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The Half-Heusler semiconductor alloys can be used efficiently as thermoelectric materials to
transform the waste heat into useful electrical energy. The low-cost and large-scale production of suitable
half-Heusler alloys are important in the present context. In this work, a nanostructured half-Heusler
NbFeSb alloy is obtained by mechanical alloying with 15h of milling. The structural parameters of
the sample are investigated by powder X-ray diffraction followed by Rietveld refinement. Differential
scanning calorimetry indicates that the NbFeSb phase is stable up to about 420 K. The electrical
resistivity is obtained as a function of temperature. A band gap of 0.37(3) eV is obtained from UV-Vis
measurements. Density functional theory calculation shows an indirect band gap of 0.52 eV. Analyses
of the obtained data indicate that structural defects and nanometric crystallites sizes present in the
nanostructured NbFeSb produced by mechanical alloying do not degrade the electrical and optical

properties of the compound.
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1. Introduction

Over the last few decades, Half-Heusler (HH) alloys
have been drawing much attention of the material science
community worldwide, both experimental and theoretical,
for their potential utilities in sustainable energy related
applications'"'®. They are among the most promising
thermoelectric materials that can be used at medium to high
temperature power generation purposes’. Additionally, the
excellent mechanical and thermal stability and low toxicity
of these compounds make them suitable for industrial and
commercial usage in the field of environment friendly clean
energy production®!’.

Typically, the HH alloys are intermetallic semiconductors
having the general formula of XYZ, where X, Y are transition
metals or rare-earth metals, with X being more electropositive
than Y and Z is a main group element. They crystalize in
the cubic Mg-Ag-As-type structure (space group F-43m)
forming three filled interpenetrating face-centered-cubic
(fce) sublattices and one vacant fce sublattice’.

The thermoelectric efficiency of a given material is
determined by the dimensionless figure of merit (ZT)
which defined in terms of the Seebeck coefficient (§), the
electrical conductivity (o), the thermal conductivity (k) as
ZT = §%6T / k, where T is the absolute working temperature.
The higher the ZT-value, the better is the efficiency of
thermoelectric conversion. In order to obtain a high value
of ZT, it is essential that the material possesses either a high
power factor (524 ) or a low thermal conductivity. However,
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these three physical parameters are interdependent and this
makes it challenging to synthesize high-ZT thermoelectric
materials with individual control over the parameters.
In recent years, a successful strategy that is being used to
decrease thermal conductivity without adversely affecting
the other properties in various thermoelectric materials is
nanostructuring and/or doping!#%10.1417-19,

The technique of Mechanical Alloying (MA) has
been used extensively to synthesize high-entropy alloys,
amorphous alloys, supersaturated solid solutions and
nanostructured materials®. The advantages of MA include
low temperature processing, composition control, low-cost
equipment, and the possibility of scaling up. On the other
hand, the disadvantages include the possibility of powder
contamination during milling and the difficulty in successful
consolidation of MA powders®.

Among the HH alloys, NbFeSb has attracted more
attention due to its excellent thermoelectric performances
at high temperatures®. Moreover, the HH NbFeSb alloy
enjoys the advantages of being non-expensive, abundant,
and non-toxic'®. Mostly, NbFeSb has been synthesized by
conventional arc-melting followed by long heat treatments
at relatively high temperatures>*'213, Recently, it has been
suggested that MA can be a simple and viable technique to
synthesize NbFeSb single phase HH alloy®?'. Although these
works perform consolidation of the milled powders via spark
plasma sintering, we were motivated by them. Therefore,
we have synthesized a nanostructured NbFeSb HH alloy
only by MA, without any other processing. The structural
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parameters of the milled NbFeSb sample have been investigated
by powder X-ray Diffraction (XRD) followed by Rietveld
refinement. The thermal stability and the electrical conductivity
of the sample have been analyzed by differential scanning
calorimetry (DSC) and complex impedance spectroscopy
(CIS), respectively. The electronic properties have been
investigated by UV—Vis measurements and density functional
theory (DFT) calculations.

2. Materials and Methods

2.1. Sample preparation and measurement
techniques

A mixture of high-purity (99,7%) powdered elemental
Nb (Alfa Aesar), Fe (ASC) and Sb (Alfa Aesar) with a
stoichiometry of 1:1:1 was sealed under argon atmosphere
into a cylindrical steel vial along with several steel balls,
with 5:1 ball-to powder ratio (BPR). MA was performed for
25h at room temperature in a high-energy ball-mill (Spex
Mixer/Mill 8000). The milling process was paused five times
during the milling period in order to follow de-structural
evolution of the powdered sample by XRD measurements.

