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Unprecedented Multifunctionality in 1D Nb1-xTaxS3 
Transition Metal Trichalcogenide Alloy
Zahra Hemmat, Alireza Ahmadiparidari, Shuxi Wang, Khagesh Kumar, Michael Zepeda, 
Chengji Zhang, Naveen Dandu, Sina Rastegar, Leily Majidi, Ahmad Jaradat, 
Anh Ngo, Katsuyo Thornton, Larry A. Curtiss, Jordi Cabana,* Zhehao Huang,* 
and Amin Salehi-Khojin*

1D materials, such as nanofibers or nanoribbons are considered as the 
future ultimate limit of downscaling for modern electrical and electrochem-
ical devices. Here, for the first time, nanofibers of a solid solution transi-
tion metal trichalcogenide (TMTC), Nb1-xTaxS3, are successfully synthesized 
with outstanding electrical, thermal, and electrochemical characteristics 
rivaling the performance of the-state-of-the art materials for each applica-
tion. This material shows nearly unchanged sheet resistance (≈740 Ω sq−1) 
versus bending cycles tested up to 90 cycles, stable sheet resistance 
in ambient conditions tested up to 60 days, remarkably high electrical 
breakdown current density of ≈30 MA cm−2, strong evidence of succes-
sive charge density wave transitions, and outstanding thermal stability up 
to ≈800 K. Additionally, this material demonstrates excellent activity and 
selectivity for CO2 conversion to CO reaching ≈350 mA cm−2 at −0.8 V 
versus RHE with a turnover frequency number of 25. It also exhibits an 
excellent performance in a high-rate Li–air battery with the specific capacity 
of 3000 mAh g−1 at a current density of 0.3 mA cm−2. This study uncovers 
the multifunctionality in 1D TMTC alloys for a wide range of applications 
and opens a new direction for the design of the next generation low-dimen-
sional materials.
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1. Introduction

1D nanomaterials such as nanowires, 
nanofibers, nanobelt, and nanotubes have 
attracted comprehensive research interest 
over the past few years due to their remark­
able properties.[1–6] These characteristics 
include exotic electronic behaviors such 
as formation and propagation of charge 
density waves (CDW),[7,3,8–14] supercon­
ductivity (SC),[15–17] topological phases,[18] 
anisotropic electronic mobility[19] and 
mechanical properties,[20–22] anisotropic 
lattice vibration,[23] and polarized photo­
detection.[14,24–28] Among different 1D 
materials, transition-metal trichalcoge­
nides (TMTC) possess a unique lamellar 
structure made out of MX3 layers that are 
weakly coupled through van der Waals 
(vdW) interactions and can be downscaled 
by mechanical or liquid-phase exfolia­
tion.[14,26,28] These processes induce strong 
anisotropy in the structural symmetry of 
the TMTCs that could result in distinctive 
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properties along various crystalline orientations. These proper­
ties can be further tuned—or even new properties engineered—
by alloying different elements at either the transition metal or 
the chalcogen site, since the intrinsic properties of TMTCs are 
anticipated to depend delicately on interactions of the transition 
metal or chalcogen sites within the layers.

In comparison with recent advancements in the synthesis of 
2D crystals and their alloyed structures,[29–37] production of 1D 
nanomaterials with alloyed structures remains mainly unex­
plored. These structures can be synthesized by introducing het­
eroatom/second component into the TMTC fiber chains with 
an arbitrary composition ratio (x can be fine-tuned from 0 to 1) 
while the crystal structures can be kept in a single homogeneous 
phase. In this work, we report a successful synthesis, charac­
terization and outstanding multifunctionality of 1D Nb1-xTaxS3 
(x  ≈  0.5) fibers. The latter was studied through extensive elec­
trical characterizations of individual nanofibers and thin films 
(I–V curves and charge density wave), long term electrical sta­
bility upon exposure to air at ambient conditions, and high-tem­
perature structural integrity as well as electrochemical catalytic 
properties through two distinct applications, i.e., electrochemical 
CO2 reduction reaction (CO2RR) in an aqueous electrolyte and 
Li–air battery system in an aprotic electrolyte. To further high­
light how the alloying impacts the physical characteristic and 
performance in the above-mentioned categories, we compared 
the performance of this material with its end member unary 
metal structures of NbS3 and TaS3 and the state-of-the-art results 
in literature and discussed the nature of these improvements.

