reemergence of the C; phase, which is
stable at higher temperatures; see Fig. 3(a). In contrast, the x = 3 alloy
annealed at 1373 K may have liquefied without leaving any trace of the
C; phase (Fig. 3(b)).

3.2. Synthesis of single-grained samples

We hereby present our attempts to synthesize single-grained samples
of the 3/2 PA and iQC phases, with the primary goal of obtaining a high-
quality single crystal specimen suitable for structural analysis. In fact,
this gave us useful insights into their phase formation behaviors near the
melting temperatures. As previously, our initial compositions were
x = 1 and x = 3. The melting step was conducted at 1433 K for 2 days to
ensure a fully homogenized liquid. Subsequently, the samples were
slowly cooled at a rate of 5 K per hour to 1223 K, at which point they
were annealed for 10 days. Both samples exhibited a metallic luster,
though no clear facets were visible.

The PW-XRD pattern in Fig. 4, top, reveals a prominent signature of
the C; phase at x =1, despite prolonged annealing at a sub-melting
temperature. This suggests that the C; phase is the initial crystallizing
phase during the cooling process and exhibits high stability under solid-
state reaction conditions, thereby impeding atomic diffusion. In
contrast, the primary phases of the x = 3 sample are the 3/2 PA and iQC
phases, with no sign of the C; phase. Prolonged annealing proved rela-
tively easy to suppress the 3/2 PA component in this sample.

We thus employed an alloy composition of x = 2 for the next syn-
thesis, under the assumption that increasing the W content would
destabilize the C; phase and thereby avoid its formation. We used the
same melting and cooling processes as before, but the final isothermal
annealing at 1223 K was shortened to 5 days. A PW-XRD pattern taken
from a fragment of the sample is shown in Fig. 4(a), the third row, which
confirms that the material is predominantly the 3/2 PA. A facet plane
was also visible on the surface of the entire sample (Fig. 4(b), top),
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Fig. 4. (a) PW-XRD (Cu-Ka) patterns taken from four samples obtained via
slow-cooling method. The weighing composition as well as the temperature of
the final isothermal step is indicated for each pattern. Minor peaks indexed {0
012}(=1D) and {7 7 7}(= I) for the 2%-3/2 PA are highlighted in the insets for
the two x = 2 samples. The corresponding section of the x = 1 data in Fig. 3(a),
third row, is shown in black colour for comparison. The peak labelled II, which
is associated with the doubling of the unit cell, is absent in the third row,
indicating the formation of the trigonal variant of 3/2 PA. Grey arrowheads are
used to indicate noticeable impurity peaks due to the inclusion of the C; phase.
(b) Photographs showing the outer appearance of the x = 2 samples, annealed
at 1223 K and 1248 K. The scale bars correspond to 1 mm. A facet plane can be
seen in the center of dashed circle.

suggesting that fine single grains were obtained. The composition of the
single grains was estimated to be AlgygPdas 2Wi oFego using EPMA-
WDX, indicating a depletion of W from the initial weighing composi-
tion, AlyoPdy WoFes.

As clarified in the insets of Fig. 4(a), third row, a minor difference
from the cubic 2%3/2 PA can be recognized within 26° < 26 < 27°,
where we find a peak associated with the doubling of the unit cell is
missing. This reminded us of the trigonal variant of the 3/2 PA observed
in the Al-Pd-Mo-Fe system, for which similar difference in PW-XRD from
the cubic 233/2 PA was observed. In the latter system, a reversible
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structural phase transition was reported at approximately 1023 K from
the 23.3/2 PA (high-temperature phase) to the trigonal variant (low-
temperature phase) [39], without a measurable change in the compo-
sition of approximately Al;oPdy;MoFeg. In contrast, the corresponding
feature of the PW-XRD profile taken from the x = 1 sample isothermally
annealed at 1223 K for 5 days (Fig. 3(a), third raw) shows a double-peak
structure characteristic of the cubic 2°3/2 PA. Intriguingly, different
variants were obtained despite the same annealing temperature of
1223 K for both samples (isothermal or isothermal after slow cooling
from the melt). The estimated compositions were also rather similar:
Alg7.1Pdo3 gW1 oFeg1 (SEM-EDX) for the isothermal sample and
Algy gPd232Wi oFeg o (EPMA-WDX) for the single grained sample. The
discrepancy between the two samples will be addressed in more detail in
the next section.