The XRD measurements were performed in the angular
range of 10° to 100° (20), with step sizes of 0.01313°, with
an interval of 60s per step using an Empyrean Panalytical
diffractometer operating in reflection mode and x-ray source
of CuK_ radiation (A = 1.5418 A). The diffractometer was
equipped with Bragg-Brentano HD mirror, 0.02 rad soller slit,
1° anti-scattering slit and 1/4° divergence slit in the incident
beam, and a 0.04 rad soller slit and a 9 mm anti-scattering
slit for the diffracted beam. The instrument was operated at
40kV of accelerating voltage and 40 mA of applied current.
The X-ray photons were identified utilizing a PIXcel3D-
Medipix3 1 x 1 area detector. In situ high temperature
XRD measurements were performed from 300 K to 420 K
with a heating rate of 10 K/min using an Anton Paar TTK
450 chamber coupled to Empyrean Panalytical diffractometer.

The DSC measurement of 25h milled sample was
performed in the range of 293 to 873 K on a TA Instruments
SDT Q600 thermoanalyzer, with a heating rate of 10 K/min
under a continuous nitrogen gas flow of 30 ml/min.

The CIS measurements were performed using a Solartron
1260 frequency response analyzer as a function of frequency
(1Hz-1 MHz) in the temperature range of 3 K to 390 K. For this
measurement, the 25h MA powder was cold pressed in a pellet
with an area of 1.8 mm?and thickness of 2.5 mm. The amplitude
of the applied alternating electric field was 0.5 V/mm.

The crystalline powders were diluted in water followed
by simple/ordinary filtration using a 0.22 pm diameter
filter paper. A small quantity was put in a quartz cuvette in
order to measure the absorbance Abs()) in the wavelength
range of 200 - 1000 nm. Absorbance measurements were
performed on a UV-Vis spectrophotometer (Global Trade
Technology, Brazil). The bandgap energy value was obtained
by a Tauc plot®.

2.2. Theory and calculation

The XRD pattern was refined by using Rietveld method
as implemented in the GSAS software package® following
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the recommendations of the IUCr?**. The fourth-order
Chebyschev polynomials were used to fit the inelastic
scattering background. As for the peak profile analysis,
a modified Thompson-Cox-Hasting pseudo-Voigt profile
function (CW profile function 4 in the GSAS package)
was used. The instrumental broadening was analyzed by a
certified LaB6 standard (NIST 660b) and the obtained values
of U=0.0,V=-0.0036 and W= 0.0023 remained unaltered.
The texture effects were considered by using the spherical
harmonics preferential orientation model®.

The XRD line broadening effects due to small domain
sizes and microstrains can be assessed assuming that the
Lorentizian component of the structurally broadened profile is
due to the small crystallite size, and the Gaussian component
of the structurally broadened profile is due to microstrain.
The apparent crystallite size or domain size D is given by
Scherrer’s equation®

D KA 0
(R —
BreosOpp
and microstrain € by
el
& =
hkd 4tan6’hkl (2)

for each Akl peak. In Equations (1) and (2), K is the Scherrer
constant”, X is the incident wavelength, B, and B, are the
Lorentzian and Gaussian integral breadths respectively.
The integral breadths can be expressed in terms of the full
width at half maximum (FWHM) and mixture coefficient
parameter, obtained directly from the Rietveld analysis as:
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All Rietveld structural refinements of this work achieved
well convergence factor considering n = 0.75.

In the Williamson-Hall method the total integral breadth
B3 can be considered as § =B, + S, of Equations (1) and (2)
leading to a linear equation as follows:

PcosO = % +4¢& sinf (%)

Considering an isotropic microstructure such as the
present sample, this equation should approximately fit the
experimental data. The mean crystallites size (D) and the
microstrain (€) can be calculated from its linear coefficient
and the slope, respectively.

The energy bands and density of states (DOS) were
obtained by DFT methods as implemented in Quantum
Espresso package®. The exchange correlation energy was
described by Perdew-Burke-Ernzerhof (PBE) functional® based
on the generalized gradient approximation (GGA). For the
constraint-free geometry optimization of the NbFeSb unit
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cell the Broyden—Fletcher—Goldfarb—Shanno (BFGS) quasi
Newton algorithm was adopted with the convergence thresholds
setat 10 eV/A for force and 10° eV for energy. The kinetic
energy cutoff for the wave functions and charge density were
taken as 80 Ry and 480 Ry, respectively. The Brillouin zone
of the supercell was sampled by 6 x 6 x 6 Monkhorst-Pack
k-point grid*’. The structural models were plotted using the
XCrySDen package’'. The energy gap was calculated for the
above unit cell and compared with the experimental value.