2. Results and Discussion

Layered Nb1-xTaxS3 nanofibers were synthesized in an evacuated 
ampule through chemical vapor transport (CVT). The samples 
were grown at 550  °C with a stoichiometric composition cor­
responding to x =  0.5. During a typical synthesis, the ampule 
was heated up to 550  °C and maintained for 5 days followed 
by applying a temperature gradient of 80  °C between the hot 
zone and cold zone. The ampule was then cooled down to room 
temperature and the high-quality Nb1-xTaxS3 whiskers were col­
lected for characterization and experiments.

The morphology, composition, and crystallinity of the synthe­
sized materials were characterized with atomic-resolution scan­
ning transmission electron microscopy (STEM), 3D electron 
diffraction (3DED), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), Raman spectroscopy, 
X-ray diffraction (XRD), Atomic force microscopy (AFM), and 
dynamic light scattering (DLS). Figure  S1 (Supporting Infor­
mation) shows the optical photograph of the quartz ampule 
after the synthesis process that is covered by a dense forest of  
Nb1-xTaxS3 whiskers. A representative SEM image of the sample 
shows long belt-like nanofibers with lengths of over 500  µm 
(Figure 1A;Figure S1B–D, Supporting Information). The width 
distribution shows an average of ≈250–300  nm (Figure  S2, 
Supporting Information). The macroscopic compositions of 
the synthesized fibers are determined using SEM–EDX maps, 
which confirm the homogeneity of the individual fibers with 
the desired stoichiometry of x ≈ 0.5 (Figure 1B). A representa­
tive spectrum is shown in Figure S3 (Supporting Information). 
Figure  1B shows atomic force microscopy (AFM) imaging of 

mechanically exfoliated individual nanofibers with representa­
tive measured thickness ranging from 3 to 20 nm.

The high-resolution high-angle annular dark-field STEM 
(HAADF-STEM) image observed on the nanofibers discloses 
lattice fringes along the fiber direction (Figure  1C–F). Fourier 
transform (FT) of the image reveals a 2D lattice fringes in the 
image (Figure 1E). Because the atoms overlap with each other, 
spatial resolution is insufficient to distinguish individual atoms. 
Calculating the spacing based on the FT pattern, interestingly, 
shows a large deviation compared to those reported TaS3 struc­
tures.[14,38–40] We therefore applied 3DED to determine the unit 
cell dimension and symmetry of the nanofibers (Movie  S1, 
Supporting Information). Figure S3A–C (Supporting Informa­
tion) presents the 3D reciprocal lattice reconstructed from the 
continuous rotation electron-diffraction (cRED) data that the 
nanofiber was crystallized in a monoclinic crystal system. It 
has a face-centred unit cell with the parameters of a = 19.49 Å, 
b = 3.26 Å, c = 14.88 Å, and β  112.32°. The reflection conditions 
can be deduced from the 2D planes (Figure 1F; Figure S4D–F) 
as hk0:h + k = 2n, h0l:h = 2n, and 0k0:k = 2n. This leads to pos­
sible space groups C2 (No. 5), Cm (No. 8), and C2/m (No. 12) for 
the nanofibers. Using the determined unit cell, the orientation 
of the nanofiber in the high-resolution HAADF image can be 
determined. The image is viewed along the [110] direction with 
observed d004 = 0.35 nm, and d111 = 0.33 nm, which agree well 
with d004 = 0.34 nm, and d111 = 0.31 nm calculated from the unit 
cell obtained by 3DED. The unit cell of the nanofibers is closely 
associated with a recently reported polymorph of TaS3.[14,38] 
Importantly, the diffuse scattering in Figure  1F (indicated by 
the boxes) shows that the nanofibers contains disordering of 
the metals in the structure.

To produce individual nanofibers for the electrical and electro­
chemical experiments, the synthesized alloy was suspended in 
isopropyl alcohol (IPA) solvent and bath-sonicated for 1 h (inset of 
Figure 2A). The resultant supernatant was then drop-casted onto 
a Si substrate to obtain nanofibers (Figure 2A). The height profile 
distributions obtained from atomic force microscopy (AFM) on 
≈50 randomly selected exfoliated flakes are shown in Figure 2B. 
Dynamic light scattering (DLS) experiments from the resultant 
dispersion show an average width of ≈300 nm (Figure 2B).

