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Short communication
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A B S T R A C T

Thermochemical Water-Splitting (TCWS) is a promising approach for generating clean hydrogen (H2) by 
employing the waste heat originating from different sources. High-temperature requirements and temperature 
swing approach hinder the widespread adoption of TCWS for clean hydrogen production. This study explores 
ceria nanorods (CeNRs) as a potential solution for overcoming these limitations. Herein, we report, the TCWS in a 
fixed bed reactor using CeNRs at low and constant temperature of 400 ◦C. We systematically explore the in
fluence of synthesis parameters on the resulting CeNRs, including the selection of ceria precursor, effect of 
calcination, and their impact in TCWS. It was found that CeNRs prepared using cerium chloride as the precursor 
exhibited enhanced TCWS activity, resulting significantly higher total H2 yield 4.74 mL/g, at a constant tem
perature of 400 ◦C in three redox cycles. Moreover, X-ray Photoelectron Spectroscopy (XPS) analysis confirms the 
presence of both Ce3+ and Ce4+ states within the structure, with Ce3+ constituting approximately 30 % and Ce4+

accounting for approximately 70 % of the total cerium content. Additionally, Raman spectroscopy corroborates 
the presence of a higher concentration of oxygen vacancy which are beneficial for increasing the hydrogen 
production. We demonstrate that ceria in its nanorod structure having exposed higher proportions of (110) and 
(100) planes and higher concentration of oxygen vacancies is beneficial for lowering TCWS temperature as well 
as increasing the hydrogen yield.

1. Introduction

Driven by escalating climate change concerns and the depletion of 
finite fossil fuel reserves, the demand for clean and sustainable energy 
alternatives is rapidly increasing. Hydrogen, a renewable and carbon- 
free energy carrier, has emerged as a frontrunner in this pursuit due to 
its versatility and environmental benefits [1]. Projections indicate that 
the demand for clean hydrogen from low-carbon sources could reach 
519.1 million metric tonnes annually by 2070, [2–4] a significant in
crease from 71 million tonnes in 2019. Unlike the previous focus on 
hydrogen for fuel cells in transport, current discussions encompass a 
broad range of possibilities for hydrogen use, gaining political support 
globally. Hydrogen is now a key element in mainstream energy con
versations, with countries and companies recognizing its potential as a 
valuable component of the future energy system [1–6].

Although hydrogen is often proposed as a sustainable alternative, 
this largely depends on the method with which the hydrogen is pro
duced, depending on its source [6]. Among the available green tech
nologies for hydrogen production, water splitting is considered one of 
the most environmentally friendly methods for replacing fossil fuels 
[6,7]. Over the past few decades, numerous efforts have been devoted to 
develop more efficient and sustainable methods for hydrogen produc
tion through water splitting reactions including electrolysis, photolysis, 
and combined photoelectrochemical water splitting [8]. Despite the 
advancements in renewable hydrogen production methods, a vast ma
jority (95 %) of hydrogen still comes from non-renewable sources, and 
water splitting only contributes to 3.9 % of the total hydrogen produc
tion [8]. To meet the rising demand for green hydrogen, it is essential to 
explore all possible pathways for hydrogen generation from water using 
renewable energy sources, ensuring a sustainable and efficient future 

* Corresponding author.
E-mail address: a.b.bansode@tudelft.nl (A. Bansode). 

1 Equal contribution

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

https://doi.org/10.1016/j.fuel.2025.135251
Received 11 December 2024; Received in revised form 15 March 2025; Accepted 29 March 2025  

Fuel 397 (2025) 135251 

0016-2361/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:a.b.bansode@tudelft.nl
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2025.135251
https://doi.org/10.1016/j.fuel.2025.135251
http://creativecommons.org/licenses/by/4.0/


