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S1. Synthesis of the nanofiber alloy 

Figure S1 shows the optical image of the quartz ampule and SEM images after the synthesis 

process which is covered by dense forest of Nb1-xTaxS3 whiskers.  

 

Figure S1. (A) Reaction ampule after synthesis showing Nb1−xTaxS3 whiskers. (B-D) SEM 

images of long belt-like Nb1−xTaxS3 nanofibers (scale bar: 50 μm). 
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S2. Diameter distribution of nanofibers 

Figure S2 shows the diameter distribution obtained from SEM images of three various synthesis 

batch. The distributions from these spots show average width of ≈ 250-300 nm. 

 
Figure S2. Diameter distribution of nanofibers. (A) SEM image of belt-like Nb1−xTaxS3 

nanoribbons (scale bar: 5 μm). (B-D) Diameter measurements show average width of ~ 250-300 

nm. 
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S3. Energy Dispersive X-Ray Spectroscopy (EDX) 

Figures S3 represent the summary of Scanning Electron Microscopy (SEM)-EDX 

characterization for Nb1−xTaxS3 nanofiber. 

 
Figure S3. SEM-EDX characterization of Nb1−xTaxS3 alloy. (A) SEM image of the fibers (scale 

bar:  10μm). (B) EDX spectrum acquired from the area marked by a square in (A). The 

quantification results are presented in the table, showing the average stoichiometry ratio of 

Nb0.5Ta0.5S3. (C) Full EDX composition mapping of the detected elements (scale bars: 2µm). 
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S4. Transmission electron microscopy (TEM) measurement 

Figure S4 presents the 3D reciprocal lattice reconstructed from the cRED data and 2D slice cuts 

showing that the nanofibers are crystallized in a monoclinic crystal system.
[1–3]

 

 

Figure S4. The reconstructed 3D reciprocal lattice of Nb1−xTaxS3 nanofiber viewed along the (A) 

[010], (B) [001], and (C) [100] directions. 2D slice cuts from the reconstructed 3D reciprocal 

lattice show the (D) h0l, (E) hk0 and (F) 0kl planes. Diffused scattering can be observed in the 

data, which indicates disordered structure of Nb1−xTaxS3 nanofibers. Some spots violating 

reflection conditions can be observed, which is resulted from multiple scattering. 
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S5. Atomic force microscopy (AFM) characterization of devices 

AFM technique was employed to find the thickness and width of the tested fibers. Figure S5 

shows the AFM images of five representative fabricated devices. AFM characterization shows 

thicknesses in the range of 8 to 40 nm. 

 
Figure S5. AFM micrograph of representative tested devices fabricated on mechanically 

exfoliated nanofibers (Scale bar is 5 µm). 

 

S6. Electrical characteristics of nanofiber devices  

To characterize the electrical properties of the synthesized nanofiber alloy, the fibers were 

mechanically exfoliated using polydimethylsiloxane (PDMS) stamp and were transfer onto a 

SiO2/Si (≈300 nm/0.5 mm) substrate for electrical measurements. Figure S6 shows the resistivity 

versus temperature for different devices with various thicknesses. Resistivity measurements 

verify phase transition associated with the charge density wave (CDW) states for all the tested 

devices. Table S1 also summarize the electrical breakdown characteristics of the tested devices 

in Figure 3D. 

T: 17 nm T: 35 nmT: 21 nm T: 21 nm
T: 40 nm



 
Figure S6. Temperature dependence of resistivity for Nb1−xTaxS3 nanofibers with various 

thicknesses. 

Table S1. Maximum current density and breakdown voltage of Nb1−xTaxS3 nanofibers. 

Device # Thickness (nm) Width (nm) Length (µm) 
Maximum Current 

Density (MA/cm2) 

Breakdown 

Voltage (V) 

1 8 400 1.8 32.26 4.4 

2 25 180 2.5 10.56 4.6 

3 25 300 1.7 14.96 6.7 

4 40 400 5.5 13.38 29.2 

5 35 200 4.8 4.98 16.7 

6 17 250 3.5 10.37 11.3 

7 21 200 10.4 8.37 38.8 

8 21 200 1.7 7.96 4.7 
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S7. Mechanical characteristics of the synthesized nanofibers  

 

Figure S7. Mechanical stability of the Nb1−xTaxS3 nanofibers 

 

S8. Electrochemical CO2 conversion experiments 

a. Electrochemical electrode preparation, setup and calculations: 

In order to prepare electrodes for electrochemical experiments, first 0.2 g of Nb1−xTaxS3 was 

dissolved 70 mL of IPA and was set to be exfoliated through liquid tip sonication for about 15 

hours. Then the solution was centrifuged and the 70% of the supernatant was collected. The 

obtained solution was spray coated on 25BC gas diffusion electrodes (GDL) purchased from 

Sigracet until it reached 0.2 mg/cm
2
 of catalyst loading. 

