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Abstract  

The development of robust and inexpensive electrocatalysts that are capable of catalyzing the 

overall water splitting reaction is highly essential for large scale production of hydrogen. Herein, 

we report the successful liquid-liquid extraction and hydrothermal synthesis of a highly stable 

columbite-tantalite electrocatalysts (Fe0.79Mn0.21Nb0.16Ta0.84O6) with remarkable HER and OER 

performance in alkaline media. The extracted Fe0.79Mn0.21Nb0.16Ta0.84O6 electrocatalyst shows a 

low overpotential of 190.2 and 284.8 mV at 10/mA cm-2 in current density in situ for HER and 

OER, respectively. The electrocatalyst also exhibited low Tafel slopes of 56.36 mV/dec for HER 

and 112.85 mV/dec for OER, verifying their rapid catalytic kinetics. The electrolyzer maintained 

the cell voltage of 1.63 V and potential-time stability close to that of Pt/C & RuO2/C. The intrinsic 

mechanism for the exceptional HER and OER performance was further unravelled through first-

principles density functional theory (DFT) calculations, predicting very low Gibbs free energy of 

hydrogen adsorption (ΔGH* ≈ 0.09 eV) and low overpotential (η =0.47 eV at the Mn sites) for OER 

on the Fe0.75Mn0.25Ta1.875Nb0.125O6 catalyst. Our results demonstrate that columbite-tantalite 

electrocatalysts offer great promise for efficient overall water splitting.  
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Introduction  

The rising concerns regarding the depletion of carbon-rich fossil fuels and the increase of 

environmental pollution necessitates the development of renewable and clean energy technologies. 

Water splitting to obtain hydrogen and oxygen has been considered as one of the most promising 

approaches to store renewable electricity in the form of hydrogen fuel1,2. Photoelectrochemical 

water splitting consists of two half reactions: hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER). Electrochemical hydrogen production from water electrolysis is 

however, impeded by the sluggish OER kinetics, which requires high overpotential3. 

Noble metals (e.g., Pt, Rh, and Ir) and noble metal oxides (e.g., IrO2, RuO2) have receive 

significant attention as the state-of-the-art electrocatalysts owing to their highly active geometry, 

long term stability, high current density, and the ability to provide low overpotential to forward 

HER and OER processes4. Nevertheless, the high cost of these catalyst materials limits their 

widespread practical application5. The past decades have therefore, seen a lot of constructive 

efforts in the development of earth-abundant transition metal-based electrocatalysts for water 

splitting, such as metal oxides,6,7 metal hydroxides,7-9 metal chalcogenides,10 and metal 

phosphides,11,12 Nevertheless, the facile oxidation and corrosion of transition metal based catalysts 

limits their use as HER and OER electrocatalysts.13,14 Therefore, the rational design and 

development of transition metal-based electrocatalysts with superior stability and remarkable 

overall water splitting activity is still in high demand to improve the overall efficiency of water 

splitting.  

Multimetal oxide catalysts have been reported as attractive photo-electrocatalysts in water 

oxidation/reduction15-17. The use of multimetal instead of single-metal oxide catalysts is shown to 

result in improvements in catalyst stability and performance due to the synergistic effects from the 

different metal components that tailor/modify the intrinsic properties affecting the HER and OER 

activity. For example, the incorporation of Ni into Co3O4 to form NiCo2O4 nanosheet array is 

demonstrated to enhanced the OER activity, which was attributed to increase of the number of 

active sites18-20. Besides that the NiCo2O4 nanosheet produces a small cell voltage of 1.59 V to 

drive a current density of 10 mA cm-2 compared to for Co3O4 catalyst 21-23. Therefore, it is crucial 
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to engineer different types of metal-ligand coordination to create abundant active sites for the 

electrocatalysis based on the lattice structure24-28. Herein, we report for the successful liquid-liquid 

extraction and hydrothermal synthesis of low-cost columbo-tantalite [i.e., 

Fe0.79Mn0.21Nb0.16Ta0.84O6], which exhibits low overpotential and superior stability toward HER 

and OER in alkaline media. The Fe0.79Mn0.21Nb0.16Ta0.84O6 electrocatalyst exhibits low 

overpotential of 190.2 and 284.8 mV at 10/mA cm-2 in current density in situ for HER and OER, 

respectively. Complementary DFT+ U calculations confirm that the incorporation of Mn and Nb 

in FeTa2O6 to form Fe0.75Mn0.25Ta1.875Nb0.125O6 modifies the electronic structure and promote 

efficient water splitting. Overall, this work demonstrates a real potential for the rational design of 

columbo-tantalite based electrocatalyst with high electrocatalytic activity and stability for water 

electrolysis. 
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Results  

Mineral extraction and structural analyses  

The coltan (CT) ore was mined in the Democratic Republic of Congo, supplied by the Bisunzu 

Mining Company (SMB), and hosted by the pegmatite body in the Kibaran Belt. Before any 

treatment, the CT ore was analyzed by the X-ray fluorescence (XRF) to investigate the chemical 

compositions, which indicated the presence of Ta2O5 (37.7%), Nb2O5 (5.80%), Fe2O3 (8.44%), 