[9]. TCWS is an attractive way of using thermal energy for hydrogen 
generation, either from solar radiation or renewable electricity in 
remote locations [9]. It offers the potential for high efficiency and 
scalability as it can be integrated with existing thermal processes for the 
utilisation of waste heat to provide a steady and reliable hydrogen 
supply [10]. A key challenge that has slowed its commercialisation and 
widespread adoption is the high temperature requirement that imposes 
a high cost on this technology. Conventional TCWS systems employing 
redox materials, mainly using Ceria (CeO2) by virtue of its high oxygen 
storage capacity and redox activity, require high reduction temperatures 
(>1200 ◦C) and proceed via a two-step temperature swing mechanism 
[9–12]. According to literature reports, (Supporting information, Table 
S1) high temperatures exceeding in the range of 900 ◦C to 1500 ◦C are 
required for water splitting, which proceeds through a two-step tem
perature swing mechanism. This mechanism typically involves the 
thermal reduction of a metal oxide at high temperature, followed by 
reoxidation with water at a lower temperature to produce hydrogen. 
This poses another challenge of thermal stress on the redox material and 
loss of process efficiency from the irreversible heat losses due to the 
cooling and reheating during multiple redox cycles [13–20].

Cerium dioxide is a notable material in catalysis due to its redox 
behaviour (Ce3+/Ce4+). Studies suggest that the shape of ceria nano
structures plays a significant role in their catalytic behaviour, with rod- 
shaped morphologies offering advantages over other shapes [21–40]. 
Ceria possesses a unique crystal structure (fluorite lattice) that allows for 
non-stoichiometry, leading to the formation of oxygen vacancies within 
its structure. This inherent defect chemistry, often attributed to the 
larger ionic radius of Ce3+ compared to Ce4+, contributes to ceria’s 
exceptional redox properties. Interestingly, CeNRs structure exhibit a 
higher concentration of oxygen vacancies (Ce3+/Ce4+ ratio) compared 
to other nanostructures due to their preferential exposure of reactive 
crystal planes {110} and {100}. CeNPs stands for ceria nanoparticles, 
which are nano-sized spherical particles of CeO2. Typical CeNPs, on the 
other hand, are dominated by less reactive {111} planes [11]. Unlike 
nanoparticles with polyhedral structures exposing eight {111} or a 
combination of eight {111} and six {100} planes, rod-shaped nano
structures preferentially expose four {110} and two {100} planes 
[10–16]. This characteristic enhances oxygen exchange capability, a 
crucial factor for catalytic reactions like CO oxidation, oxidative/non- 
oxidative coupling and other organic reactions and more importantly 
a key factor in thermal water splitting reaction that is based on redox 
cycles [11–22]. Having higher oxygen storage capacity is beneficial for 
TCWS to enhance the hydrogen yield [40–56]. CeNRs allow oxygen 
species on both the surface and in the bulk to participate in the redox 
cycle, resulting in a higher oxygen storage capacity (Ce3+/Ce4+). The 
oxygen storage capacity (related to exposed crystal planes) of ceria 
follows the order of: nanocubes > nanorods > nanopolyhedra, indi
cating that low-indexed planes exhibit higher oxygen storage capacity 
[23]. CeO2-MOx solid solutions exhibited higher H2 production than 
pure ceria at reduction temperatures above 1400 ◦C. CeO2-NiO pro
duced the most H2 (1.446 ml/g) at 1400 ◦C, while CeO2-MnO reached 
3.773 ml/g at 1500 ◦C. Among them, CeO2-Fe2O3 was the most stable 
over multiple cycles, maintaining consistent O2 release (1.33 ml/g at 
1400 ◦C) and H2 production (2.26 ml/g at 1000 ◦C). Kaneko et al. 
studied H2O splitting using ceria in a rotary solar reactor, with a 
maximum reduction temperature of 1350 ◦C. At this temperature, ceria 
released negligible O2, and its re-oxidation at 1000 ◦C produced 0.68 
ml/g of H2, lower than the 0.76 ml/g obtained at 1500 ◦C [56–61].

Driven by the enhanced redox properties of CeNRs and their poten
tial for a higher concentration of oxygen vacancies [24–35], we report 
the application of CeNR structures in TCWS to reduce the overall reac
tion temperature. This research effort paves the way for developing 
CeNRs as efficient and robust redox material for low-temperature TCWS- 
based hydrogen generation.

