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Experimental Section

1.1 Materials and reagent 

Sodium tellurite (Na2TeO3, 99.5%, Alfa Aesar), melamine (99%, Acros 

Organics), hydrazine hydrate (N2H4, 64% v/v, Acros Organics), polyvinylpyrrolidone 

(PVP, K30, USB), sodium hydroxide (NaOH, Fisher Scientific), formaldehyde (37% 

v/v, Acros Organics), ammonia (NH3, 35% in water, Acros Organics), ruthenium(III) 

chloride (RuCl3, Strem Chemicals), and Pt/C (20 wt%, Alfa Aesar) were used as 

received without further purification. Water was supplied from a Barnstead Nanopure 

Water System (18.3 MΩ cm). RuO2 was purchased from Aladdin company.

1.2 Synthesis Te NWs and Te-MF polymer core-sheath nanofibers

Te Nanowires (Te NWs) were prepared by a previous method.1 Briefly, 0.5 g 

ascorbic acid (AA), 0.1 g CTAB and 56.9 mg Na2TeO3 were added to a beaker filled 

with 40 mL distilled water. The mixture moved into 50 ml autoclave and maintained 

at 90°C for 10 hours in an oven. Finally, the product was collected, washed and dried 

in a vacuum chamber for 10 h.

A certain of Te NWs and 0.126 g of melamine was dissolved in 25ml water and 

introduced into a 50 mL round-bottom flask. After 30 minutes under magnetic stirring, 

Te NWs solution which contained 20 μL 0.2M NaOH, and 0.53 mL formaldehyde 

were injected into the mixture solution, followed by stirring at 120 °C for another 10h. 

The product was obtained by filtration, washing with water and ethanol, is denoted as 

Te-MF (melamine–formaldehyde (MF) polymer coated onto the surface of Te NWs).

1.3 Material Characterization

The morphology of nanotubes can be observed by SEM (Hitachi S4800). All 

samples for the TEM analysis prepared by depositing a drop of the diluted suspension 

in ethanol on carbon film-coated copper grid. The high-resolution transmission 

electron microscopy (HRTEM, JEM-2010FEF) and a spherical aberration corrected 

Scanning Transmission Electron Microscope (AC-STEM, Titan G2 60-300 with 

image corrector) were conducted on an FEI TECNAI F20 microscope at an 

acceleration voltage of 200 kV. The crystal phase of as-prepared products was 



determined by powder XRD using a PANalytical Empyrean, Netherlands X-ray 

diffractometer with Cu Kα radiation source. X-Pay photoelectron spectroscopy (XPS) 

measurements were performed with a VG Scientific ESCALAB 210 electron 

spectrometer using Mg KR radiation under a vacuum of 2×10-8 Pa at 14 KV.

1.4 Electrochemical Measurements

All electrochemical measurements were performed on CHI 660E electrochemical 

workstation in a standard 3-electrode with 2-compartment cell. A Glassy carbon 

electrode with 3mm diameter is working electrode. A saturated calomel electrode 

(SCE) is the reference electrode. A graphite plate or Pt wire was used as the counter 

electrode in HER test or OER electrochemical measurements. Polarization data were 

obtained at a scan rate of 5 mV s-1. In all measurements, the reference electrode was 

calibrated with respect to reversible hydrogen electrode (RHE). 

To prepare the catalyst ink, 5 mg catalyst powder was ultrasonically dispersed in 

1000 μL mixed liquor (20 μL Nafion ionomer solution, 490 μL isopropanol and 490 

μL deionized water). Then a certain amount of the dispersion was loaded onto a 

glassy carbon electrode with 3 mm diameter (loading 0.7 mg cm-2). The obtained 

HER polarization curves were IR-compensated according to the following equation: 

Ec = Em – IR (where Ec is the IR-compensated potential, Em is the experimentally 

measured potential, R is the solution resistance). The long-term stability was tested by 

a potentiation method at fixed potentials or a fixed current. 

The catalyst RuO2-DNCTs were loaded on GCE was used as both cathode and 

anode in a two-electrode configuration for overall water splitting. The LSV curves 

were obtained at a scan rate of 5 mV s-1 .The the chronopotentiometry experiment was 

conducted at 100 mA/cm2 for 60 h. 

The TOF (s-1) values were calculated with the following equation:

TOF = I/mnF

I: Current (A) during the linear sweep voltammetry (LSV) tests in 1 M KOH.

n: Number of active sites (mol). F: Faraday constant (C mol-1). 



m: The factor 1/m represents that m electrons are required to form one H2/O2 

molecule from water, which means that the m values for hydrogen evolution and 

oxygen evolution reactions are 2 and 4, respectively.

1.5 Theoretical calculation

Density functional theory (DFT) calculations were performed using a Dmol3 

program package of software Materials Studio 7.0. The Perdew-Burke-Ernzerhof 

(PBE) function of the generalized gradient approximation (GGA) was used to account 

for electron exchange and correlation.2 The computational parameters were self-

consistent field (SCF) tolerance 1.0 × 10-7 Ha per atom, energy tolerance 2.0 × 10-7 

Ha per atom, maximum force gradient 0.002 Ha Å-1, maximum atomic displacement 

0.005 Å, orbital cutoff 4.6 Å and thermal smearing 0.05 Ha for quick convergence. 