All the electrochemical measurements were operated by Voltalab potentiostat (PGZ100). In this 

setup we used Ag/AgCl and Pt wire as reference and counter electrodes, respectively. 1M KOH 

(Fisher-Scientific) was dissolved in water serving as the electrolyte. For CV experiments, the 

solution was purged with UHP CO2 for 30 minutes until the pH of the electrolyte reached to 



~7.6. For CA tests, we kept purging CO2 at a very low rate to avoid disturbance during operation 

and depletion of CO2 throughout long-term experiments. All the potentials were converted to 

RHE using: V vs RHE = V vs Ag/AgCl + 0.210 + 0.0592×pH. The reported potentials were iR 

corrected for all experiments.  

Faradaic Efficiency (FE) of CO and H2 were calculated using the following equation: 

    
    

  
    ,  

where     is Faradaic efficiency of   (CO or H2),   is the number of electrons transferred,   is 

the Faraday constant (96485,    is the number of moles of   (CO or H2) produced in time   and   

is current.    was calculated from the integration of the number of moles obtained from DEMS 

results.  

Turnover number (TON) are calculated using following equation: 

    
   

         
 

Catalyst number of moles were calculated based on geometric surface area (2×2cm
2
) and loading 

(0.2 mg/cm
2
). 

b. Differential electrochemical mass spectroscopy (DEMS) 

Gas detection during electrochemical tests was performed by DEMS. The methods and details 

are discussed elsewhere.
[4]

 In detail, the cell was calibrated for H2 and CO as a function of 

relative pressure (Figure S8). CA and CV tests were coupled with simultaneous online DEMS. 

The scan rate during CV experiments was 1mV/sec.  The characterization of gases via DEMS 

was done for 60 minutes during CA tests.  

 



 

Figure S8. Calibration curves used to characterize (A) CO and (B) H2 

 

 

Figure S9. CO TOF calculated for Ag particles coated on a gas diffusion layer. 

 

Figure S10 depicts the evolution of O2 gas during charge process. Our calculations show that the 

number of electrons consumed per oxygen equals to 2.07 (e
-
/mole O2) which corresponds to 

decomposition of Li2O2. We note that there is no sign of evolved water or CO2 compounds, 

further confirming the Li2O2 formation as the only product of the discharge process. Our DEMS 



results indicate that 0.248 mg of Li2O2 formed which results in 74% capacity utilization as 

calculated by the following equations: 

   

   
×M= mLi2O2 [mg/mAh] 

Where mli2O2 is the weight of Li2O2 product, F is the Faraday constant (96485), b is the number 

of transferred electrons (here is 2.07), and M is the molecular weight of the product (45.88 

g/mole). Using calculated 0.248 mg of produced Li2O2 in the following equation results in a 

normalized capacity of 862 mAh per total mass of cathode material and discharge product. 

Dividing this value by theoretical capacity of Li-O2 battery (1168 mAhgLi2O2
-1

) will result in 74% 

of capacity utilization (depth of discharge) at the current density of 0.3 mA/g.  

     
   

 
  

       

      
 

 

                  
  

 

     
         

              
             

 

   

    
             

 
Figure S10. Oxygen evolution signal during charging process of the battery using a 0.5 mA/cm

2
  



S9. X-ray photoelectron spectroscopy (XPS) 

To further validate the formation of Li2O2 after the discharge process we performed differential 

XPS experiment. We conducted XPS on a discharged cathode under the same conditions that 

batteries were operated before. Figure S11 shows XPS Li 1s and O 1s spectra showing peaks at 

55.03 eV and 531.7 eV, respectively, denoting the formation of Li2O2.  

 

Figure S11- XPS results of the cathode after the discharge including O 1s and Li 1s spectra 

 

S10. Comparison of Nb0.5Ta0.5S3, NbS3 and TaS3 

 
Figure S12. Transport characteristics of FET device based on individual nanofiber of 

Nb0.5Ta0.5S3, NbS3 and TaS3; Source-drain current (IDS) multiply by cross sectional area of 

device channel as a function of source-drain voltage (VDS). 
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Figure S13. Temperature dependent resistivity of individual (A) Nb0.5Ta0.5S3 (B) NbS3 and (C) 

TaS3 nanofiber at 15–295 K temperatures range. Inset: d(lnρ)/dT as a function of temperature for 

nanofiber. The arrows point to the local maxima in each case. 

 
Figure S14. Air-stability of sheet resistance of (A) Nb0.5Ta0.5S3 (B) NbS3 and (C) TaS3 thin films 

at ambient condition versus time. 