2. Result and discussion

The CeNRs were synthesized by using two different ceria precursors. 
(Detailed procedure explained in supporting information page no S2). 
The type of ceria precursor also has an influence on morphology of 
CeNRs [22]. Typically, the formation of nanorods proceeds via the re
action of ceria precursor with hydroxides (HO–) in a basic solution 
(NaOH) to form Ce(OH)3 (cerium hydroxide, Ce3+). The formation of Ce 
(OH)3 involves an additional nucleation step, which is crucial for 
controlled anisotropic crystal growth. Importantly, the counter ions in 
the solution (such as Cl- and NO3

–) are vital for the controlled growth of 
Ce(OH) 3. Wu et al. examined the effect of anions like Cl-, Br-, and I- on 
the formation nanorods [29]. It was mentioned that during nucleation 
and crystal growth, halides partially adsorb on the surface of Ce(OH) 3, 
stabilizing it and promoting the formation of CeNRs with some Ce3+. 
Further Liu et al. also explained the role of Cl- for the protection or 
stabilization of nanorods during the synthesis, whereas NO3

– may form 
nanorods although with the time nanorods gets oxidized into nanotubes 
[25,26]. However, these findings may not be generalized for all syn
thesis methods.

As mentioned above, nucleation growth from a base and Ce3+ salts 
forms Ce(OH)3 nuclei, which undergo a dissolution and recrystallization 
process at constant temperature. These Ce(OH)3 nuclei get converted 
into CeNRs by the Ostwald ripening mechanism. Ji et al. investigated the 
detailed mechanism of nanorod growth by HRTEM analysis [28]. Ori
ented attachment and Ostwald ripening were reported as the main 
growth mechanisms of CeNRs and nanocubes via wet chemical routes. 
The formation of {111} plane exposed nanorods happens via the 
attachment of {200} planes of small nuclei while exposing {111} planes 
predominantly along the {211} plane [25–28]. In this work, we inves
tigated how ceria precursors influenced the morphology and surface 
defects (Ce3+/ Ce4+) in three types of ceria materials. Specifically, we 
used CeCl3 precursor for CeNR-1, CeNO3 for CeNR-2, and a calcined 
CeCl3 originated sample as CeNPs, also described in the synthesis pro
cedure. To study the morphology and physicochemical properties, we 
employed various techniques. Fig. S2 depicts the XRD patterns of Ce 
(OH)3 intermediate and Fig. S3 depicts the XRD patterns for the three 
synthesized samples. Notably, the original indexed {111}, {200}, {220}, 
{311}, {222}, {400}, {331} and {420} planes are the same as those of a 
pure fluorite cubic structure (space group Fm3m, JCPDS 01–075-0120) 
[28–33]. Furthermore, the morphology of all the materials are analysed 
by TEM. The morphology of the Ce(OH)3 intermediates is illustrated in 
Fig. S4 (A&B). This figure provides detailed visual information on the 
structural characteristics of the Ce(OH)3 intermediates. Upon aging, Ce 
(OH)3 can undergo changes leading to seed nanorods figure S4 (C), 
including the formation of an intermediate phase before potentially 
transforming into cerium oxide (CeO2). The TEM images in Fig. 1 for all 
three analyzed materials show more and darker pits on CeNR-1 
compared to CeNR-2, suggesting the surfaces formed denser and 
rougher with more (Ce3+/ Ce4+) species. This is consistent with the 
observations by Liu and coworkers, who found that a higher concen
tration of defects (Ce3+/ Ce4+) and stronger nanorods observed when 
CeCl3 was used as a precursor [26]. Moreover, it can also be observed 
that chloride precursors protect and help to reconstruct CeNRs more 
effectively compared to nitro precursors. The CeNR-1 derived from 
chloride precursor’s exhibits greater strength, while those from nitro 
precursors do not demonstrate similar robustness which is visible from 
the finer nanorods in CeNR-2. The red circle shown in Fig. 1 is likely due 
to the unreacted cerium hydroxides in CeNR-2. Whereas, CeNPs shows a 
complete transformation of the nanorod morphology into nanoparticles 
upon calcination. The obtained BET surface area is shown in table S2 
and confirms that in the uncalcined state, the chloride based precursor 
CeNR-1 yields high surface area than both CeNR-2 and CeNPs. The 
CeNR-1 sample exhibits abundant oxygen vacancies due to an increased 
number of surface Ce3+ species [34].