Raman spectroscopy shows prominent Ag bands located at 
482, 401, 383, 369, 345, 303, 273, 229, 212, 167, 70, and 56 cm−1 
(Figure  2C). Compared with the Raman spectra of NbS3 and 
TaS3,[25,41,42] the dominant peaks at 383 and 303  cm−1 appear 
from the (Nb–S) vibration modes. The one at 273  cm−1 is 
attributed to the major peak of TaS3. The strong peak located 
at 167  cm−1 is corresponding to Nb–Nb stretching vibrations. 
In the low-frequency regime, Raman data display a prominent 
peak at 56  cm−1, which originates from shear displacements 
between adjacent layers and appears at low frequencies due to 
weak interlayer coupling.[25,42]

To determine the crystallinity of the Nb1-xTaxS3 alloy, XRD 
was performed on the bath-sonicated sample (Figure  2D). 
The majority of reflections in the diffraction pattern could be 
indexed with the unit cell of C-TaS3 (C2/m),[14] with minor addi­
tional reflections indexable with the other existing polymorph, 
P-TaS3 (P21/m) (19.53, 24.09, and 39.71 2θ).[14] The reflections 
did not match any of the reported polymorphs of NbS3.[43,44] 
The patterns showed clear evidence of preferential orienta­
tion due to restacking of the exfoliated materials, leading to  
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systematic absences of reflections along the b-axis. Pawley 
refinement was performed with the two TaS3 polymorphs, 
including preferential orientation.[14] Since only h0l reflections 
were observed, the fits only probed a and c parameters. The 
values were 19.92 and 15.17  Å, respectively, for the majority 
C-TaS3, and 9.51 and 14.90  Å, respectively, for P-TaS3. These 
values are consistent with the literature,[14,38] and, in the case of 
C-TaS3, with the cRED results above. Nb and Ta have roughly 
the same ionic radius,[45] so the indexing of the pattern strongly 
suggests that Nb shares the Ta site in the C-TaS3 lattice, again 
consistent with the cationic disorder inferred from cRED.

The electrical properties of this material were explored by 
fabricating devices on both single flakes and thin films. For single 
flake devices, we employed mechanical exfoliation, assisted by a 
dry viscoelastic polydimethylsiloxane (PDMS) stamp, to transfer 
the nanofibers onto a SiO2/Si (≈300 nm/0.5 mm) substrate for 
electrical measurements. Standard electron beam lithography 
(EBL) and nanofabrication processes were employed to pattern 
source–drain electrodes in the two- or four-probe configura­
tions followed by deposition of Cr/Au (5/50  nm) as the metal 
electrode. Details of the electrical measurements are provided 
in the Experimental Section. A representative SEM image of a 
four-probe device is shown in Figure 3A. For all tested devices, 
the transport characteristics were found to be linear around 

zero, indicating good ohmic contacts between the Nb1-xTaxS3 
nanofiber and Cr/Au electrodes (Figure 3B). Also, the decrease 
in resistance with increasing temperature, between 80 and 
298 K, implies the semiconducting behavior of this material.

Figure  3C shows temperature-dependent resistivity in the 
range of 10−298  K for four-terminal Nb1-xTaxS3 devices with 
thicknesses of 17 and 21  nm, as determined from an AFM 
micrograph of the device (inset of Figure 2D; Figure S5, Sup­
porting Information). The resistivity is increased from room 
temperature to low temperatures (10  K) with a maximum 
around 60  K (Figure  3C). Below this temperature (≈60  K) the 
resistance decreases when the temperature is decreased and 
then again increases below ≈40  K. This interesting observed 
anomaly in the resistivity is attributed to two distinct phase 
transitions associated with the CDW state.[14,46,47] Overall, this 
trend was observed in all tested four different devices with 
thicknesses in the range of ≈18–43  nm. The first and second 
distinct CDW transition during the resistivity measurement 
occurs at 55–65 and 35–45  K temperature range, respec­
tively, which are interpreted as successive Peierls transitions 
(Figure S6, Supporting Information).[14,46–48] In agreement with 
the STEM-HAADF and XRD data, the observed resistivity trend 
is consistent with the CDW phase transition in the monoclinic-
like TaS3 structure.[14,46]