MnO (0.56%), SnO2 (7.44%), SiO2 (15.7%), Al2O3 (6.71%), TiO2 (3.21%), HfO2 (0.14%), Rb2O 

(0.27%), U3O8 (0.68%), and other excluded impurities as shown in Supplementary Table 1. The 

extraction of white oxyhydroxide coltan filtrated from the CT ore was achieved by the binary 

HF/HCl liquor extraction for an hour at 80°C with undiluted methyl isobutyl ketone (MIBK). After 

the dissolution of CT and extraction of white oxyhydroxide using the well-known organic 

extractants, MIBK and ammonium solution, their metal contents were ascertained as shown in Fig. 

1. The CT sample Fig. 1a is composed of 76.95% Ta, 13% Nb, 4.28% Fe, and 5.51% Mn. 

Conversely, in the reduced phase (WOCT), the elemental concentration was estimated at 87.61% 

for Ta, 11.28% for Nb, 0.49% for Fe, and 0.62% for Mn Fig. 1b using ICP-MS characterisation 
29,30.  Considering that the extraction process may introduce soluble fluoride compounds impurities, 

the digested was further purified at 135°C (WOCT-135) for 48 hours and calcinated at 1050°C 

(WOCT-1050) for 3 hours, watched with DW and ethanol to obtain columbite tantalite 

(Fe0.79Mn0.21Nb0.16Ta0.84O6) named WOCT 31-34.  

 

Fig. 1| Compositional analysis. Pie chart of niobium, tantalum, manganese and iron contents in (a) CT, 
(b) WOCT and (c) table of correspondent percentage (amount: 0.02 g, volume: 50 mL, and dilution factor: 
100 times). 
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The crystalline structure of the raw (CT) and extracted (WOCT) were revealed by the X-ray 

diffraction (XRD) as shown in (Fig. 2a In the case of CT, the corresponding peaks were identified 

with reference codes: Ta2O5 (00-054-0514), Nb2O5 (00-030-0873), MnO (98.024-7034), and 

Fe2O3 (98-015-1723). The crystalline phase in WOCT was Ta2O5 (00-035-1193), Nb2O5 (00-032-

0710), MnO (01-072-1533), and Fe2O3 (98-009-6076). The peak positions of the various oxides 

forms are proivided in Supplemetary Table 2 and 3. The WOCT crystallises in the orthorhombic 

structure (space group: Pbcn) and the lattice parameters a = 14.3100 Å, b = 5.7413 Å, and c = 

5.0624 Å (Fig. 2b) were determined using  Scherrer formula ( 1𝑑2 = (ℎ2 + 𝑘2) 1𝑎2 + 𝑙2𝑐2)) with (hkl) 

as Miller indices35,36. Additionally, the strongest reflection peaks appeared at 18.2° (110), 23.1° 

(111), 30.0° (180), 32.6° (200), 36.9° (201) and (202), 56.9° (002) and (422), 58.2° (440), 70.8° 

(531), and 77.8° (321) and (128) of diffraction plane of WOCT crystals forms37.
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Fig. 2| Structure characterization. (a) XRD pattern, (b) typical AB2O6 columbo-tantalite structure, A and B elements transition 

metal (A=Fe, Mn and with B=Ta, Nb) in Pbcn group octahedrally coordinated to the oxygen atoms), (c) XPS survey, and (d) Raman 

spectra of the CT and WOCT samples.  
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The X-ray photoelectron spectroscopy (XPS) was used to find more information about the electron 

valence states of the WOCT. All the chemical elements were verified in the XPS spectra of the 

WOCT (Fig. 2c). Fig. 3(a-f) show the fitted spectra and the corresponding binding energy peaks, 

where the Fe2p localized at 738.77 to 700.08 eV can be assigned to Fe3+ present in Fe2O3, Mn2p at 

659.67 to 632.08 eV indicates Mn2+ in MnO, Nb3d at 216.08 to 196.08 eV corresponds to Nb+5 

valence in the Nb2O5, Ta4d at 258.08 to 221.08 eV represents Ta5+species in the Ta2O5, and O1s 

located at 540.08 to 525.08 eV is attributed to the Metal-OH and the oxygen vacancy. Furthermore, 

Ta in WOCT shows two different spectra: Ta4d located at 230.81 eV (Fig. 3a) and Ta4f from 40.08 

eV to 20.08 eV (Fig. 3b) indicate that Ta atoms in WOCT exist in the form of Ta4+ 38,39. Raman 

spectroscopy was also used to compare the raw (CT) and extracted (WOCT) materials (Fig. 2d). 

The CT peak at 618.2 cm-1 disappeared in the Raman spectra of WOCT. However, a new weak 

peak was observed at 1433.23 cm-1 and a strong and sharp Raman bond in the high wavenumber 

range of 3011.26 cm-1 was detected, which corresponds to the out-of-plane of Ag vibrational mode 

in WOCT due to the stretching modes of the Nb−O and Ta−O bonds. The 1433.23 cm-1 sharp peak 

corresponds to the antisymmetric stretching mode of Fe−Ta and Mn−Nb bonds 40,41.  