Fig. 2(A) shows the temperature-programmed reduction (TPR) 
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profiles for all three materials, revealing two reduction peaks. As it can 
be seen the low temperature reduction peaks, corresponding to the 
surface oxygen of CeNR-1, CeNR-2 and CeNPs, lie in the range of 400 ◦C 
to 600 ◦C. In contrast, the reduction peaks for bulk occur at much higher 
temperatures, from 700 ◦C to 900 ◦C. From Fig. 2(A), it is evident that 
after calcination (CeNPs), the reduction peaks shift to higher tempera
tures. Judging from the peak shift and area, it is evident that quanti
tively, for CeNR-1, more ceria is getting reduced in the low temperature 
peak compared to the second high temperature peak, indicating that the 
reducibility of this material is higher at lower temperatures. CeNR-2 
shows a comparable peak area between first and second peaks, 
whereas for the calcined CeNPs sample, the reduction trend is reversed, 
where less amount of ceria is reduced at lower temperatures.

The TPR data were used to set the maximum operating temperature 
of 700 ◦C for TCWS to realise the superior redox activity of nanorods 
over commercial CeO2 [30–45]. Fig. 2(B) shows the Raman spectra of 
the synthesized calcined and uncalcined ceria materials, revealing in
formation about their structural defects. All samples exhibit a strong 
band in the range of 460–468 cm− 1, corresponding to F2g mode vibra
tion of fluorite CeO2. The weak bands at 280–300 cm− 1 and 550–650 
cm− 1 are second-order transverse acoustic 2TA mode, the defect- 
induced mode (D), and the second-order longitudinal optical mode 
(2LO), respectively [24,34,45,46]. The size-dependent phenomenon in 
ceria based nanoparticles arises from inhomogeneous strain broadening. 
This means that variations in particle size cause uneven strain, and the 
restriction of atomic vibrations (phonons) within the nanoparticles 
further affects their properties. These two factors together explain the 
changes in characteristics with nanoparticle size [45,46]. Interestingly, 
the F2g peak position for CeNR-1 and CeNR-2 lies around 462 cm-1, with 
no significant difference observed. Whereas a blue shift was observed for 
calcined sample CeNPs likely due to the presence of nano cubes as 
confirmed by TEM analysis. Interestingly, the CeNR-1 peaks at 462 cm- 

1and 570 cm-1are slightly broader compared to CeNR-2 and CeNPs [32]. 
This broader peak shape might indicate the presence of overlapping 

peaks due to variations in the CeNR-1 structure/morphology or a higher 
concentration of surface imperfections and defects.

Fig. 2(C) compares the Ce3+ and Ce4+ oxidation states for the given 
three samples CeNR-1, CeNR-2, and CeNPs. It can be seen that the Ce3+

state is primarily observed overlapping with Ce4+ in the 881–883 eV and 
901–905 eV regions of all CeNRs. From this comparison, it is evident 
that CeNR-1 exhibits a higher proportion of Ce3+ compared to CeNR-2 
and CeNPs. The comparison of three ceria materials oxidation state 
Ce3+ by deconvolution of the XPS spectra is illustrated in Fig. S6. In Fig. 
S7, the composition of both cerium (Ce) and oxygen (O) in CeNR-1 is 
shown. Two multiplets were observed in the Ce 3d spectra, corre
sponding to the spin–orbit coupling of 3d5/2 and 3d3/2. Six distinct peaks 
were identified at 916 eV, 907 eV, 900 eV, 898 eV, 888 eV, and 888.2 eV, 
corresponding to the binding energies of Ce4+ 3d orbitals. Notably, 
although ceria is primarily composed of Ce4+, a small percentage of Ce3+

oxide was detected. This is evident from the presence of peaks at 903 eV 
and 884 eV, corresponding to the Ce 3d3/2 and Ce 3d5/2 components of 
Ce3+ respectively. The analysis reveals that CeO2 predominantly exists 
in the Ce4+ stable valence state with a minor fraction existing as Ce3+

(25 % Ce3+ and 75 % Ce4+) [46]. The presence of both Ce3+ and Ce4+

states suggests a dynamic interplay of redox reactions, contributing to 
the observed TCWS performance of CeNR-1. The O 1 s peak is at 529 ± 1 
eV corresponds to lattice oxygen in ceria, whereas the peak at 532 ± 1 
eV maybe attributed to O2 or CO2 species [18,19,40–42,21–23,35–39]. 
A comprehensive analysis utilizing H2-TPR, Raman spectroscopy, and X- 
ray Photoelectron Spectroscopy reveals that CeNR-1 exhibits a higher 
ratio of surface defects [32]. XPS and Raman studies provide important 
insights into why the calcination process is not favorable for ceria 
nanorods in water splitting applications. These studies show that calci
nation not only changes the nanorods’ morphology but also affects their 
crystallographic planes, particularly the (110) and (100) surfaces. Such 
changes can reduce the number of oxygen vacancies, as a result, the 
calcination process may diminish the overall activity of ceria nanorods 
in hydrogen production [32–35].