Figure 1.  Summary of characterization of 1D-Nb1−xTaxS3 alloy. A) SEM image of long belt-like Nb1−xTaxS3 nanofibers (scale bar: 50 µm). B) SEM–EDX 
elemental maps obtained from individual fibers (scale bar: 2 µm) and a typical AFM topography image of bath-sonicated fibers with the heights of 
3 to 20 nm (scale bar: 5 µm). C) HAADF STEM image of the Nb1−xTaxS3 nanofibers (scale bar: 200 nm). D) High-resolution HAADF STEM image of 
the nanofiber viewed along the [110] direction, showing clear lattice fringes (scale bar: 1 nm). E) Fourier transforms of the image. F) 2D slice cuts from 
the reconstructed 3D reciprocal lattice show the h0l plane. Diffused scattering can be observed in the data, which indicates disordered structure of 
Nb1−xTaxS3 nanofibers.
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Next, the breakdown current density versus voltage charac­
teristics of the 1D-Nb1-xTaxS3 nanofiber devices was tested. A 
summary of the breakdown parameters (i.e., breakdown voltage 
and current density) for all the tested devices with their width 
and thickness information are provided in Table S1 (Supporting 
Information). The maximum current density that these devices 
were able to withstand before electrical breakdown is in the 
order of ≈30 MA cm−2 (Figure 3D). This current density is an 
order of magnitude higher than typical values reported for 
Cu nanowires (≈2–3  MA  cm−2). Even higher sustained values 
can be reached by encapsulating the 1D channel with h-BN as 
well as employing a better thermal sink as the underlying sub­
strate.[49] The outstanding capacity to carry current observed in 
Nb1-xTaxS3 nanofibers can be attributed to the reduced elec­
tron scattering rate due to the crystalline structure of this 1D 
material.[50–52]

We also studied the electrical properties of thin-film  
Nb1-xTaxS3 on a mica substrate. Figure  3E shows the SEM 
image of the exfoliated bundle of Nb1-xTaxS3 whiskers. Results 
in Figure  3F confirm the stability of electrical conductivity 
under mechanical strain. The sheet resistance remains nearly 
unchanged (≈740  Ω  sq−1) versus bending cycles tested up to 
90 cycles. The experiments were performed by repeatedly 
bending and stretching the nanofiber-coated PET sample from 
a diameter of 1  cm to a flattened state (inset of Figure  3F; 

Figure  S7, Supporting Information). Additional details of 
sample preparation are provided in the Experimental Section. 
Resistivity measurements on these thin films also verify the 
anomalous increases in resistance at the CDW transition tem­
peratures of 60 K (Figure 3G).

The long-term electrical stability of these nanofibers at 
ambient condition was also tested by measuring the sheet 
resistance of the devices at different time intervals. Results 
shown in Figure 3G during 60 days of experiment confirm the 
stability of this material without any degradation. Figure  3H 
shows the thermal stability of these nanofibers measured 
through thermogravimetric analysis (TGA) maintained at 
650  K for 3  h with trivial weight loss of ≈6% under nitrogen 
environment. Moreover, results show that Nb1−xTaxS3 retains 
its structural integrity up to ≈900 K with only 6% weight loss 
when heated at a 10  K  min−1 rate in N2 (inset of Figure  3H). 
This thermal stability exceeds the thermal stability of other 
1D-TMTCs, MOF, and perovskite 1D structures, which are in 
the range of ≈550—800 K.[53–55]

Next, we evaluated the catalytic performance of this mate­
rial toward the CO2 electrochemical reduction reaction and in a  
Li–air electrochemical system. The preparation of the electrodes 
has been discussed in material (Supporting Information). For 
the CO2 electroreduction, all experiments were carried out 
in a two-compartment cell where Nafion-115 was used as the 
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Figure 2.  Summary of characterization of 1D-Nb1−xTaxS3 nanofibers. A) SEM image of drop casted solution on Si Substrate (scale bar: 5 µm). Inset 
shows dispersions of exfoliated Nb1−xTaxS3 nanofibers in IPA solvent. B) AFM frequency distribution obtained from ≈50 randomly selected exfoliated 
fibers and size distribution from DLS measurements for Nb1−xTaxS3 alloy. C) Raman characteristics of TMTC alloy at ambient conditions excited by 
633 nm laser. D) Pawley refinement of the XRD patterns obtained from 1D-Nb1−xTaxS3 nanofibers.
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membrane and 1  m  KOH in an aqueous medium. The elec­
trolyte was purged with ultrahigh pure CO2 until the pH of 
the solution reached ≈7.6. Figure  4A shows the cyclic voltam­
metry (CV) curves for NbxTa1-xS3 and Ag NPs (known as one 

of the best catalysts for CO2 conversion to CO) at a scan rate 
of 50 mV s−1. While the current density of Ag NPs reaches to 
50 mA cm−2 at −0.8 V versus RHE, the synthesized nanofiber 
material shows electrochemical activity of 348 mA cm−2 at the 

