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Doping of TiNiSn with abundant Cu is highly beneficial for its
thermoelectric performance. In situ neutron powder diffraction
reveals that the half-Heusler formation reaction is complete within
3—-4 h. Using these insights we optimise the synthesis of Cu doped
TiNiSn from powder precursors, minimising decomposition, and
achieve a high zT = 0.9 at 723 K.

The use of thermoelectricity, where a temperature gradient can
generate electricity, for power generation has gained increased
interest as demand for renewable energy rises. Despite this
potential global application, the actual implementation of
thermoelectricity has been limited by high costs and poor
understanding on how to upscale lab-based synthesis routes
to industrial capacities.™”

The performance of any individual thermoelectric (TE)
material is quantified by a figure of merit zT = (S*/px)T. Here,
S is the Seebeck coefficient, p is the electrical resistivity, and « is
the sum of the lattice (k) and electronic (k) thermal con-
ductivity, with T the absolute temperature.’

For mid to high temperature applications (473-873 K), one
of the most exciting TE materials currently investigated are the
intermetallic half-Heusler (HH) alloys.» Of these, the XNiSn
(X = Ti, Zr, Hf) system is the premier n-type material. To achieve
high 2T values, the inclusion of Hf (to reduce ;) and Sb (for
carrier doping) has been widely employed.® However, the
scarcity and price of these elements is suboptimal for large
scale application. Currently, TiNiSn-based materials, which
contain only abundant elements and thus are the most desir-
able n-type compositions, are of rapidly increasing interest for
more large scale application.*
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Recently, an alternative to alloying with Zr/Hf and doping
with Sb has emerged.”"" This uses abundant Cu, which occu-
pies the normally empty interstitial 4d site. Introduction of
0.03 Cu is sufficient to achieve, zT' = 0.9 at 773 K in TiNiSn
prepared by arc melting, hot pressing and annealing."* The Cu
serves a dual role, improving the electronic properties, by a
combined doping and a band engineering effect, and by redu-
cing k1, through strong phonon scattering.™* Introduction of Cu
also improves sample homogenisation, greatly aiding the mix-
ing of Ti, Zr and Hf and improving grain growth, in samples
prepared using a powder-based synthesis route.®

In this work, we aim to establish if (1) the presence of Cu
leads to faster phase formation of TiNiSn when prepared from
elemental powders and (2) if high quality TE samples can be
obtained using a powder-based synthesis route, avoiding melt-
based processing, but without extensive annealing.

To gain insight into the impact of Cu, the formation of a
TiNiCu,,Sn sample was studied by in situ neutron powder diffrac-
tion (NPD). This composition has more Cu than desirable for good
TE performance but enables its location by diffraction. To under-
stand if long duration annealing is essential, beneficial or even
detrimental, optimally doped TiNiCu, 3Sn was annealed for 24 h
and 168 h, followed by characterisation of the structure, micro-
structure and TE properties.

In situ monitoring of the formation of undoped TiNiSn has been
recently reported, with two major melting events found to be
crucial for phase formation." First at ~230 °C the melting of Sn
leads to its reaction with Ni, forming NizSn, and NizSn, up to
750 °C. Second, the melting of Ni;Sn, at 750-800 °C leads to the
sudden formation of full-Heusler (FH) TiNi,Sn (major) and HH
TiNiSn (minor), alongside small amounts of Ti-Ni binaries. During
annealing (> 800 °C, 900 °C was used) TiNiSn gradually becomes
the major phase. Notably, only ~7 h annealing was needed to
complete the reaction in this in situ study, compared to the
common weeklong timescales often used in laboratory synthesis.

The same heating regime as the published study was used
for TiNiCuo;Sn (3 °C min~' to 900 °C, holding at that
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Fig. 1 Phase evolution during synthesis of a TiNiCug1Sn sample from mixtures of elemental powders. Panel (a) shows a close-up of the NPD data
(10 < 20 < 55°) collected on heating (3 °C min~Y) to 900 °C, with key phases indicated (FH = full-Heusler TiNi,Sn, HH = TiNiSn). The black datasets are

where no reaction has yet occurred, the red datasets are after the melting of

Sn and the blue datasets cover the onset of HH formation. Panel (b) shows

the phase evolution during ramping to 900 °C extracted from Rietveld refinement and panel (c) shows the rapid conversion to the HH phase during

heating at 900 °C.

temperature). The collected NPD data and phase evolution
from Rietveld analysis are shown in Fig. 1. Rietveld fits for all
key stages of the reaction and extracted crystallographic infor-
mation are shown in Fig. S1, S2 and Tables S1, S2 in the ESL.{
Both visual inspection and fitting of the data confirm a very
similar phase evolution to that found for TiNiSn. Elemental Sn
is completely lost from the NPD patterns at ~230 °C alongside
NizSn, formation, whilst elemental Ti remains present. The
remaining Ni reacts slowly up to ~795 °C, as evidenced by the
increasing Ni content in Ni;Sn, and by the formation of NizSns,.
Above 800 °C, the Ni-Sn binaries disappear from the diffraction
patterns and TiNi,Sn, TiNiSn and Ti-Ni phases appear.