 

Fig. 3| Chemical structure analysis of catalysts. (a-f): X-ray photoelectron spectroscopy (XPS) 

of WOCT of the Ta4d, Ta4f, Fe2p, Nb3d, Mn2p, and O1s, peaks. Fitted curves are shown in black and 

normalized curves are in pea green. Peak intensities are shown for clarification.  
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The surface morphology of the coltan ore (Supplementary Fig 1) and extracted WOCT shows that 

the material exhibits irregular shapes that are tightly stacked in layers with definite edges and basal 

planes (Fig. 4a-d). Supplementary Figure 2 shows the morphology of all the extracted (WOCT, 

WOCT-135, WOCT-1050) and synthesized (WOCTs) materials. The energy-dispersive X-ray 

spectroscopy (EDS) analysis of WOCT confirms that the elements (Nb, Ta, Fe, Mn, and O) were 

evenly distributed and homogenized after the extraction (Fig. 4(e and f)) and Supplementary Fig 

3 shown the element mapping and Energy dispersive x-ray spectroscopy (EDS) analysis of 

WOCTs. 

 

Fig. 4| Morphology and elemental mapping characterization of catalysts. (a-d) External 

morphology of WOCT, WOCT-135, WOCT-1050 and WOCTs. (e) WOCT FESEM image with 

elements mapping (O, Nb, Mn, Fe, and Ta). (f) Energy dispersive x-ray spectroscopy (EDS) 

analysis of WOCT.  
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The microstructural characterization of the WOCT were analyzed by TEM (Fig. 5a). The high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images (Fig. 

5b) confirm the presence of overlaid Mn, Fe, Ta, and Nb atoms. The HRTEM image (Fig. 5d and 

Supplementary Fig. 4) showsthree different perpendicular directions at an interface 

(heterostructure) by 0.19 nm (022), 0.307 nm (210), and 0.36 nm (211)42,43. Also, the selected area 

electron diffraction pattern  (Fig. 5e) can be interpreted by the overlapping of the (020), (211), and 

(210) reciprocal lattice projections44. In the analysis of nitrogen adsorption-desorption isotherm 

(Fig. 5 c), which exhibited the porous structure, the BET surface area, pore-volume, and pore size 

were calculated at 42.8963 m2g−1, 0.147865 cm³/g, and 137.8810 Å, respectively. The pore size 

corresponds to the progress of crystallization according to TEM observation and electron 

diffraction patterns as shown in Fig. 5f. 

 

Fig. 5| Microstructural characterization of catalysts. (a) TEM image of WOCT (Inset: 

diffraction pattern taken under the (020) and (101) zone axis). (b) Selective HAADF-STEM of 

WOCT taken close to the (101) zone axis with Ta, Nb, Mn, and Fe overlaid atoms. (c) HRTEM 

image (Inset: a structural model of the threefold superstructure) and (d) the selected area electron 

diffraction (SAED) of WOCT. (e) Nitrogen adsorption-desorption isotherms (Inset: corresponding 
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pore size distributions) of WOCT extracted by the binary acid HF/HCl). (f) Histogram of WOCT 

particles distribution where the average particle size equals 11.83 nm.   

Electrochemical performance  

A three-electrode cell configuration containing 1.0 M potassium hydroxide as an electrolyte was 

used for the electrochemical measurements of WOCT, Pt/C, WOCT-1050, WOCT-135, 

synthesised WOCTs, and NF samples. For reference and counter electrodes, the Hg/HgO electrode 

and a graphite rod were used, respectively. Fig. 6(a) shows the HER linear sweep voltammetry 

(LSV) achieved at a scan rate of 5 mV s-1. Data acquired and by visual evolution of H2 bubbles on 

the surface of the electrode indicates that the extracted WOCT displays a HER onset voltage of -

0.086V Vs RHE and exhibits a low overpotential of 167.9 mV (without IR compensation) at a 

conventional current density (i) of 10 mA cm−2 shown in Supplementary Fig. 5a. Even in allegory 

to the yardstick platinum electrocatalyst (Pt/C in this case), WOCT exhibits an enhancement of 

the HER performance under the same reaction conditions. That is to say, Pt/C achieved an 

overpotential of 170.36 mV at 10 mA cm-2. On the contrary, the HER overpotential for WOCT -

1050 (196.61mV), WOCT -135 (196.61 mV), WOCTss (185.92 mV), and NF (285.11 mV) are 

undoubtedly higher to obtain 10 mA cm-2 as shown in Fig. 6(a), confirming the recognizable HER 

electrocatalytic activity of WOCT. This performance can be attributed to the large surface area 

that consequently provides more active sites for favorable reactions. The double-layer capacitance 

(Cdl) analysis was investigated to evaluate their electrochemically active surface area (ECSA) as 

shwown in Supplemetary Fig. 5b. The slope of WOCT (Fig. 6(b)) was recorded as 4.3 mF cm−2 

(obtained at 0.97 V, Fig. 6(c)) where no Faradaic charge transfer occurred.  