Fig. 1. TEM images of CeNR-1, CeNR-2, and CeNPs.

Fig. 2. (A) H2-TPR profile, (B) Raman analysis, (C) XPS analysis of CeNR-1, CeNR-2, and CeNPs.
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TEM analysis further confirms that CeNR-1 has more robust nano
rods, enhancing its stability. The redox cycle of ceria in TCWS involves 
thermal reduction at high temperatures, as reported by Roeb and Sattler 
[9]. However, subsequent water oxidation proceeds efficiently at much 
lower temperatures. This inherent difference necessitates a two-step 
process with a significant temperature swing for efficient operation 
[40–48]. The performance of prepared samples for TCWS was evaluated 
in a fixed bed continuous flow mode. A detailed description of the 
experimental setup Fig. S1 and operational conditions are provided in 
the supporting information on pages S2 and S3. The TCWS performance 
of the prepared samples was also compared with commercial CeNPs. For 
the commercial sample testing, conventional temperature swing 
approach was followed where the reduction temperature were varied 
between were 1000 ◦C, 1100 ◦C, and 1200 ◦C, while the oxidation 
temperature was kept constant at 900 ◦C (NTP conditions). This was due 
to the fact that commercial ceria is completely inactive at lower tem
peratures. This could also be seen from Fig. S9 that very low hydrogen 
yield was obtained when reduction was performed at 1000 ◦C, whereas 
it reached maximum of ~1.3 mL/g of the material at highest reduction 
temperature of 1200 ◦C. Cycling can limit the material lifetime, which 
can be costly, as noted by Muhich et al. This impact on the material 
durability can lead to increased operational expenses [10]. Bhosale et al. 
[48] and Chueh and Haile [50] reported a realistic reduction tempera
ture of 1500 ◦C and an oxidation temperature of 800 ◦C, achieving a 
hydrogen yield exceeding 4.6 mL/g.

The temperature for commercial ceria is three times higher than 
CeNRs operational temperature under isothermal conditions. The 
observed yield of hydrogen and the isothermal operation of the cycles 
are strikingly different when compared to previously reported TCWS 
cycles [26]. The hydrogen yield was calculated from water cycle phase 
as described in supporting information page S3-S4. Before starting the 
isothermal TCWS experiments at 400 ◦C, we conducted preliminary 
blank experiments to establish baseline conditions. In the first experi
ment, the reaction was performed without any ceria material at 400 ◦C 
for 90 min cycles, with a water flow rate of 0.01 mL/min and an argon 
flow rate of 17 mL/min. Under these conditions, no hydrogen produc
tion was observed. In the second experiment, the reaction was carried 
out in the presence of a (CeNR-1) but without water, maintaining an 
argon flow rate of 17 mL/min. In this case, a trace amount of hydrogen 
was detected (<0.2 mL/g), indicating minimal activity in the absence of 
water. These findings highlight the critical role of both the ceria material 
and water in achieving significant hydrogen production. CeNR-1 was 
chosen for the blank test because it exhibited the highest hydrogen 
production under optimized conditions. However, the blank test also 
confirmed that the uncalcined CeNR-1 showed minimal hydrogen 
production.