To obtain single grains of the cubic 23:3/2 PA, we conducted another
synthesis with the same x = 2 composition, raising the final annealing
temperature to 1248 K. Fig. 4(a), the fourth row, shows a PW-XRD
pattern taken from the resulting sample, indicating that the 25.3/2 PA
was indeed obtained along with the C; phase as the secondary phase.
This sample also exhibited a visible facet plane, as seen in Fig. 4(b). An
estimated composition (EPMA-WDX) of the single grains,
Alg7.6Pdo21W1 sFeg g, was slightly richer in W than the other single
grained sample. This might explain the slight lattice expansion observed
in the PW-XRD pattern. The coexistence of both the 3/2 PA and C;
phases may have resulted from minor temperature variations in the
furnace, if 1248 K were nearly at the peritectic point between C;
+ liquid and 3/2 PA or vice versa.

Tiny crystals, < 50 pm in diameter, were extracted from both single-
grained samples annealed at 1223 K and 1248 K and subjected to SC-
XRD measurements (see Section 2.2 for the methodology). Primary
two-dimensional sections of the diffraction intensity distribution in
reciprocal space were reconstructed using CrysAlis’™ software (Ver.
42.49) and shown in Fig. 5, in which the peak indexing was performed
on the main reflections based on the basic ‘cubic’ unit cell of the 3/2 PA.
The fitted lattice parameters of the basic ‘cubic’ Bravais lattice were as/,
= 20.23 A (trigonal 3/2) and az,»= 20.24 A (cubic 23.3/2).

The full reflection indexing of the high-temperature phase requires a
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23 cubic supercell with a lattice parameter of a = 2a; /2 = 40.48 A. The

extinction rules for the Pa3 space group are evident from the hk0 section
[38,39]. As for the low-temperature phase, the superlattice reflections
could be well-indexed with a trigonal supercell with lattice parameters
ofa=b=28.57A,c=34.99A,a=p=90°andy = 120°. Fig. 5(e) also
suggests that the present crystal is twinned with four possible orienta-
tions for the threefold axis, parallel to the <111> directions of the basic
unit cell. These features were also reported for the low-temperature
trigonal variant in the Al-Pd-Mo-Fe system [39].

3.3. Synthesis of monophase samples

Monophase samples are crucial for comparative investigations of the
physical properties of different intermetallic phases. Hence, this section
aims to obtain monophase samples of the two variants of the 3/2 PA
(cubic and trigonal) and iQC. One would generally expect that, starting
from an appropriate weighing composition, prolonged isothermal
annealing would enhance the purity of each phase.

Fig. 6 shows PW-XRD patterns and SEM micrographs of x = 1 and
x =3 alloys obtained through prolonged isothermal annealing at
1223 K, with annealing times being 25 days and 15 days, respectively.

The PW-XRD profile of the x = 1 sample (Fig. 6(a), top row) shows
that the C; phase has almost completely vanished, in contrast to Fig. 3
(a), third row, which shows the PW-XRD profile of a sample with much
shorter annealing. The pattern could be fitted as the cubic 253/2 PA
with an estimated lattice parameter of a = 2as/; ~ 40.5A. The SEM
micrographs in Fig. 6(b) suggest that the current sample is a highly
homogeneous single-phase alloy. However, tiny spots with darker
contrast, accumulated at the periphery of the fragment, indicate a minor
inclusion of residual Cj-phase components. Spherical micro-voids
observed near the darker spots most likely resulted from vacancy
condensation induced by the Kirkendall effect [56-58], driven by the
significant difference in the diffusion rates between heavy (W) and light
(Al/Fe) elements during annealing. These Kirkendall voids might be
interpreted as remnants of W-deficient regions in the as-arc-melted
ingot. In the following subsection (Section 3.4), the current sample is
referred to as Sample-H;, where ‘H’ stands for the higher-temperature