3. Results and Discussion

3.1. Structural and thermal characterization

Figure 1a depicts the XRD measurements of the prepared
NbFeSb sample as a function of the milling time. The XRD
peaks of the precursor mixture (0 h) are identified as Nb
(ICSD#760011, marked by green asterisks), Fe (ICSD#64998,
marked by red asterisks) and Sb (ICSD#53795, marked by
blue asterisks)®. After 5 h of milling, the peaks related to
the precursors are enlarged indicating severe deformation.
After 10 h, the diffraction peaks of precursors almost
disappear indicating that the sample has acquired a critical
size (nanocluster) or suffered a transition to an amorphous
phase. On the other hand, a new peak emerges in the XRD
pattern around 43 degrees. This new peak has been identified
as cubic NbFeSb (space group F-43m, n°. 216, ICSD#83928).
After 15 h, one can observe the complete nucleation of HH
NbFeSb. The large increase in the intensity of the peak
indicates that the size of the crystallites is of nanometric
scale. For longer milling times ranging from 15 to 25 h, no
appreciable changes in the evolution of the diffractograms are
observed. Thus, with only 15h of milling, a stable NbFeSb
alloy is formed. Further analyses have been performed on
the 25h milled sample.

Figure 1b presents the detailed XRD pattern of the
sample, after 25 h of milling at room temperature and the
result of Rietveld refinement. The phase content obtained in
the refinement is 73.5 wt% of NbFeSb, 10.1 wt% of Fe,O,,
9.7 wt% of Nb,Sb and 6.7 wt% of Nb,Sb,. The refined lattice
parameters of the HH NbFeSb are a =b = ¢ = 5.944(2) 4
and the cell volume is 204.4(1) A3. The goodness-of-fit

parameters® are Rwp = 4.03% and 32 = 1.133. The region
between 30° and 40° presents an elevation due to the
presence of an amorphous phase. In this region it is also
possible to observe the diffraction peaks associated with
the Fe,O, (ICSD#84098, marked by black sphere), Nb.Sb
(ICSD#76572, marked by blue spheres) and Nb,Sb, (ICSD#
154596, marked by green sphere) phases. It should be
noted that the MA process has been repeated to ensure the
reproducibility, and the same phases have been obtained.
Besides this, Pedersen et al.?! also observed secondary
phases in the mechanically alloyed NbFeSb in this same
region. Figure 1b also shows the Miller indices of the cubic
HH NbFeSb phase.

The NbFeSb peaks in the experimental XRD pattern shown
in Figure 1b are broadened, indicating that the cristallites
sizes are very small. The mean size of the crystallites can
be estimated from the refined XRD pattern taking into
account the line broadening caused by both crystallite size
and lattice microstrain through Equation 5. Figure 2 shows
the graphical linearization of Equation 5, i.e., the plot
acos @ versus 4sin@. In this figure, it is observed that the
total integral breadth (B) of the NbFeSb diffraction peaks
increase monotonically with the angle 60, indicating that
the sample exhibits homogeneous distribution of crystallite
size and microstrain. Thus, it is possible to make a linear
adjustment to Equation 5 (Williamson-Hall) and obtain the
lattice microstrain value from the slope , € = 0.083%, and
the mean crystallite size from the intercept with the axis,
D =9.54(2) nm.

Figure 3a shows the DSC curve of the 25h milled sample.
The curve displays an enlarged exothermic peak with two main
shoulders - one at around 540 K and another at around 630 K.
Exothermic behavior in DSC measurements is associated
with the release of tensions in the lattice, crystallization of
amorphous phases, oxidation. The sample recovered after the
DSC measurement was analyzed by XRD (Figure 3b) and
it presented diffraction peaks of the Fe,O, (ICSD#33643),
FeNbO, (ICSD#47187), NbO, (ICSD#75198) and Sb
(ICSD#53795). The Fe,O, phase was already present in the
sample, as shown in Figure 1b. The FeNbO, and NbO, oxides
may be also present in form of nanoclusters, undetectable
by XRD diffraction. So, the exothermic behavior in DSC
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Figure 1. a) XRD patterns of NbFeSb synthesis for different milling times. (b) XRD pattern of the NbFeSb and the Rietveld refinement.