Furthermore, the OER electrocatalytic activities for WOCT, WOCT-135, WOCT-1050, WOCTs, 

and RuO2/C as benchmark reference catalyst, and NF were compared through the polarization 

curves without IR compensation. Fig. 6(d) shows the recorded linear sweep voltammetry. Both 

WOCT and RuO2/C showed good electrocatalytic properties exhibiting a high limiting current 

density at a low overpotential for OER. The onset potential of WOCT is 0.278 V with an 

overpotential of 284.84 mV at 10 mA cm−2. Thes WOCT-135, WOCT-1050, WOCTs, RuO2/C, 

and NF samples required 289.1 mV, 384.31 mV, 319 mV, 142.3 mV, and 381.87 mV to reach 10 
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mA cm-2, respectively. WOCT shows better performance than WOCT-135, WOCT-1050, WOCTs, 

and NF electrocatalysts. As WOCT exhibits a higher current density, it implies that the efficiency 

for O2 production is also higher. The OER turnover frequency (TOF) of WOCT at an overpotential 

of 284.84 mV is 0.44/sites s-1 (see Supplementary information for calcualtion details). The 

supplementary Fig 5 (c and d) exhibit the HER and OER performance after IR correction of the 

WOCT material.   

Further insigths into the electrocatalytic activities and their related kinetics for HER were gained 

from  the Tafel plots e shown in Fig. 6(e). The Tafel slope values for WOCT-135, WOCT-1050, 

WOCTs, WOCT are calcualted at 68.21, 67.89, 67.48, and 56.36 mV dec-1, respectively, all of 

which are close to that of the reference 20% Pt/C electrode (54.61 mV dec-1). The small Tafel 

slope of 56.36 mV/dec for WOCT suggest low activation barrier for the Volmer-Tafel or Volmer-

Heyrovsky steps, therefore resulting in the observed higher HER activity45-48. The calculated Tafel 

plot for OER was 112.85, 174.83, 124.44 , 122.91 , 132.38 , and 127.2 mV dec-1 for WOCT-135, 

WOCT-1050, WOCT, WOCTs, NF, and RuO2/C, respectively (Fig. 6(f)). Compared to the 

commercial RuO2/C (127.2 mV dec-1), WOCT samples gave a small Tafel plot (124.44 mV/dec). 

When tested for overall water-splitting (H2 and O2 bubble formation), WOCT showed excellent 

performance, reaching 1.63 V at 10 mA cm-2, approaching the Pt/C and RuO2/C activity (Fig. 6(g)). 

Fig. 6(h) shows WOCT displayed strong long-term durability in a potential-time stability test at -

20 and 20 mA cm-2 constant current density for 32 hr. After showing an initial voltage of about 

0.54 V at constant 20 mA cm-2 WOCTT appreciated in performance by dropping its voltage to 

0.53 V there about before eventually getting back to 0.54 V after 24 hr of experiment and then 

maintaining its stability till the end of the experiment. The test was further stretched to 20 mA cm-

2 for WOCT and Pt/C, like with Pt/C, WOCT showed only superficial form of degradation giving 

an indication of its high durability. 

Furthermore, the structure and morphology of WOCT after electrolysis showed a minimum 

deformation validated through SEM images (Supplementary Fig. 6) and there was no dissolution 

of the elemental composition of WOCT . The XRD analysis (Supplementary Fig. 7) also confirmed 

that the crystal structure of WOCT is maintained after the durability test. Besides, the 

electrochemical impedance spectroscopy( EIS) test result for the post-water-splitting sample (Fig. 
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6(i)) confirmed a charge-transfer capability that was slightly close to the standard one, resulting in 

the enhanced stability of the WOCT-based device for water splitting in the alkaline media for a 

long-term operation  
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Fig. 6| Fundamental electrochemical relationships measured for HER and OER on catalysts. 

(a) Linear sweep voltammograms (LSV) curves measured in 1 M KOH at a scan rate of 5 mV s−1.  

(b) Cyclic voltammograms.  (c) charging current density differences (Δj=ja−jc) as a function of 

the scan rate, Cdl obtained by the Cv at 0.97 v Hg/HgO. (d) OER-LSV polarization curves. (e-f) 

corresponding Tafel plot of HER and OER. (g) LSV comparing the water -splitting performance 

of WOCT and Pt/C & RuO2/C (inset image of electrolyzer step for overall water splitting). (h) 

Durability test of WOCT and Pt/C evaluated at j= -20 and 20 mA cm-2 (inset: HER-LSV shows 

the initial and after 24 hours). (i) Electrochemical impedance spectroscopy (EIS) of WOCT and 

Pt/C (inset image is an analog circuit diagram). 

Density Functional Theory (DFT) 

To gain further insights into the electrochemical performance of (Fe, Mn)(Nb-Ta)2O6 catalyst 

towards HER and OER, first principles Hubbard-corrected density functional theory (DFT+U) 

calculations was employed to simulate the HER activity and the OER process. The pure FeTa2O6 

and the doped phase with composition Fe0.75Mn0.25Ta1.875Nb0.125O6 were modelled to investigate 

the effect of Mn and Nb doping on the structural, electronic, and electrochemical performance. 