5557

Fig. 5. Reconstructed reciprocal-space sections, which include the origin, of the SC-XRD datasets obtained from (a,b,c) a single-crystal specimen annealed at 1248 K
and (d,e,f) one annealed at 1223 K. Light-blue grids are used as a reference for the reciprocal lattice of the basic Bravais lattice of the 3/2 PA, along with Miller
indices for selected points. All panels, except (d), show superlattice reflections corresponding to the respective supercells. The twinning of the low-temperature phase

is also evident from (e).
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Fig. 6. (a) PW-XRD (Cu-Ka) patterns taken from x = 1 and x = 3 alloys obtained via prolonged isothermal annealing at 1223 K, conforming the high purity of the
samples with the cubic 2%3/2 PA and iQC, respectively. Diffraction peaks are indexed accordingly. (b and ¢) SEM micrographs taken from polished sections of the
x =1 and x = 3 samples, respectively, in the SE mode (left) and BSE mode (right). Enlarged images on the right confirm the compositional homogeneity of both
samples. Using EPMA-WDX, the compositions of the dominant phases are estimated to be Algy 3Pd23 2Wo gFeg 7 in (b) and Algg 5Pdas 1 W oFes g in (c). In (b), darker
gray spots accumulating near the periphery are identified as the C; phase, with an estimated composition of Algy 3Pd21 ¢Wo 2Fe10.9. In (¢), tiny white dots within the
iQC matrix are attributed to a residual W-rich component, with an estimated composition of Al;g 9PdgsW19 gFeg g being close to AL;W.

cubic variant of the 3/2 PA and the subscript ‘1’ for the nominal W
concentration (x = 1).

Meanwhile, Fig. 6(a), bottom row, shows the PW-XRD profile of the
x = 3 sample. The pattern could be fitted as an F-type iQC with an
estimated quasilattice constant of ar = 2ag ~ 5.664, without any sig-
nificant peaks arising from extra phases as for the 5-day annealed sample
shown in Fig. 3(b), third row. Furthermore, the corresponding back-
scattered electron image in Fig. 6(c) indicates that the homogeneity of
the current sample is much higher than that of the sample shown in
Fig. 3(d). The composition of this iQC phase was estimated to be
Algg oPd22 1W> oFes g. Meanwhile, despite prolonged annealing, consid-
erable porosity with large voids persisted throughout the sample. The
irregular morphologies of these voids may be associated with the growth
kinetics of the iQC phase, including phason-related dislocation motion.
These voids could also be interpreted as remnants of W-deficient re-
gions, likely comprising the e-phase, within the as-arc-melted ingot. We

note that the atomic number density of the e-phase [55] is significantly
lower, at approximately 85 % of that of the 23:3/2 PA [38], iQC or
W-rich phases involved. The present sample will be referred to as
Sample-Q3 in Section3.4, where ‘Q’ stands for ‘quasicrystal’ and the
subscript ‘3’ for the nominal W concentration (x = 3). Incidentally, an
almost negligible amount of an unwanted W-rich phase was observed
within the iQC matrix.

To gain further insights into the phase formation behaviour of the
two structural variants of 3/2 PA, an as-synthesized x = 2 alloy was
subjected to isothermal annealing at 1223 K for 5 and 10 days without
the melting process. This resulted in highly homogeneous alloys,
showing the double-peak signature of the cubic 2%3/2 PA in the PW-
XRD profiles (see Supplementary Fig. 2 for details). The 10-day
annealed sample is referred to as Sample-Hj in Section 3.4. The mean-
ing of the subscript ‘2’ is the same as before. It is worth noting that
increasing the W content inhibits the formation of the C; phase, thereby
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allowing for a high-quality monophase sample to be obtained in a
shorter annealing time.