The Miller indices of NbFeSb phase are indicated.
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measurement (Figure 3a) may be associated with the growth
of the oxides at expense of NbFeSb phase and the release
of tensions in the lattice of these oxides.

In order to check the thermal stability of the NbFeSb
alloy, we have performed in situ high temperature XRD
measurements with temperature varying from 300K up to
420 K. The results are depicted in Figure 3¢ and no structural
changes are observed. Therefore, we can conclude that the
NbFeSb alloy produced by MA is stable up to 420 K, as
shown in Figure 3¢c. However, the XDR measurement of the
sample that was heated and cooled after DSC measurement
(Figure 3b), shows that the NbFeSb phase no longer exists,

T T T T T
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Figure 2. Linear adjustment of  to Equation 5 (Williamson-Hall).
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and the phases present in the sample are Fe,O,, NbFeO,, Sb
and NbO,. Thus, we conclude that the NbFeSb alloy produced
by MA gets completely decomposed between 420 K and
800 K. Thereby, in order to verify the thermal stability, it is
important always to perform thermal analysis on NbFeSb alloys
produced by MA. This is a very important observation, since
other studies about this compound obtained by MA®?! do not
perform thermal analysis in the mechanically alloyed sample.

3.2. Complex impedance spectroscopy (CIS)

Figure 4a presents the impedance spectrum of the 25h
sample, obtained at room temperature. The feature of the
curve between 1 Hz and 1 KHz, as displayed by the sample,
suggests a circuit in which a resistor with resistance R is
connected directly to the battery**. In this case, the complex

impedance will be z" =Re[z*} so that Re[z*}:R and
[m[Z*}:O. The impedance spectrum characterizes the

sample to have a purely resistive behavior with approximately
constant resistance of 3.3 Q. No significant variation of the
resistance is observed in the frequency range of 1Hz— IMHz.

The imaginary impedance has an increasing variation
for frequencies greater than 1 kHz. Physically this increase
can be caused by the charge accumulation at the limits of
the grain boundaries. The sample has nanometric crystallites
sizes, as show in Section 3.1 (D =9.54(2) nm) and, therefore,
it possesses a large amount of grain boundaries where the
charges accumulate, generating greater lag between the
voltage and electric current®.

Figure 4b displays the electrical resistivity (o) plotted
as a function of temperature (T) for the 25h milled sample.
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Figure 3. a) DSC curve of the 25h milled sample. (b) XRD measurement of the sample recovered after the DSC measurement. (c) In situ

high temperature XRD measurements of the 25h milled sample.
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Figure 5. a) UV-Vis absorbance spectrum of the 25h milled sample and b) the corresponding Tauc plot (Equation 6) for the bandgap

calculation.

The decrease of resistivity with the increase in temperature clearly
indicates a semiconducting behavior. The resistivity at room-
temperature (300 K) is approximately 1.05 Q.mm. This value
is consistent with the literature, i.e., Mohamed et al.® reported
1.2 Q.mm at 323 K in a mechanically alloyed followed by spark
plasma sintering sample; Young et al.'? obtained 1.4 Q.mm
at 300 K in a NbFeSb alloy produced by arc-melting and
annealing at 750 °C for 1 week; Tavassoli et al.? reported a
value around 1.0 Q.mm at 300 K for NbFeSb synthesized
by conventional arc-melting and annealing.

3.3. UV-Vis

Figure Sa shows the UV—Vis absorbance spectra of the
25h milled sample recorded in the wavelength region of
200-1000 nm.

Wood and Tauc? proposed a method for determining the
band gap using optical absorbance data plotted appropriately
with respect to energy. The optical absorption depends on
the difference between the photon energy and the band gap
as follows®:

(ahv)l/n = C(hv - Egap)

(6)

where, a is the absorption coefficient, 4 is the Planck
constant, v is the frequency, E, is the band gap and Cis a

proportionality constant. The values of n for direct allowed,
indirect allowed, direct forbidden, and indirect forbidden
transitions are 1/2, 2, 3/2, and 3, respectively. As our DFT
calculation (see section 3.4) predicts an indirect allowed
transition, we thereby consider n=2 in the above equation.

Figure 5b shows the (ozhv)l/2 versus hv plot. Thus, the band
gap energy (E£g) obtained from the x-intercept of the line
fitting the (ozhv)l/2 —hv plot, as indicated in Figure 5b, is
0.37(3) eV. An experimental value of 0.4 eV was obtained
earlier by Hobbis et al.” for the NbFeSb sample prepared
by induction melting of the elements.