The optimized bulk structures and their corresponding unit cell parameters are shown in 

Supplementary Fig. 8. The incorporation of Mn and Nb into the lattice is found to resulted in a 

small expansion of the lattice. The most stable (100) surface (Supplementary Fig. 9) was used to 

characterize the HER and the OER activity of the FeTa2O6 and Fe0.75Mn0.25Ta1.875Nb0.125O6 

catalysts. The topmost layer of the (2x2) FeTa2O6 (100) is composed of four Fe ions whereas the 

Fe0.75Mn0.25Ta1.875Nb0.125O6(100) has two Fe and 2 Mn ions in the topmost layer. 

The HER activity was evaluated by calculating the Gibbs free energy of hydrogen adsorption 

(ΔGH*) at different possible active sites on the FeTa2O6 and Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) 

surface. The ΔGH* is a good descriptor of the electrocatalytic activity of materials toward HER49-

51. A ΔGH* as close as possible to zero is preferred as it shows that free energy of adsorbed H is 

close to that of the reactant or product. Fig. 7 shows the most stable HER intermediate at different 

binding sited on the pure (p) FeTa2O6 and doped (d) Fe0.75Mn0.25Ta1.875Nb0.125O6 surfaces. The free 
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energy profile for HER (Fig. 8a) shows that the pure FeTa2O6 (100) has higher ΔGH* values 

compared to that of the doped Fe0.75Mn0.25Ta1.875Nb0.125O6 surface. 

The ΔGH* for the pure FeTa2O6 (100) is calculated to be 0.33 eV at the Fe site and 0.50 eV at the 

O site on the pure FeTa2O6 (100). A reduction in the ΔGH* values is observed at the doped 

Fe0.75Mn0.25Ta1.875Nb0.125O6 (100), with the Mn, Fe, and O sites giving ΔGH* values of 0.08, 0.19, 

and 0.49 eV, respectively. The ΔGH* value at the Mn site is similar to that of the well-known and 

highly efficient Pt catalyst (|ΔGPtH*| ≈ 0.09 eV)50,52,53. The smaller ΔGH* for the H–Mn and H–Fe 

interactions at the doped Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surface suggest that bonds are not too 

strong or too weak to limit the recombination of the adsorbed H atoms to evolve molecular 

hydrogen via a Volmer–Tafel or Volmer–Heyrovsky mechanism54. This results indicate that the 

doped Fe0.75Mn0.25Ta1.875Nb0.125O6 is a more active HER catalyst than pure FeTa2O6. 

 

Fig. 7| DFT characterization of H adsorption structures. Adsorption structures of H (HER 

intermediate) on pure (a & b) FeTa2O6 and on doped (c-e) Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) 

surfaces. 
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Fig. 8| DFT calculation for the HER and OER mechanism. (a) Gibbs free energy of hydrogen 
adsorption (ΔGH*) at different possible active sites on pure-p FeTa2O6(100) and doped-d 
Fe0.75Mn0.25Ta1.875Nb0.125O6(100). Gibbs free-energy diagram for four steps of OER on (b) Fe site 
at FeTa2O6(100) (c) Fe site at Fe0.75Mn0.25Ta1.875Nb0.125O6(100) and (d) Mn site on 
Fe0.75Mn0.25Ta1.875Nb0.125O6(100). The marked green box denotes the rate determining step and η 
is the overpotential. (e) and (f) are the elecronic partial density of states (PDOS) for pure FeTa2O6 

and dope Fe0.75Mn0.25Ta1.875Nb0.125O6 materials.  
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The possible reaction steps of the OER have been studied on the pure FeTa2O6 and doped 

Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surfaces to calculate the Gibbs free energy of coordinate 

elementary steps and overpotential for OER based on the following 4e-mechanism proposed by 

Norskov for water oxidation55,56: 

* + H2O → HO* + (H+ + e–)              ΔGI                                                           (1) 

HO* → O* + (H+ + e–)                      ΔGII                                                           (2) 

O* + H2O → HOO* + (H+ + e–)        ΔGIII                                                                   (3) 

HOO* → * + O2 + (H+ + e–)              ΔGIV                                                                   (4) 

where * stands for the active sites on the surface and O*, HO*, and HOO* denote the adsorbed 

oxygenated species. The ΔGI, ΔGII, ΔGIII, and ΔGIV represents the reaction Gibbs free energies. 

The overpotential η is determined as η = max (ΔGI, ΔGII, ΔGIII, ΔGIV) − 1.23 eV. 

The Gibbs free energy profile for the proposed 4e-mechanism of oxygen evolution reaction at the 

pure FeTa2O6 and doped Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surfaces is presented in Fig. 8 (b-d). 

The optimized structures of the *OH, *O, and *OOH intermediates for the OER are shown in Fig. 