The Cu dopant behaves unexpectedly during this process. In the
first instance elemental Cu disappears when Sn melts, suggesting it
gets incorporated into the Niz;Sn, phase, as no crystalline Cu-Sn
phases are observed. Another possible explanation is that Cu is
incorporated in a low melting point phase. However, at this point
in the reaction, there does not appear to be a large molten
component, with all Sn in the reaction mixture accounted for by
the crystalline phases (Fig. S3, ESIT). Furthermore, elemental Cu
reappears after melting of the Ni-Sn phases, suggesting it was
incorporated in Ni;Sn,. Upon the reappearance of Cu, when
TiNi,Sn, TiNiSn and Ti-Ni form, Cu is also found in the HH phase,
occupying the 4d site with an initial 0.03(1) occupancy.

As observed for TiNiSn without Cu, annealing at 900 °C is
required to drive the reaction to completion. This involves the

7118 | Chem. Commun., 2025, 61, 7117-7120

Ti-Ni binaries fully reacting out, reducing the amount of FH
phase. No significant change in phase distribution is observed
after 3-4 h, which is two times faster than for TiNiSn. This
suggests the presence of a mineralising effect, linked to the
presence of Cu, where reaction rates are increased by partial
dissolution of reactants in molten phases. This can occur at
interfaces and does not require large amounts of molten
phases. During the 900 °C stage, part of the Cu is incorporated
in the HH structure, with a final fitted 4d-site occupancy of
0.05(1) and part remains present as elemental Cu.

The NPD results demonstrate that high quality TiNiSn
samples can be prepared in 8-9 h, including ramping up the
furnace. However, most literature protocols use arc melting and
employ much longer annealing times.® Reducing furnace heat-
ing will enable substantial energy savings. Our results suggest
that HH alloys can be made in a more energy efficient manner,
without reverting to specialised routes such as microwave and
self-propagating combustion synthesis."*"**

To explore possible faster synthesis, we prepared TiNi-
Cug 03Sn samples using a powder route mimicking the NPD
experiment. An initial 5-gram batch was produced by heating
cold-pressed disks of mixed powders for 24 h at 900 °C. Half of
this sample was then annealed for another more typical 168 h
period. The two samples were ball milled and hot pressed into
dense disks for structural and TE characterisation. Full details
of the sample processing are given in the ESL¥

This journal is © The Royal Society of Chemistry 2025
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Inspection of the XRD data showed good overall sample
purity, for both samples, both before and after hot pressing
(Fig. S4, ESIT). The results of Rietveld fits are summarised in
Table S3 (ESIT). The 24 h sample has a small Sn impurity and
shows a small increase in lattice parameter after hot pressing,
consistent with a higher 4d site occupation. A similar increase
in lattice parameter is seen in the 168 h sample. The fitted 4d
site occupancies of these samples are 0.039(8) for the 24 h
sample and 0.065(6) for the 168 h sample. This exceeds the
nominal Cu content and signals the incorporation of Ni, as
found in earlier work.” The presence of excess Ni in the HH
structure is supported by the observation of NizSn, (~3 wt%)
and Ni;Sn, (~2 wt%) impurities in the 168 h sample (Fig. S4,
ESIT). As reported by Galazka et al, these phases are the
byproducts of the formation of Ti oxides.'® Oxidation of Ti
would leave an excess of Ni and Sn in the sample, and some
part of this excess Ni is incorporated on the 4d site. The density
of the samples reduces from 99(1)% of theoretical for the 24 h
sample to 95(1)% for the 168 h sample, which could be a
consequence of HH grain fusion being compromised by surface
oxides.

A comparison of the TE properties of the annealed samples
is shown in Fig. 2. The 24 h sample has larger S values over the
whole T range, indicative of a slightly lower doping level. Above
500 K, the 168 h sample shows a reduction in $(7). This is
absent in the 24 h sample and indicates the onset of minority
carrier conduction, which could be caused by carrier injection
from the Ni-Sn impurities or by a reduced bandgap. A reduced
bandgap due to in-gap states is a known consequence of the
presence of Ni interstitials.*® Using the Goldsmid-Sharp equa-
tion, Ey = 2€SmaxTmax yields bandgap values of 0.28(1) eV and
0.22(1) eV for the 24 h and 168 h samples, consistent with the
higher levels of interstitial metals in the 168 h sample
from XRD.