As mentioned above, since the CeNRs in this case were not calcined, 
surface hydroxides—likely in the form of Ce(OH)3—remain present. 
Upon heating, these hydroxides begin to decompose > 300 ◦C, leading to 
trace amount of hydrogen production. During initial the first 90 min of 
the reduction phase at 400 ◦C, all the surface hydroxides decompose, 
releasing hydrogen. This is followed by an oxidation phase using water/ 
argon 90 min, which yields a significant amount of hydrogen. The effect 
of temperature on hydrogen yield under isothermal conditions of 
oxidation and reduction cycles using CeNR-1 is summarized in Fig. 3(A). 
CeNR-1 exhibited a notable hydrogen production rate of 5.5 mL/g at 
isothermal temperature of 500 ◦C. It can be seen that the total hydrogen 
yield increases with increasing temperature however a sharp decrease is 
observed after 600 ◦C and 700 ◦C. At temperatures above 400 ◦C, nearly 
all the hydrogen was produced in the first cycle, suggesting that the 
nanorods underwent significant sintering after the first cycle, which 
affected performance in subsequent cycles. This suggests that while re
action kinetics might favour higher temperatures, the material un
dergoes sintering in starting 90 min of reduction, limiting its ability to 
produce hydrogen effectively in redox cycles. Owing to this observation 
and to prevent the material sintering we choose 400 ◦C as the operating 
temperature for all three samples as shown in Fig. 3 (B). The CeNR-1 
gives highest total hydrogen production (4.7 mL/g) whereas CeNR-2 
exhibited a significantly lower hydrogen production rate of 1.5 mL/g, 
attributed to less denser nanorods and possibly less surface defects 
(Ce3+/ Ce4+). Calcination of CeNR-1 (resulting in CeNPs) significantly 
reduced its surface defects (Ce3+/Ce4+) as confirmed by X-ray Photo
electron Spectroscopy (XPS), explaining its inability to produce 
hydrogen compared to the CeNR-1. This highlights the importance of 
surface defects for CeNRs functionality, as they act as active sites for 
water oxidation and hydrogen production. As can be seen, CeNR-1 ex
hibits a significantly higher hydrogen production in the three different 
cycles Fig. 3C. In first cycle CeNR-1 shows more hydrogen production, 
this initial boost in hydrogen yield is due to the presence of extra oxygen 
vacancies in the material, which were introduced during the synthesis 
process. This has been confirmed by Raman spectroscopy and XPS 
analysis. CeNR-2 exhibited lower hydrogen production compared to the 
CeNR-1. Despite the favourable reaction kinetics at 400 ◦C, it was found 
that the material suffered from sintering after the first cycle and de
creases its surface defects as it can be seen in TEM analysis in Fig. S5 as 
well as XPS of the spent sample in Fig. S8. The material obtained after 
the initial cycles may have undergone significant structural recon
struction as a result of temperature and water oxidation. This recon
struction likely altered the material properties, necessitating higher 
temperatures for subsequent cycles and various metal doping studies to 
achieve the desired performance and stability. We believe that this work 
forms a solid foundation for future directions, including doping CeNRs 

Fig. 3. (A)Total hydrogen yield in three redox cycles at different temperatures for CeNR-1 (H2O flow 0.01 mL/min, Reduction phase-Argon 90 min and oxidation 
Argon/H2O 90 min, amount of CeNR-1 is 0.2 g), (B) Total hydrogen yield in three redox cycles for different material at 400 ◦C (H2O flow 0.01 mL/min, Reduction 
phase-Argon 90 min and oxidation Argon/H2O 90 min, material amount is 0.2 g), (C) Per redox cycle hydrogen yield for at 400 ◦C for CeNR-1.
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with transition metals (e.g., Fe, Pt, Zr) to enhance stability, optimizing 
synthesis methods to reduce sintering, and refining reactor conditions to 
improve material stability.

3. Conclusion

In summary, it was observed that CeNRs with higher surface defects 
(Ce3+/Ce4+) have great potential as a redox material for Thermochem
ical Water Splitting (TCWS). CeNR-1, exhibiting a higher Ce3+ concen
tration, demonstrated superior hydrogen production (4.7 mL/g) at a 
significantly lower temperature (400 ◦C) than CeNR-2 and CeNPs. XPS 
and Raman spectroscopy confirmed the role of Ce3+ in enhancing TCWS 
performance. However, calcination at 500 ◦C altered CeNR-1′s 
morphology, increasing Ce4+ content and lowering hydrogen produc
tion. TEM analysis revealed sintering at 400 ◦C after the first redox cycle, 
highlighting the need for further studies on dopant modifications to 
improve stability and efficiency. These findings mark a significant step 
in lowering TCWS operation temperatures. We believe that these find
ings have potential impact in accelerating the research in the TCWS 
route.
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