9. The rate determining step (i.e. the largest Gibbs free energy difference) is predicted to be Step-

II for all active sites on the pure FeTa2O6 and doped Fe0.75Mn0.25Ta1.875Nb0.125O6  (100)  surfaces, 

as shown in Fig. 9. The Gibbs free energy difference for the Fe-site on the pure FeTa2O6 (100) 

surface is predicted at ΔGII =2.19 eV, which is larger than that of the Fe (ΔGII =1.77 eV) and Mn 

(ΔGII =1.70 eV) sites at the doped Fe0.75Mn0.25Ta1.875Nb0.125O6 surface. These results indicate the 

doped Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surface requires a lower overpotential (η =0.47 eV at the 

Mn sites and η =0.54 at the Fe site) to drive water oxidation than the pure FeTa2O6 (100) surface 

(η =0.96 eV).  

The improved performance of the doped Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surface was 

rationalized by determining the projected density of states of the pure FeTa2O6 and doped 

Fe0.75Mn0.25Ta1.875Nb0.125O6 material are shown in Fig. 8 (e and f). The incorporation of Mn 
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introduced states at the valence band edge whereas Nb introduces states at the conduction band 

edge. The band gap is also narrowed with Mn and Nb incorporation, suggesting improvement in 

the electric conductivity of the doped material. This is consistent with lower overpotential and 

therefore improved OER performance predicted for the doped Fe0.75Mn0.25Ta1.875Nb0.125O6 than 

the pure FeTa2O6. 
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Fig. 9| DFT characterization of OER intermediates. Optimised adsorption structures of OER intermediates (*OH, *O, and *OOH) 

at (a) Fe-site on FeTa2O6(100), (b) at Fe-site  and (c) at Mn-site at doped Fe0.75Mn0.25Ta1.875Nb0.125O6 (100). 
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Discussion  

In summary, we report the successful liquid-liquid extraction and hydrothermal synthesis of 

columbite-tantalite electrocatalysts (Fe0.79Mn0.21Nb0.16Ta0.84O6) and systematically evaluated for 

the first time their HER and OER catalytic activities in alkaline conditions. The  extracted (WOCT) 

and synthesized (WOCTs) Fe0.79Mn0.21Nb0.16Ta0.84O6 electrocatalysts showed excellent 

electrocatalytic performance, exhibiting low overpotential of 167.9 mV and 185.92 mV for HER 

and 284.84 mV and 319 mV for OER at 10 mA cm-2, respectively, in alkaline media. The extracted 

Fe0.79Mn0.21Nb0.16Ta0.84O6 also displayed long term durability in a potential-time stability test at -

20 and 20 mA cm-2 constant current density for 32 hr. Besides that the Tafel slope for WOCT and 

WOCTs are compare closely to those of Pt/C or RuO2/C commercial catalysts, indicating faster 

kinetic activity for electron transfer in alkaline media. The experimental results were corroborated 

by DFT calculations, which demonstrate that Fe0.75Mn0.25Ta1.875Nb0.125O6 can enhance the 

adsorption energetics and boost the kinetics of the electrocatalytic water splitting process. This 

work should open more avenues for the rational design and development of columbite-tantalite 

based electrocatalysts as promising alternative to the expensive noble metal catalysts for renewable 

and sustainable energy conversion.  
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Methods  

 

Mineral extraction  

The columbite-tantalite ore (coltan) was crushed and sieved (<100 μm) at the beginning and 10 g 

was weighed for the digestion process. For leaching of the columbite-tantalite ore samples, two-

step binary acid system was employed using the mixture of hydrofluoric (HF) and sulfuric acids 

(HCl). First, the digestion of the coltan ore was placed in a polypropylene beaker with 8 M HF and 

stirred at room temperature for 3 h, followed by adding 8 M HCL and stirring the mixture at 80°C 

for 8 h. Then, the dissolved metals was filtrated29,33,57. Secondly, the liquid-liquid extraction was 

carried out with 10 mL of filtrated solution added to 10 mL methyl isobutyl ketone (MIBK) and 

maintained at 25°C for 15 min to form the organo-metallic complex58-60. The solution was 

separated using a separation funnel. A 20 mL of the organo-metallic solution was  then transferred 

back into a 50 mL conical tube and 25% ammonia solution of equal volume (Vaq/Vorg) was added 

to allow the metal hydroxides separation. The white precipitate was allowed to settle for 1 h and 

then centrifuged at 7000 rpm for 10 min. The formed white wet cake was washed with deionized 

water, transferred to a glass beaker, and dried in vacuum oven for 48 h at 135°C (WOCT-135) to 

ensure that all the organic solvents were removed. The dried cakes were placed in a porcelain 

crucible for calcination at 1050°C for 3 h in a muffle furnace (WOCT-1050)61,62. The annealed 

grey metal oxide was milled and further used after washing in ethanol and distiller water (WOCT) 

in this study (photo all the extraction process shown on the Supplementary Fig. 10). 