The x(7T) is near identical for both samples, with 323 K
values of 4.7 Wm ™' K ', decreasing to 2.8 Wm ' K ' at 793 K.
These low values are consistent with the strong impact of
interstitial metals, which have a comparable disorder effect to
using heavy Hf.”® The total x is substantially larger than x; with
values of 5.5 W m ™" K" at 323 K, decreasing to 4.2-45Wm 'K '
at 793 K, which is due to the large k. of these materials
(Fig. S5, ESIY).

The largest difference between the samples is observed in
o(7T) (Fig. 2b). The 24 h sample has 25% lower p(T) values across
the whole T range. This occurs despite a lower doping level,
indicating that the electron mobility in the 24 h sample is much
higher. Together with the larger S(7), this explains the higher
peak power factor, PF = §%/p = 5.5 mW m~ ' K %, compared to
PF = 3.5 mW m~ " K for the 168 h sample (Fig. 2c). The PF for
the 24 h sample is amongst the highest values reported in the
literature.®"”

The large PF and low «y, for the 24 h sample support a high
peak zT'= 0.9 at 723 K. This performance is competitive with the
best reported XNiSn materials prepared by melting routes
(Fig. S6, ESI),° and matches our own results on arc-melted
TiNiCuy.03Sn."" This demonstrates that high performance can

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Temperature dependent thermoelectric properties for the 24 h
and 168 h annealed TiNiCug 03Sn samples. Panel (a) shows the Seebeck
coefficient S, (b) the electrical resistivity p, (c) the power factor $%/p, (d) the
total thermal conductivity «, (e) the lattice thermal conductivity x|, and (f)
the figure of merit zT. Lines are guides to the eye.

be achieved using a powder-based route. It also confirms that
alloying with Zr/Hf may not be essential for applications. The
168 h sample with its compromised PF only reaches z7 = 0.6,
which is identical to the values we obtained in earlier work that
also used long annealing.” The stability of the samples
under measurement conditions was confirmed using XRD
(Fig. S7, ESIY).

The weighted mobility p,,'® allows the electronic perfor-
mance of materials to be compared, independent of doping
level. The calculated g, is shown in Fig. S5 (ESIT), with 20-25%
lower values over the whole T range for the 168 h annealed
sample. The degraded performance is largely due to the
increased p(T) of the 168 h sample.

A substantially different p(T) for compositionally similar
samples is likely to be caused by extrinsic effects, including
higher porosity and grain boundary (GB) resistances. Atom
probe tomography has revealed the presence of mixed
Ti-O/Cu/C GB complexions in TiNiCug ¢sSn samples prepared
from powders and using long annealing.'®?° However, the
impact of these GB phases on the TE properties is unclear.
The degrading impact of insulating GB phases has been
investigated in other HH materials, particularly NbFeSb,
although here the cause is the depletion of Ti but not oxide
formation.”

To probe the microstructure and oxide formation, scanning
electron microscopy, electron backscattered diffraction (EBSD)

8
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Fig. 3 - Microscopy analysis of TiNiCug 03zSn. EBSD maps for (a) the 24 h
and (b) the 168 h annealed samples; (c) shows the average grain size
distribution from the EBSD maps; BSE images of the (d) 24 h and (e) 168 h
annealed samples, where greyscale contrast is used to highlight the grains.

and energy dispersive X-ray spectroscopy (EDX) analysis was
undertaken (Fig. 3). The 24 h sample has no visible porosity, in
agreement with its full density. By contrast, the 168 h sample
has microscale pores throughout the 40 x 60 um? cross section,
suggesting poor grain fusion. Furthermore, the 168 h sample
has much smaller grain sizes (Fig. 3c). The grain size distribu-
tion has a stronger weighting towards grain sizes below 3 pm,
with no grains in excess of 10 um. The EDX maps in Fig. S8
(ESIt) confirm the homogeneity of the HH grains. However,
Ti-O complexions are found at GBs in both samples, regardless
of annealing time. The key difference is that after 24 h anneal-
ing, the oxidation is more localised, maintaining a larger
average grain size and not preventing densification. By con-
trast, after 168 h annealing, the oxidation is more widespread,
due to the increased time at reactive temperatures.” This leads
to more extensive Ti-O GB complexions, smaller grain sizes and
increased GB density and compromised densification, all con-
tributing towards the high p(7).

To conclude, the main mechanistic insight is that Cu acts as a
mineralizer during the annealing stage to afford faster HH phase
formation, with Cu also being incorporated on the interstitial 4d
position in the HH phase. Cu does not impact strongly on the
initial sequence of phase formation, which is similar to that
observed for TiNiSn without Cu. Long annealing leads to increasing
Ti-O complexion phases at grain boundaries, reducing the average
grain size and compromising sample densification, and resulting
in increased sample resistances. Minimising oxidation is key for
performance with a current highest 27" = 0.9 at 723 K for TiNi-
Cug 03Sn annealed for 24 h.
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