In light of the experimental values of band gap and
electrical resistivity obtained in this work, which are in good
agreement with published values for bulk samples, we believe
that the presence of secondary phases and the nanostructured
features (multiple grain boundaries, nanometric crystallites
size, defects) of our sample do not degrade the electrical and
optical properties of the compound.

3.4. DFT calculations

There are several theoretical calculations on the electronic
structure of NbFeSb compounds employing techniques
based on DFT33615163740 Most of the calculated values of
bandgap fall within the range of 0.51 — 0.54 ¢V?3356.1537.3840
Figure 6 illustrates the band structures, total density of states



6 Dias et al.

PDOS (&

4 AN

NbFeSb-25h DOS (&) PDOS (&)

B

Energy (eV)

60 30

or X M T R

X T0 30 600 30 60

Figure 6. Calculated band structures, total density of states (DOS)
and partial density of states (PDOS) for NbFeSb phase. The broad
pink horizontal line represents the band gap.

40
30 | Nb d
20 q
0T /'/\A/\N\A ]
40
— S
i% 30 Fe p g
wn 20 | d J
o
o 10 F q
=0 e N : : : ot
40
30 b Sb 4
20 q
10 + q
0 o WM DIGRDY. VN Coac g
—6 -5 —4 -3 -2 -1 0 1 2 3 4
Energy(eV)

Figure 7. PDOS of the system illustrating the individual contribution
of different atomic orbitals. The value of the highest occupied level
of the valence band was taken as reference energy. The broad pink
vertical line represents the gap region.

(DOS) and partial density of states (PDOS) for NbFeSb phase,
obtained from our DFT calculations. The band structure shows
that NbFeSb is semiconductor with an indirect bandgap of
0.52 eV between the high symmetry I" and R points of the
Brillouin zone. So, the present calculated bandgap is in
excellent agreement with previous theoretical predictions, but
slightly differs from that obtained experimentally (0.37 eV).
Other HH compounds also present significant differences
between experimental band gap values and band gap values
calculated via DFT*#*. Depending on the synthesis method
used to obtain the compound, the difference between the
measured value of the gap and that obtained by simulation
may increase.

Figure 7 presents the PDOS of the system illustrating
the individual contribution of different atomic orbitals.
As can be seen, the electrons of the d-orbitals dominate
electronic transport process in NbFeSb. The valence band is
predominantly contributed by Fe d-orbitals, while conduction
band gets major contribution from Nb d-orbitals. Effective
contribution of the Sb orbitals to DOS is negligible compared
to Fe and Nb.
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4. Conclusion

In this work, we have synthesized a nanostructured HH
NbFeSb alloy directly by the simple and low cost process of
mechanical alloying without any other type of processing.
The structural parameters of NbFeSb alloy have been
obtained from Rietveld refinement of the x-ray diffractogram.
The average crystallite size of 9.54(2) nm and microstrain
of 0.083% have been acquired from linear adjustment to
Williamson-Hall equation. The DSC measurements have
shown a wide exothermic curve with two main shoulders
centered around 540 and 630 K. In situ high temperature
XRD measurements in the range of 300 — 420 K have shown
no changes in crystalline structure. These results indicate
that the NbFeSb alloy produced by MA was stable only up
t0 420 K. As NbFeSb is a promising thermoelectric material
for mid-to-high temperature applications (700 K — 1000 K),
further investigation on thermal stability of NbFeSb produced
only by MA is needed prior high temperature applications.

The CIS measurements have indicated that the sample
has purely resistive behavior with an approximately constant
resistance of 3.3 Q. The behavior of the resistivity-temperature
curve is similar to that of a semiconductor and the electrical
resistivity at ambient temperature is about 1.05 Qmm, which
is in good agreement with others experimental results.

The band gap of 0.37(3) eV, obtained from UV-Vis
absorbance spectra by a Tauc plot, is in fair agreement with
other experimental results and DFT calculations.

As the electrical resistivity and band gap values obtained
by us are in good agreement with those reported in literature for
bulk NbFeSb, we may expect that the presence of secondary
phases, structural defects and nanometric crystallites sizes
of nanostructured NbFeSb produced by MA are able to
decrease the thermal conductivity without degradation of
electrical and optical properties of the compound, which is
relevant for thermoelectric applications.
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