The synthetic columbite-tantalite AB2O6 (A = Fe, Mn, and B = Nb, Ta) was prepared by a 

hydrothermal method, followed by calcination 59,60. First, 0.2 mmol ammonium niobate(V) oxalate 

hydrate was dissolved in distilled water and 0.2 mmol tantalum chloride precursor was dissolved 

in a concentrated methanol solution for 5 min. 5 mL of Ta solution was dropped in niobium oxalate 

aqueous solution under magnetic stirring. After homogenization, 0.6 mmol of MnSO4·2H2O and 

FeSO4·5H2O were added dropwise into the Nb-Ta aqueous solution under continuous magnetic 

stirring for 1 h. Then, the solution was transferred into a 50 mL stainless-steel Teflon lined 

autoclave and maintained at 200°C for 48 h. The collected samples were centrifuged, washed with 

ethanol and distilled water, dried at 60°C for 24 h, and finally annealed at 900°C for 3 h. The 

synthesized sample named as WOCTs was used to compare with the extracted WOCT.  



24 

 

Physical and chemical characterization 

The chemical composition of the CT and WOCT was evaluated by the X-ray fluorescence 

spectroscopy (XRF, ZSX Primus II, Rigaku, Japan) and inductively coupled plasma mass 

spectrometry (ICP-MS, iCAP RQ, Thermo Fisher Scientific, USA). The multipurpose X-ray 

diffractometry (XRD, X'pert Pro, PANalytical, the Netherlands) with high-intensity 

monochromatic Cu–Kα radiation as an incident beam (λ = 1.54 Å) over a Bragg’s angle ranging 

from 5 to 90° was used to elucidate the presence of different peaks of the WOCT compared to the 

original CT material. The Brunauer–Emmett–Teller (BET, ASAP 2020, Micromeritics, USA) 

method was used to measure the specific surface area of the adsorbents using N2. The surface 

morphology was observed with a Field emission scanning electron microscopy-energy dispersive 

spectroscopy (FESEM-EDS, JSM-5900, JEOL, Japan). The elemental composition and their 

oxidation states  in CT and WOCT were examined by X-ray photoelectron spectroscopy (XPS, 

Physical Electronics PHI 5400, USA) with AlK- monochromatic X-ray source (hv = 1486.6 eV) 

at the spot size of 400m in the diameter with charge compensation. The surface atomic 

arrangements were investigated by high-resolution transmission electron microscopy (HRTEM) 

on a JEM-ARM200F electron microscope equipped with a spherical aberration correction device 

(Cs corrected) for the objective lens. The shape, diffraction pattern, and crystal structure of WOCT 

were generated by transmitting electrons accelerated to 200 kV through the thin samples (< ~100 

nm).  

Electrochemical measurement 

The electrochemical characterization was analyzed by Potentiostat/Galvanostat (ZIVE SP2, 

WonATech Co. Ltd., Seoul, Korea) with the conventional three-electrode electrochemical cell 

composed of WOCT, WOCTs, Pt/C, and RuO2/C deposited on the nickel foam (1 cm × 1 cm) as 

a working electrode, graphite rod as a counter electrode, and the Hg/Hg as a reference electrode 

(where the potential was converted in RHE by the ERHE = EHg/HgO + 0.098 + 0.059 pH). The 

measurement of the HER and OER polarization curves was conducted at the scan rate of 5 mV s-

1 and 1M KOH at room temperature. The stability was studied at the j = -20 and 10 mV cm-2 and 

the electrochemical impedance spectroscopy (EIS) was accomplished at an amplitude of 10 mV 

and 0.054 V potential in a frequency range from 105 to 10-2 Hz. The cyclic voltammetry (CV) was 
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performed at different scan rates (10 to 100 mV s-1) in the -10 mV to -100 mV vs. RHE region to 

calculate double-layer capacitance value (Cdl) by plotting the Δj (ja - jc) at 0.98 V vs. RHE. The 

working electrode was prepared by dissolving 0.5 mg of WOCT, WOCTs, Pt/C, and RuO2/C in 5 

mL ethanol containing 20 l of Nafion®115 solution (5%) sonicated for 10 min. Then, the ink was 

drop-casted onto the surface of 3D nickel foam and dried at 60°C for 5 h. 

Theoretical calculation 

The density functional theory (DFT) calculations were performed within the VASP -Vienna ab-

Initio Simulation Package63-65. The electron-ion interactions were described using the projector 

augmented wave (PAW) pseudopotentials method66.The Perdew-Burke-Ernzerh (PBE) exchange 

correlation functional67 with Hubbard correction (DFT+U) for the on-site Coulomb Repulsion was 

used. In the present work, an effective U value of 3.0 for Fe, Mn Ta, and Nb were found to provide 

an accurate description of the structural parameters and the electronic properties of FeTa2O6 and 

(FeMn)(TaNb)2O6. All calculations were spin polarized. An energy cut-off of 500 eV was used 

the expand the electronic wave functions, which is sufficient enough to converge the total energy 

and the Hellman–Feynman forces to within 10−6 eV and 0.001 eVÅ−1, respectively. Van der Waals 

(vdW) dispersion forces were accounted for using the Grimme DFT-D3 scheme68. A Monkhorst-