We have reached the stage of investigating how to obtain a high-
quality monophase sample of the trigonal 3/2 PA. As described in Sec-
tion 3.2, the trigonal variant was coincidentally identified in a single-
grained sample obtained by melting an as-synthesized x = 2 alloy,
then slowly cooling it down to 1223 K and holding it at that temperature
for 5 days. Its estimated composition was close to the weighing
composition of x = 1 used in this study. However, isothermal annealing
of an as-synthesized x = 1 alloy at 1223 K, which best promotes atomic
diffusion, always resulted in a sample exhibiting the double-peak
signature of the cubic 23.3/2 PA in the PW-XRD profile, often accom-
panied by W-poorer (C; and/or ¢) and W-richer impurities (see Figs. 3
and 6). Although prolonged annealing improved the purity of the main
phase, a single-phase sample of the trigonal 3/2 PA was never obtained.
We also observed that the primary phase tends to be slightly W-deficient,
possibly due to the consumption of W by W-rich impurities. These W-
rich phases with high melting temperatures may originate from arc-
melted ingots but are not easily dissolved through solid-state re-
actions, leading to W deficiency relative to the nominal composition. We
speculate that such a sample may also have slight compositional varia-
tions, potentially resulting in a mixture of the two structural variants, as
the phase transition temperature likely depends on the actual alloy
composition, particularly the W content. Therefore, achieving sufficient
homogeneity in the resulting alloy seems essential to ensure a mono-
phase sample of the trigonal 3/2 PA.

We hereby explore the potential advantage of the melting process
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before isothermal annealing to promote compositional homogeneity by
allowing W-rich impurities to be dissolved more easily.

We used an as-synthesized x = 1 alloy as the starting material. First,
the alloy was melted by holding it at 1433 K for 12 hours, followed by
water-quenching to obtain a frozen liquid state. After polishing the outer
surface of the quenched sample to remove an oxide layer, which resulted
from the quenching process, fragments of the alloy were subjected to
isothermal annealing at 1203 K for either 5 or 10 days. PW-XRD patterns
and SEM micrographs shown in Fig. 7 confirm that the samples are
highly homogeneous. Micro-voids are uniformly distributed throughout
the samples. A minor inclusion of an unwanted W-rich component is
observed at the periphery of the sample annealed for 5 days, but it is
absent in the sample annealed for 10 days. In Section3.4, the latter
sample will be referred to as Sample-L;, where ‘L’ stands for the lower-
temperature variant of the 3/2 PA. The meaning of the subscript ‘1’ is
the same as before. Most importantly, the single-peak signature of the
trigonal 3/2 PA near 20 = 26.4° is clearly visible in both PW-XRD
profiles.

As demonstrated above, we have successfully obtained high-quality
monophase samples of the cubic and trigonal variants of the 3/2 PA,
which are connected through a structural phase transition, as well as the
iQC. While the iQC sample was achieved with a starting composition of
x = 3, either variant of the 3/2 PA can be realized with both x = 1 and
x = 2, provided that a suitable annealing process is applied. Note that
different temperature profiles (with and without pre-melting followed
by rapid cooling, or different isothermal annealing temperatures)
applied to an x = 1 alloy led to the formation of two distinct variants.
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Fig. 7. (a) PW-XRD (Cu-Ka) patterns and (b) SEM micrographs (BSE mode) taken from the samples annealed at 1203 K for 5 and 10 days after water-quenching a
liquefied x = 1 alloy. In (a), the single-peak signature of the low temperature variant of 3/2 PA (trigonal phase) in both profiles within 26° < 20 < 27° is highlighted
in the insets. Estimated compositions (EPMA-WDX) of the majority phase in both samples are Algg 7Pd22 oWy 7Feg ¢ and Algg 4Pdan sWo 7Feg s, respectively. The inset
of the left panel shows a magnified image of the region enclosed by the dashed box, highlighting the inclusion of a W-rich component (white spots), with an estimated

composition of Algs ;Pd;¢7Wi6.0Feg ¢ as determined by EPMA-WDX.
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This may be due to that a slight variation in local composition arising
from the thermal history of the alloy will most likely affect the transition
temperature, which in the present case close to 950 °C. It is therefore
crucial to ensure sufficient homogeneity to precisely determine the
transition temperature at a given alloy composition. A more detailed
investigation into this issue is currently underway, and the results will
be presented elsewhere.