Figure 3.  Electrical properties and thermal stability of Nb1−xTaxS3 nanofibers. A) SEM image of four-probe device fabricated on exfoliated Nb1−xTaxS3 
nanofiber (scale bar: 4 µm). B) Current–voltage (IDS–VDS) characteristics of four-probe device at 80—298 K temperatures range. C) Temperature depend-
ence of resistivity of Nb1−xTaxS3 exfoliated nanofibers. D) Measured current density versus voltage characteristics of Nb1−xTaxS3 nanofibers approaching 
high breakdown current density of 30 MA cm−2. Thickness of individual tested nanofibers is shown by different colors. Inset shows an AFM image of a 
four-probe device (Scale bar: 5 µm). E) SEM image of the exfoliated bundle of Nb1-xTaxS3 whiskers (scale bar: 200 µm). Inset magnifies the area shown 
by square (scale bar: 5 µm). F) Sheet resistance versus bending cycles for Nb1−xTaxS3 nanofibers. Inset shows PET substrate covered with the Nb1−xTaxS3 
whiskers after ≈90 cycles. G) Temperature dependent resistivity of thin film Nb1−xTaxS3 and air-stability of sheet resistance at ambient condition versus 
time. H) TGA curve for annealing the Nb1−xTaxS3 nanofibers at 650 K for 3 h. Inset shows TGA curves at a 10 K min−1 from room temperature to 900 K.
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same potential. Online gas detection by differential electro­
chemical mass spectroscopy (DEMS) (Section  S8, Supporting 
Information) shows a very low onset potential of −0.189  V 
versus RHE (inset of Figure 4A) while the hydrogen evolution 
reaction (HER) is belated until high potentials.

The faradic efficiency (FE) (Section  S8, Supporting 
Information) of these catalysts was also tested during 1  h 
chronoamperometry (CA) experiments at four different poten­
tials. Figure  4B shows very high CO FE of close to 100% and 
95% for −0.35 and −0.45 V versus RHE, respectively. At higher 
potentials, HER becomes competitive and takes up to 15% 
of Faradic current at −0.79  V versus RHE. Turnover num­
bers (TON), as a measure of number of reactions per catalyst 
active sites, are shown in Figure 4C with respect to the applied 
potential. NbxTa1-xS3 shows a very high TON of 9.3 × 104 toward 
CO production (inset of Figure  4C;Section  S8, Supporting 
Information). This corresponds to 25.9 s−1 turn over frequency 
(TOF, number of reactions per site per second) while silver 
nanoparticles (Ag NPs) show TOF of 2.08 at −0.8 versus RHE 
(Section S8, Supporting Information).

Furthermore, we tested the catalytic stability of NbxTa1-xS3 
through a long-term CA test. Figure  4D shows the catalyst 
operation at −0.49 V versus RHE over the course of 40 h with 
continuous feed of CO2 to avoid depletion. The catalyst shows 
no drop-in current implying the structural and electrochemical 
integrity of this material throughout the conversion process.