Pack k-point mesh of 3×9 ×9 and 3×3×1 were used to sample Brillouin zone of the bulk materials 

and the (001) surface, respectively. The bulk FeTa2O6 was modelled in the orthorhombic structure 

containing 4 Fe, 8 Ta, and 24 O ions. The replacement (substitution) of one Fe with Mn and one 

Ta with Nb resulted in the formation of Fe0.75Mn0.25Ta1.875Nb0.125O6, with the Fe2+ or Mn2+ ions 

occupying the A-sites, and Nb5+ or Ta5+ the B-sites. The optimized structures and the 

corresponding unit cell parameters as given in Supplementary Fig. 8. The predicted most stable 

(100) surface (Supplementary Fig. 9) was used to characterize the HER and OER processes. To 

avoid interactions between periodic slabs, a vacuum size of 15 Å was added in the z-direction. 
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Figures

Figure 1

Compositional analysis. Pie chart of niobium, tantalum, manganese and iron contents in (a) CT, (b)
WOCT and (c) table of correspondent percentage (amount: 0.02 g, volume: 50 mL, and dilution factor:
100 times).

Figure 2

Structure characterization. (a) XRD pattern, (b) typical AB2O6 columbo-tantalite structure, A and B
elements transition metal (A=Fe, Mn and with B=Ta, Nb) in Pbcn group octahedrally coordinated to the
oxygen atoms), (c) XPS survey, and (d) Raman spectra of the CT and WOCT samples.



Figure 3

Chemical structure analysis of catalysts. (a-f): X-ray photoelectron spectroscopy (XPS) of WOCT of the
Ta4d, Ta4f, Fe2p, Nb3d, Mn2p, and O1s, peaks. Fitted curves are shown in black and normalized curves
are in pea green. Peak intensities are shown for clari�cation.

Figure 4



Morphology and elemental mapping characterization of catalysts. (a-d) External morphology of WOCT,
WOCT-135, WOCT-1050 and WOCTs. (e) WOCT FESEM image with elements mapping (O, Nb, Mn, Fe, and
Ta). (f) Energy dispersive x-ray spectroscopy (EDS) analysis of WOCT.

Figure 5

Microstructural characterization of catalysts. (a) TEM image of WOCT (Inset: diffraction pattern taken
under the (020) and (101) zone axis). (b) Selective HAADF-STEM of WOCT taken close to the (101) zone
axis with Ta, Nb, Mn, and Fe overlaid atoms. (c) HRTEM image (Inset: a structural model of the threefold
superstructure) and (d) the selected area electron diffraction (SAED) of WOCT. (e) Nitrogen adsorption-
desorption isotherms (Inset: corresponding pore size distributions) of WOCT extracted by the binary acid
HF/HCl). (f) Histogram of WOCT particles distribution where the average particle size equals 11.83 nm.



Figure 6

Fundamental electrochemical relationships measured for HER and OER on catalysts. (a) Linear sweep
voltammograms (LSV) curves measured in 1 M KOH at a scan rate of 5 mV s−1. (b) Cyclic
voltammograms. (c) charging current density differences (Δj=ja−jc) as a function of the scan rate, Cdl
obtained by the Cv at 0.97 v Hg/HgO. (d) OER-LSV polarization curves. (e-f) corresponding Tafel plot of
HER and OER. (g) LSV comparing the water -splitting performance of WOCT and Pt/C & RuO2/C (inset
image of electrolyzer step for overall water splitting). (h) Durability test of WOCT and Pt/C evaluated at j=
-20 and 20 mA cm-2 (inset: HER-LSV shows the initial and after 24 hours). (i) Electrochemical impedance
spectroscopy (EIS) of WOCT and Pt/C (inset image is an analog circuit diagram).



Figure 7

DFT characterization of H adsorption structures. Adsorption structures of H (HER intermediate) on pure (a
& b) FeTa2O6 and on doped (c-e) Fe0.75Mn0.25Ta1.875Nb0.125O6 (100) surfaces.



Figure 8

DFT calculation for the HER and OER mechanism. (a) Gibbs free energy of hydrogen adsorption (ΔGH*)
at different possible active sites on pure-p FeTa2O6(100) and doped-d
Fe0.75Mn0.25Ta1.875Nb0.125O6(100). Gibbs free-energy diagram for four steps of OER on (b) Fe site at
FeTa2O6(100) (c) Fe site at Fe0.75Mn0.25Ta1.875Nb0.125O6(100) and (d) Mn site on
Fe0.75Mn0.25Ta1.875Nb0.125O6(100). The marked green box denotes the rate determining step and η is
the overpotential. (e) and (f) are the elecronic partial density of states (PDOS) for pure FeTa2O6 and dope
Fe0.75Mn0.25Ta1.875Nb0.125O6 materials.



Figure 9

DFT characterization of OER intermediates. Optimised adsorption structures of OER intermediates (*OH,
*O, and *OOH) at (a) Fe-site on FeTa2O6(100), (b) at Fe-site and (c) at Mn-site at doped
Fe0.75Mn0.25Ta1.875Nb0.125O6 (100).
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