3.4. Thermoelectric properties

Here, we present thermoelectric measurements on highly homoge-
neous samples, aiming to probe potential differences arising from
distinct icosahedral orders and varying W contents. Four high-quality
monophase samples, obtained as described in the preceding subsection
and summarized in Table 1, were used. The samples were first crushed
into powder and then moulded into densified, button-shaped bulk forms
using spark plasma sintering.

Fig. 8(a) presents the temperature dependence of electrical conduc-
tivity (o), which gradually increases with rising temperature, confirming
the non-metallic behaviour characteristic of iQCs and high order PAs.
The presence of a deep pseudogap in their valence electronic structure
[48-49] could be linked to the quantitative differences observed be-
tween the samples. Here we recall that the electrical conductivity from
the Boltzmann transport equation can be written as [59]:

-1
where e is the elementary charge, and f(E) := (1 + exp(%)) is the

Fermi-Dirac distribution function with u representing the chemical po-
tential (or the Fermi energy at temperature T). X(E) is known as the
transport distribution function. For a Bloch electron system, %(E) is
defined by:

©

2(E) =Y > wni(nk)*e(n,k)5(E —En),

n=1 keBZ

where n is the band index, k is the Bloch wave vector within the first
Brillouin zone, v;(n,k) is the component of the group velocity in the
direction of applied electric field, z(n, k) is the relaxation time (or life-
time) of the Bloch state, and E, x is the energy eigenvalue, all specified
by the band index n and wave vector k.

For a nearly isotropic case, where the magnitude of the group ve-

locity vector, v(n,k) : = \/vl (n,k)* +va(n, k)® + v3(n, k)%, and 7(n, k)
can be approximated as functions of energy, the transport distribution
function can be written as:

where N(E) =37 > pz0(E—Enx) is the density of states. This
approximation leads to the following formula for conductivity at suffi-

Table 1
The four samples that were used for the thermoelectric measurements, with a
reference to the corresponding SEM image of each sample.

Sample Phase Nominal Density SEM image

name composition [gem 3]

H, 3/2 PA: Al,oPdy; W1 Feg 5.237 Fig. 6(b)
cubic

L, 3/2 PA: Al,oPdy; W1Feg 5.172 Fig. 7(b),
trigonal right

H, 3/2 PA: Al;oPdyWoFe; 5.293 SFig.2(b),
cubic right

Qs i-QC Al;oPdy WsFeg 5.381 Fig. 6(c)
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Fig. 8. (a and b) Temperature dependence of (a) the electrical conductivity o
and (b) the Seebeck coefficient S, for Samples Q3 (blue), H; (green), L; (red),
and H (yellow). (c) A schematic illustration of the pseudogap with varying
locations of the Fermi energy for the four samples. The total density of states,
N(E) = N.(E) + Np(E), is represented using a solid black line.

ciently low temperatures:

o~ eD(u)N(p).

where D(E) = v(E)*t(E)/3 represents the diffusivity of electrons at en-
ergy E. It is useful to assume that the diffusivity remains constant with
respect to small shifts in the Fermi energy or chemical composition, i.e.,
D(u) = D (constant). This so-called constant-diffusivity approximation
has proved successful in fitting experimental data from thermoelectric
measurements on periodic approximants [60-62]. If we extend this
approximation to iQCs, the conductivities of the present four samples
should be compared using 6xN(u).