To assess the catalytic capability of this material for appli­
cation in a Li–air battery, we also performed galvanostatic 
cycling test in a custom-made Swagelok battery cell, followed 
by the characterization of the discharge products. The battery 
is comprised of a Li metal foil anode (MTI Corp), a glass fiber 
Separator (Whatman, GF/B), and NbxTa1-xS3 nanofibers coated 
on GDL as a cathode. The electrolyte is comprised of 20 µl of 
dimethyl sulfoxide (DMSO) and 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIM-BF4) ionic liquid at a volumetric 
rate of 9:1 with 0.1  m  InI3 redox mediator and 1  m  LiTFSI. 
Figure  4E shows the cycling of the battery, with a capacity of 
3 000 mAh g−1 at a high current density of 0.3 mA cm−2. Our 
results indicate that the battery could operate up to 80 cycles 
with the discharge cut-off potential of 2.5 V. To characterize the 
discharge products, Raman spectroscopy was carried out on 
the discharged NbxTa1-xS3 cathodes after 20 cycles. As shown 
in Figure  4F, compared to the pristine cathode, two peaks at 
250 and 780 cm−1 were observed, which are characteristic peaks 
of Li2O2.[56,57] Moreover, the characteristic peaks of NbxTa1-xS3 
remain unchanged, which confirms the integrity of the catalyst 
during the battery operation. Additionally, no Raman vibrations 
associated with possible side products (e.g., Li2CO3, LiOH) were 
detected. These results were further confirmed by performing in 
situ differential electrochemical mass spectroscopy (DEMS) and 
X-ray photoelectron spectroscopy (XPS) described in Figures S8 
and S9 (Supporting Information). The surface structure and 
morphology of the cathode samples were also studied using 
SEM. Figure  4G,H shows the SEM images of the discharged 
and charged NbxTa1-xS3 cathode, respectively. The morphology 
of the Li2O2 discharge product shown in Figure  4H is in the 
form of toroid produced around the nanofiber structure.

To perceive the improvement and performance enhancement 
of Nb0.5Ta0.5S3 through alloying, we compared this material with 

NbS3 and TaS3 as the end member structures of this material in 
the context of I–V curves and charge density waves, air stability 
of sheet resistance, break down current density, thermal stability 
by thermal gravimetric analysis (TGA), CO2 reduction reaction, 
and Li–air battery performance. Figures S12 and S13 (Supporting 
Information) show the transport characteristics of Nb0.5Ta0.5S3, 
NbS3, and TaS3 nanofibers. The semiconducting behaviors of 
Nb0.5Ta0.5S3, NbS3, and TaS3 have been demonstrated from 
the decrease in current with increasing temperature from 
15 to 295 K. The resistivity of Nb0.5Ta0.5S3 nanofiber is demon­
strated to be between of NbS3 and TaS3 nanofibers’ resistivity, 
but closer to the NbS3 one. Figure  S14 (Supporting Informa­
tion) shows the temperature-dependent resistivity of individual 
nanofiber of Nb0.5Ta0.5S3, NbS3, and TaS3, respectively. The 
anomalies are observed in the resistivity measurements of all 
three nanofibers, which could be attributed to distinct phase 
transitions associated with the charge-density-wave (CDW) 
state. For Nb0.5Ta0.5S3, the two distinct CDW transitions occur 
at 55–65 and 75—85 K temperature range, respectively, which 
are interpreted as successive Peierls transitions.[14,46,47] For NbS3 
and TaS3 nanofiber, the anomalies in resistivity were observed 
at ≈150, ≈70, and 210 K, respectively.[46,58,59] Moreover, the sheet 
resistances of these thin films are measured and after 40 days, 
the sheet resistance of Nb0.5Ta0.5S3 only increases ≈40% and 
remains in the same range even after 60 days, but for NbS3 and 
TaS3, the sheet resistance has been increased to five times and  
three orders of magnitude larger than the initial values, respec­
tively (Figure  S14, Supporting Information). Relative to the 
only reported number in literature for Ti3C2Tz (2100% change 
over 40 days), as a common member of MXene family,[60,61] 
Nb0.5Ta0.5S3 shows negligible sheet resistance change over time.

The breakdown current density versus voltage characteristics 
of the Nb0.5Ta0.5S3, NbS3, and TaS3 nanofiber devices are shown 
in Figure S15 (Supporting Information). The maximum current 
density of Nb0.5Ta0.5S3 is in the order of ≈30  MA  cm−2 and is 
among the highest found in the semiconductor nanowire and 
nanofiber materials such as TiS3 (1.7  MA  cm−2),[55] Si NWs 
(0.4  MA  cm−2),[55] and GaN NWs (4.65  MA  cm−2),[62] while for 
TaS3 nanofiber devices is ≈5 MA cm−2 and that is ≈4.4 MA cm−2 
for NbS3 device. This confirms the outstanding capacity of 
Nb0.5Ta0.5S3 to carry high current density in the electronic 
devices. Thermal gravimetric analysis (TGA) results performed 
on the Nb0.5Ta0.5S3, NbS3, and TaS3 are shown in Figure  S16 
(Supporting Information). Results indicate that both NbS3 and 
Nb0.5Ta0.5S3 are stable until 800 K under nitrogen environment, 
however, TaS3 shows ≈35% weight loss denoting unstable struc­
ture stability at elevated temperatures. The structural stability of 
Nb0.5Ta0.5S3 is also higher than TiS3 (≈20% loss at 800 K) as the 
only reported value among TMTC nanofibers.