 
Figure S15. Breakdown current density versus voltage characteristics of individual nanofiber of 

(A) Nb0.5Ta0.5S3, and (B) TaS3, and (C) NbS3. 
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Figure S16. TGA curves for NbS3, TaS3 and NbxTa1-xS3 under Nitrogen at a 10 K min

-1
 heating 

rate. 

.  

Figure S17. LSV test at 50mV/s scan rate for Ag nanoparticles, TaS3, NbS3 and NbxTa1-xS3 in 1 

M KOH and CO2 saturated aqueous media. 

To assess the possible phase changes throughout the electrochemical CO2 reduction reaction 

(CO2RR), we performed XRD before and after one-hour chronoamperometry experiment. As 

shown in Figure S18, the diffraction pattern of Nb0.5Ta0.5S3 before and after the catalysis match 

well with that of the liquid exfoliated samples (with matches at ~12.6, ~19, ~12.5 2 ).  
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Figure S18. XRD pattern of the liquid exfoliated, exfoliated sample deposited on GDL before 

and after catalysis NbTaS3 and bare GDL. 

 

 

Figure S19. SEM images of electrode coated with Nb0.5Ta0.5S3 fibers (a) pristine and, (b) after 

electrochemical CO2RR experiments. 
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Figure S20. Battery cycling results with the cathodes of (a) Nb0.5Ta0.5S3, (b) NbS3, and (c) TaS3 

naofibers. The batteries were operated with a current density of 0.3 mA cm
-2

 and at cut-off 

voltage of 2.5 V.  

 

S11. DFT calculations 

DFT calculations were performed to further understand the reason for the enhanced 

electrochemical CO2 reduction reaction. The bulk structure of Nb0.5Ta0.5S3 was created from the 

structure has the unit cell of C-TaS3 (C2/m) published elsewhere
[5]

. In order to determine lowest 

energy surface, 6 different facets terminated at either Nb or Ta or S were generated from the 

created bulk Nb0.5Ta0.5S3 structure using the methods implemented in VirtualNanoLab (VNL) 

builder in QuantumATK - Atomistic Simulation Software
[6]

. 

 To determine the adsorption sites of CO2 on Nb0.5Ta0.5S3, first principles calculations were 

performed using Vienna Ab-initio Simulation Package (VASP)
[7–9]

 with plane wave basis sets 

and projector-augmented wave (PAW) pseudopotentials
[9]

.  The exchange-correlation functional 

were treated within the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 

(PBE)
[10]

. The cutoff energy for the plane-wave basis was 600 eV, which was tested and applied 

for all supercells.  The convergence criterion of the total energy was set to be within 1x10
-6

 eV 

within the K-point integration. The Brillouin zone was sampled at -point only and all the 

geometries were optimized until the residual forces became less than 1x10
-2

 (eV/Å
2
).  



We considered using Nb and Ta terminated (011) surfaces of Nb0.5Ta0.5S3 as they were found to 

be comparably more stable surface among others, as shown in Table S2 and Figure S21. 

Furthermore, we performed DFT calculations on several possibilities of CO2 adsorption on Nb 

terminated (011) surface. The initial and final structures, before and after relaxations showing 

adsorption of CO2 at different sites, both oriented parallelly and perpendicularly on the surface, 

were studied and their configurations were shown in the Table S3. We did not observe any 

coordination between CO2 and the sulfur surface. However, strong interactions were observed 

when OCOH* or CO* are placed on the Nb/Ta surface. More specifically, there was bond 

formation between Nb or Ta metal site of the surface to OCOH and CO, as shown in Table S4.  

We then carried out the reaction energy profile for the reduction of CO2 to CO on Nb/Ta 

terminated (011) surfaces. We computed reaction free energies of the reduction of CO2 to CO, 

using computational hydrogen electrode based on Norskov electrochemical reaction theory 

approximations
[11]

. As shown in Figure S22, calculated reaction free energies suggest that 

OCOH* and CO* formations are exergonic, both on Nb and Ta. Overall, our results suggest that 

formation of CO* from CO2 is more kinetically favorable on the Nb or Ta of the (011) surface.  

Table S2. Surface energies (in eV/Å
2
) of different crystalline facets of Nb0.5Ta0.5S3 calculated 

using DFT under different termination conditions. From the calculations, it was observed that 

crystal facet (011) with Nb termination is the most stable compared to other facets. 