The present data show that o300 x increases in the order of Samples
Qs, Hj, L3, and Hy, suggesting that the density of states at the Fermi level
increases correspondingly in the same order. Moreover, the carrier
densities of the three PA samples appear to be at least three times higher
than that of the quasicrystalline sample, Qs. Note that Sample Q3 with

0300 k ~ 200 (Qc:m)’1 is among the most resistive iQCs reported to date.
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Meanwhile, the significantly smaller slope of the ¢ plot, compared to the
other three samples, suggests that the increase of carrier excitation in
Sample H; is modest by p being away from the bottom of the pseudogap.

Fig. 8(b) presents the temperature dependence of the Seebeck coef-
ficient (S). Based on the Mott formula [63],

T (i)

Sl 3elNn) \ dE

T) =

the positivity of S (especially at low temperatures) confirms that the first
derivative N'(u) is negative for all four samples. Since Samples Qs, Hj,
and L; exhibit similar slopes in their electrical conductivity plots, their
first derivatives, N'(u), are likely comparative. It follows that the See-
beck coefficients, S, at low temperatures are inversely proportional to
N(u), while the electrical conductivity, o, is proportional to N(u).
However, despite Sample Hy having the largest N(u), as indicated by its
highest electrical conductivity, o, at 300 K and below, it still exhibits a
higher Seebeck coefficient, S, than Samples H; and L;. This is due to the
exceptionally steep decay of N(E) at E = y, which effectively enhances
the ratio |[N'()|/N(u) for Sample Ha.

Fig. 8(b) also shows that the Seebeck coefficients, S, of the PA sam-
ples (Hj, L, Hy) display a broad maximum. The temperature Tp,yx, at
which the broad maximum of S occurs is roughly estimated as 523 K for
Samples H; and L3, and at around 623 K for Sample Hs. In contrast, the
iQC sample (Q3) exhibits a monotonic decrease with increasing tem-
perature across the entire measured range; however, a broad maximum
at Tmax &~ 300 K may still be observed if the plot range is extended to
lower temperatures.

Such a broad maximum in S may result from the so-called bipolar
effect, arising from the competing contributions of valence and con-
duction bands, with holes and electrons as their respective charge car-
riers. In a simplified two-band picture, where it is assumed that holes
and electrons contribute independently to the current density in
response to either electric field or temperature gradient [64], the net
electrical conductivity and Seebeck coefficient at temperature T can be
expressed as

6(”7 T) = Uh(ﬂv T) + ()’e(/,{7 T)

(/47 T)Sh(ﬂ T) - O'e(/l, T)‘Se(ﬂ7 T) ‘
071(”7 T) +0€(/’£!T) ’

Su.1) ="

where o, and S, are, respectively, the partial conductivity and Seebeck
coefficient associated with holes (x = h) or electrons (x = e).

The fact that S remains positive across the entire temperature range,
as shown in Fig. 8(b), provides evidence that holes are the majority
carriers, implying that the Fermi energy is located below the bottom of
the pseudogap. However, as the temperature rises, electrons are excited
as minority carriers, and their contribution to the conductivity becomes
detrimental to the Seebeck coefficient. The distance of the Fermi energy,
Ap, from the bottom of the pseudogap is essentially correlated with Tax.
Since Tmax ~ 300 K, which is the lowest among the four samples, the
Fermi energy of the iQC sample is likely the closest to the bottom of the
pseudogap. Conversely, the Fermi energy of Sample Hy, with Thax
623 K, is likely the farthest, while the remaining two samples, with
Tmax = 523 K, are positioned in between. Fig. 8(c) schematically
sketches the location of the Fermi energy within the pseudogap, as
inferred from the present measurements, for all four samples.

Even though the valence electron concentration likely decreases with
increasing the W content, the above results suggest that the Fermi en-
ergy of Sample Qs is closer to the bottom of the pseudogap compared to
Sample Hj. This strongly indicates that the position and/or shape of the
pseudogap has shifted slightly due to the structural transition from the
3/2 PA to the iQC, positioning the Fermi energy closer to the bottom of
the pseudogap. Therefore, the structural change is likely driven by
electronic factors [65].