Figure  S17 (Supporting Information) exhibits the activity of 
NbS3, TaS3, and Nb0.5Ta0.5S3 toward electrochemical CO2RR. 
The activity of Nb0.5Ta0.5S3 at −0.8 versus RHE (≈350 mA cm−2) 
far surpasses both NbS3 and TaS3 (≈100  mA  cm−2). When 
compared to the state-of-the-art electrochemical catalysts 
renowned for their activity and selectivity for CO production 
listed in Table  S5 (Supporting Information) such as Ag NPs 
(≈7 mA cm−2), Au NPs (≈4 mA cm−2), MoS2 (≈65 mA cm−2), and 
WSe2 (≈330  mA  cm−2), Nb0.5Ta0.5S3 outperforms the highest 
activity. We performed DFT calculations and complementary 
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experiments to understand the source of high CO2 activity in 
Nb0.5Ta0.5S3. From our DFT calculations (Figure S10, Supporting 
Information)), it is deduced that the metal edges of Nb0.5Ta0.5S3 
are responsible for driving the reaction toward CO production. 
Briefly, we have shown that both Nb and Ta surface terminations 
are active toward CO2 adsorption and reduction reaction. How­
ever, the experiments show that while both NbS3 and TaS3 are 
close in rendering the reaction at low overpotentials they fail 
to reach the activity of Nb0.5Ta0.5S3 at higher overpotentials. We 
attribute this higher activity of Nb0.5Ta0.5S3 at higher potentials 
to higher oxidation resistance of this material that is of utmost 
importance especially at high overpotentials with higher rates 
of reaction. The high stability of Nb0.5Ta0.5S3 was confirmed by 
performing XRD on pristine and used cathodes after chrono­
amperometry experiments (Figures  S18 and S19, Supporting 
Information). This stability is derived from configurational 
entropy reinforcing the structure stability that makes the 
Nb0.5Ta0.5S3 more durable against oxidation at higher overpoten­
tial, which is not the case for either NbS3 or TaS3.

The electrochemical performance of NbTaS3 in a Li–air 
battery system was also investigated and compared to NbS3 
and TaS3 (Figure  S20, Supporting Information). Our results 
show that at a high current density of 0.3  mA  cm−2, NbTaS3 
upholds 80 cycles of charge and discharge while this number 
is reduced to 50 and 40 for TaS3 and NbS3, respectively. The 
specific capacity of Nb0.5Ta0.5S3-based Li–air battery system 
(3000 mAh g−1) outperforms most of catalysts listed in Table S6 
(Supporting Information) including MoS2 (1  000  mAh  g−1) 
and carbon nanotube (800 mAh g−1) that could withstand over 
50 cycles of operation at the current density of >0.1 mA cm−2.

3. Conclusion

In summary, we successfully synthesized and characterized a 
binary TMTC alloy of Nb1-xTaxS3. It was uncovered that this 
material exhibits multifunctional electrical, thermal, and elec­
trochemical properties rivaling the performance of the state-
of-the-art materials for each application. It was also revealed 
that 1D TMTCs could be excellent candidate materials for 
high performance electronic and electrochemical applications. 
Further studies are needed to exploit the vast compositional 
space and explore the role of alloying in tuning their intrinsic 
properties. It is expected that TMTCs’ anisotropic interfacial 
thermodynamics and kinetics, as well as the intermediate 
species that are involved, play key roles in the rate of growth 
and morphologies of the resulting products. The fundamental 
understanding of these underlying physics and chemistry of 
TMTCs will be critical in unlocking the full potential of the 
material, which will be a focus of a future study.