                 Facets 

 

Termination 

 

001 010 011 100 110 111 

Nb 0.036 0.020 0.018 0.049 0.020 0.019 

Ta 0.036 0.020 0.019 0.049 0.019 0.021 

S 0.036 0.019 0.020 0.037 0.020 0.020 

 



 

 

Figure S21. Surface energies (in eV/Å
2
) of different crystalline facets of Nb0.5Ta0.5S3 calculated 

using DFT under different termination conditions. From the calculations, it was observed that 

crystal facet (011) with Nb termination is the most stable compared to other facets. 

 

Table S3. Interaction between CO2 and the (011) surface of Nb3Ta3S6 were studied. 

Configurations 1 and 2 correspond to the orientation of CO2 closer to the ‘Nb’ atom, in parallel 

and perpendicular to the surface, respectively. Configurations 3 and 4 correspond to the 

orientation of CO2 closer to the ‘Ta’ atom, in parallel and perpendicular to the surface, 

respectively. 

 Configuration-1 Configuration-2 Configuration-3 Configuration-4 
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Table S4. Interaction between OCOH and CO on the (011) surface of Nb0.5Ta0.5S3 were 

separately studied. OCOH or CO were initially placed closer to the ‘Nb’, or ‘Ta’ atoms of the 

surface, we observed that after relaxation, OCOH and CO formed bond with Nb or Ta, as shown 

below. Only the metal site of the surface that showed interactions with CO and OCOH are shown 

below for visualization purpose. 

Adsorbed on *OCOH *CO 

Nb 

  

Ta 

  

 

 



 

Figure S22. Reaction free energy profiles were studied on the reduction of CO2 to CO on the 

(011) surface. Our results suggest that the adsorption is possible both on the Nb and Ta, and that 

they are exothermic. 

 

 

 

 

 

 

 

 

 



Table S5. Comparison of state-of-the-art catalysts in electrochemical reduction of CO2 towards 

CO 

Catalyst Potential (vs 

RHE) 

Current density 

(mA/cm
2
) 

CO Faradaic 

efficiency (%)  

Ref. 

This work -0.8  350 79  

WSe2 -0.76 330 86 
[12]

 

MoS2 -0.76 65 98 
[13]

 

Tri-Ag-NPs -0.78 1.5 82 
[14]

 

Ag NPs -0.76 6.5 77 
[15]

 

Ag bulk -0.8 1.3 40 
[16]

 

Au NPs -0.8 4 63 
[17]

 

Cu NPs -0.75 1 3.5 
[18]

 

 

Table S6. Comparison of state-of-the-art catalysts and electrolytes in Li-O2 battery system. 

Catalyst Electrolyte Current 

density 

(mA/cm
2
) 

Capacity 

(mAh/g) 

Cycle 

life 

Ref. 

This work InI3/DMSO/IL 0.3 3000 80  

MoS2 LiTFSI/DMSO/IL 0.05 500 700 
[19]

 

MoS2 InI3/DMSO/IL 0.1 1000 200 
[20]

 

Super P DBDMB/LiCF3SO3/TEGDME 0.1 1000 100 
[21]

 

CNT TEMPO/IL/DEGDME 0.1 0.25 mAh 
cm-2

 20 
[22]

 

Dye sensitized  

TiO2 

LiI/LiClO4/DMSO 0.16 0.6 mAh 25 
[23]

 

Carbon Fibers  FePc/LiTFSi/TEGDME 0.1 1000 130 
[24]

 

Monolithic 

aerogel carbon 

paper 

LiTFSI/LiBr/DEGDME 0.052 0.052 mAh cm
-

2
 

30 
[25]

 

Nano-Porous 

Gold 

TTF/LiClO4/DMSO 0.078 300 100 
[26]

 

GO LiTFSI/TTF/LiCl/DEGDME 0.1 1 mAh cm
-2

 100 
[27]

 

Ketjen Black TEMPO/LiTFSI/Diglyme 0.1 500 50 
[28]

 

XC-72R NORI LiI/LiTFSI/TEGDME 500 mA g
-1

 1000 100 
[29]

 



Table S7. Comparison of breakdown current density, weight loss, and air stability of synthesized 

material with the state-of-the-art counterparts reported in literature 

Breakdown current density  Weight loss at 800K in 

inert gas 

Air stability sheet resistance 

at 40
th

 day 

Ref. 

30 MA cm
-2

 

(This work) 

2% 

(This work) 

40% increase 

(This work) 

 

1.7 MA cm
-2 

(TiS3) 

  
[30] 

0.4 MA cm
-2

 

(Si NWs)  

  
[30] 

4.65 MA cm
-2

 

(GaN NWs) 

  
[31] 

 20% 

(TiS3) 

 
[30] 

 8% 

(CNT) 

 
[32]

 

 50% 

(TiO2) 

 
[33]

 

  2100% 

(Ti3C2Tz) 

[34]
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