In principle, the observed increase of 6390 k in the order of Samples

~
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Qs, Hy, Ly, and Hy may reflect several factors: (i) The position, depth, and
width of the pseudogap, which are largely determined by the kind and
completeness of the structural order, as well as the orbital hybridization
between Al sp and W d, which can be enhanced with increasing W
content. (ii) The relative position, Ay, of the Fermi energy measured from the
bottom of the pseudogap, which depends on the electron concentration.
This may explain the increase of both N(u) and |N'(u) | for Sample Ha, for
example. (iii) The diffusivity (or mobility) of electrons at the Fermi energy.
Although we have assumed that all our samples have the same diffu-
sivity D, the nature of electronic states still depends on structural details,
including disorder, suggesting possible variations in D.

In general, all the above three factors can have sizeable effects on the
transport properties. In particular, the contrast between H; and L; may
be explained when the above three factors are taken into consideration.
To gain further insights into their individual contributions, it would be
useful to evaluate the electronic specific-heat coefficient from low-
temperature specific-heat measurements as well as to perform spectro-
scopic studies (as in Ref. [48]) to probe the valence electronic structure
more directly. Such studies will also provide valuable guidelines for
fine-tuning the thermoelectric properties, potentially allowing us to
design suitable materials for energy applications [66,67]. Our pre-
liminary  assessments on the thermoelectric  performance
(Supplementary Fig. 3) shows that Sample Hy displaying the largest
Seebeck coefficient at above 600 K exhibits the highest value of the
dimensionless figure of merit, reaching 2T~0.12.

4. Concluding remarks

In the present study, the two kinds of 3/2 PAs, with cubic 2 x 2 x 2
and trigonal superstructures, as well as the F-type iQC were identified as
equilibrium phases in the Al-Pd-W-Fe system. All the alloy samples were
synthesized using the nominal composition formula, Al;oPdy;W,Feg_,
with x = 0 corresponding to C;-AlPdFe. Both forms of the 3/2 PAs were
found to reach equilibrium in alloys synthesized with x =1 or x = 2 if
annealing was performed at appropriate temperatures for an extended
period. We observed that at x = 1, the C;-phase impurity formed during
the arc-melting process could be dissolved into the 3/2 PA only through
extended annealing; however, it was more effectively eliminated at
x = 2 due to the reduced Fe content. Alloys dominated by the F-type iQC
were obtained at x = 3, though they often contained W-poor and W-rich
components as minor impurities, which could still be suppressed
through extended annealing. Furthermore, alloys synthesized with
higher W contents (i.e., x = 5 and x = 7) exhibited a binary coexistence
of a novel W-rich phase with a hexagonal crystal structure and a qua-
ternary extension of ¢-AlPdFe.

Note that our heuristic attempts to obtain high-quality monophase
samples of the 3/2 PAs and F-type iQC provided an exceptional oppor-
tunity to explore the relationship between icosahedral orders and
physical properties. The thermoelectric measurements of the four
monophase samples, as presented in Section 3.4, provide clear evidence
that the valence band structure, particularly the pseudogap near the
Fermi level, varies with the structural and compositional changes.
However, whether the enhanced hybridization between Al-sp and W-
d orbitals, compared to that between Al-sp and Cr/Mo-d orbitals, leads to
a deepening of the pseudogap remains a hypothesis that still needs
verification.

There is no doubt that this work will stimulate further experimental
studies on the pseudogap in similar complex compounds. Moreover, the
results encourage us to revisit our previous systems, where Cr and Mo
were used to replace Fe, to conduct more systematic assessments of
different icosahedral orders and their implications for controlling
physical properties. Such studies are expected to provide valuable
guidelines for fine-tuning thermoelectric properties, potentially
enhancing these materials for energy applications [66,67].
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