4. Experimental Section
Chemical Vapor Transport (CVT) of TMTC Alloy: In the CVT synthesis 

process, growth reaction occured in sealed ampoules. First, the quartz 
ampoules were thoroughly cleaned using diluted HF followed by rinsing 
with distilled water and annealing at 1050  °C for 5  h. This cleaning 
process was a necessary step as it removed any contamination that 
interfered with the quality of the synthesized crystals. High-purity 

chemical elements (>99.99% trace metals basis) were mixed in desired 
stoichiometric proportions and sealed under high vacuum (<10−5 Torr) 
in the ampule. The sealed quartz was placed into a two-zone furnace 
system for the vapor transport growth process. During the synthesis 
process, first both zones of the furnace were heated up to the growth 
temperature of 550  °C and then a temperature gradient of 80  °C was 
established between the hot zone (Thot) and the cold zone (Tcold). The 
furnace was maintained at this temperature for one week and then 
gradually cooled down to room temperature. Finally, high crystalline 
materials were collected from the quartz ampules.

Characterization Techniques: The high-resolution scanning 
transmission electron microscopy (STEM) high-angle annular dark-field 
(HAADF) images were recorded on an aberration-corrected Thermo 
Fisher Themis Z transmission electron microscope. Samples for 
transmission electron microscopy observation were dispersed in IPA. A 
droplet of the suspension was transferred onto a carbon-coated copper 
grid. The instrument was operated at an acceleration voltage of 300 kV. 
3DED data were collected using continuous rotation (cRED) protocol. A 
single-tilt tomography sample holder was used for the data collection, 
which was performed on a JEOL JEM2100 microscope operated at 200 kV 
with a Timepix hybrid detector QTPX-262k (Amsterdam Sci. Ins.). 
Scanning Electron Microscopy (SEM) characterization was performed 
using the Raith e-LiNE plus ultrahigh-resolution electron beam 
lithography (EBL) system. Imaging was performed by an acceleration 
voltage (EHT) of 12 kV.

The SEM–EDX measurements were carried out with FEI Quanta 650 
ESEM integrated with the Oxford AZtec EDS and EBSD systems. The data 
were obtained in high vacuum condition with excellent beam stability.

Raman data were obtained with a HORIBA LabRAM HR Evolution 
confocal Raman microscope equipped with a Horiba Andor detector and 
633 nm laser source for excitation. The measurements were performed 
in ambient conditions and at room temperature.

Thermal analyses were performed using a Q5000 TA instrument 
under Nitrogen gas. TGA experiments were conducted using a 10 K min−1 
ramp rate in a Pt pan.

X-ray diffraction (XRD) was conducted on a Bruker D8 Advance 
(40 kV, 40 mA) using a Cu Kα (λavg = 1.5418 Å). The diffraction pattern 
was recorded from 7.5° to 80° (2θ).

Dynamic Light Scattering (DLS) measurements were performed using 
the Malvern Zetasizer Nano ZLS 380 system equilibrated at 25 °C for 60 s. 
The instrument equipped with a 10 mW, 633 nm semiconductor laser.

Atomic force microscopy (AFM) topography images were obtained 
using Bruker Dimension Icon AFM with ScanAsyst-tapping mode.

Exfoliation of TMTC Alloy Nanofibers: TMDC nanofibers (NFs) were 
synthesized using a bath-sonicated exfoliation method in isopropyl 
alcohol (IPA) solvent. The sonication was carried out for 1  h and the 
resultant supernatant was collected for further experiments. For the 
mechanical exfoliation, a polydimethylsiloxane (PDMS) stamp was 
attached to the TMTC material and then slowly peeled off and then 
transferred to the desired substrate.

Electrical and Mechanical Measurements: The Nb1−xTaxS3 devices were 
loaded in a cryogenic probe station under high vacuum environment 
(chamber pressure  =  10−8 to 10−7  Torr) for electrical measurements. 
Keithley 2612A System Source Meter was used for applying power to 
test the Current–voltage (IDS–VDS) and resistivity characteristics. For 
the mechanical test, the exfoliated solution was deposited on a PMMA-
coated polyethylene terephthalate (PET) substrate. The widely available 
PET was a plastic material used as a substrate for flexible electronics. The 
Nb1-xTaxS3-coated PET for 90 cycles was repeatedly bent and stretched to 
record the stability of the sheet resistance versus bending cycles. During 
this mechanical cycling, the sample was bent from a flat state to a radius 
of curvature of 5 mm by using two micromanipulators in a probe station.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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