The supercells were relaxed with a 3 × 3 × 1 Monkhorst-Pack k-mesh. 

The four sequential electron transfer steps, including adsorption steps (i and iii), 

dissociation steps (ii and iv) and desorption step (v). Considering that the overall 

water decomposition process requires energy 4.92 eV at the standard conditions, the 

energy for at least one step in (i–iv) should be larger or equal to 1.23 eV. For the OER 

in alkaline environment, the whole process occurs via the following four elementary 

steps:

OH- + * → OH* + e-                        (1)

OH* + OH- → O* + H2O + e-                 (2)

O* + OH- → OOH* + e-                     (3)



OOH* + OH- → O2 + H2O + e-                 (4)

The adsorption free energies (ΔG) of OER intermediates can be obtained by ΔGi 

= ΔEi + ΔZPEi - TΔSi, where i means OH*, O* and OOH*. Li et al. previously 

reported that ΔZPE - TΔS are 0.06, 0.37 and 0.44 eV for O*, OH* and OOH*, 

respectively.3 Furthermore, the ΔE for OER intermediates was calculated as follow:

ΔEOH = E(OH*) - E(*) - [E(H2O) - 1/2E(H2)]

ΔEO = E(O*) - E(*) - [E(H2O) - E(H2)]

ΔEOOH = E(OOH*) - E(*) - [2E(H2O) - 3/2E(H2)]

Therefore, the Gibbs free energy changes for the four elementary steps of OER 

can be expressed as follows:

ΔG1 = ΔGOH - eU

ΔG2 = ΔGO - ΔGOH - eU

ΔG3 = ΔGOOH - ΔGO - eU

ΔG4 = 4.92 eV - ΔGOOH – eU

Where U is the potential measured against the normal hydrogen electrode (NHE) 

at standard conditions. Therefore, the theoretical overpotential (η) for OER can be 

obtained by the following equation:

ηOER = max[ΔG1, ΔG2, ΔG3, ΔG4]/e - 1.23 [V]

The adsorption energy was calculated as 4:

Eads = Esystem - [Eslab + Emolecule]                                    (5)



Esystem is the total energy of the optimized system, Eslab is the total energy of the bare 

slab and Emolecule is the total energy of an isolated RuO2 or H2O molecule. 



Fig. S1  (a-b) SEM image of Te nanowires and DNCTs.

Fig. S2  XRD pattern of RuO2/CB.

Fig. S3  SEM and TEM images of RuO2-DNCTs.



Fig. S4  High-resolution XPS spectra of Ru 3d in RuO2-DNCTs.

Fig. S5  (a) High-resolution XPS spectra of Ru 2p in RuO2-DNCTs , RuO2/CB and 
RuO2, (b) High-resolution XPS spectra of N 1s in RuO2-DNCTs and DNCTs.

Fig. S6  High-resolution XPS spectra of O 1s in RuO2/CB and RuO2.



Fig. S7  Mass activity of HER performances for RuO2-DNCTs, Ru-DNCTs, 
RuO2/CB and Pt/C.

Fig. S8  (a-d) Exchange current densities (j0) of RuO2-DNCTs, Pt/C, RuO2/CB and 
Ru-DNCTs.



Fig. S9  (a-c) Cyclic voltammogram (CV) curves at different scan rates for 

RuO2/DCNTs, RuO2/CB and Ru/DCNTs. (d) The current density variation at 0.389 V 

versus RHE plotted against with the scan rates.

Fig.S10  ECSA normalized HER polarization curves of the as-prepared RuO2-
DCNTs, RuO2/CB and Ru-DCNTs electrocatalysts.



Fig. S11  Cyclic voltammogram (CV) curves of (a) RuO2-DNCTs, (b) RuO2/CB and 
(c) Ru-DNCTs in 1 M PBS (pH = 7) with a scan rate of 50 mV s-1. 

According to the formula described in the experimental section: n = Q/2F = It/2F 
= IV/2Fv, the number of active sites for RuO2-DNCTs, RuO2/CB and Ru- DNCTs is 
calculated to be 2.91952e-8 mol, 4.53e-9 mol and 1.22783e-8 mol, respectively, 
indicating that RuO2-DNCTs catalyst has more abundant active sites than RuO2/CB 
and Ru-DNCTs, respectively.

Fig. S12  LSV curves obtained initial and after 20 h i-t test for RuO2-DCNTs.



Fig. S13 X-ray diffraction pattern (XRD) and high-resolution XPS spectra of Ru 2p in 
RuO2-DNCTs after HER

Fig. S14  (a-c) Cyclic voltammogram (CV) curves at different scan rates for RuO2-
DNCTs, RuO2/CB and Ru-DNCTs, (d) The current density variation at 0.389 V 

versus RHE plotted against with the scan rates.



Fig. S15  The ECSA normalized OER polarization curves of the as-prepared RuO2-
DNCTs, RuO2/CB and Ru-DNCTs electrocatalysts.

Fig. S16 X-ray diffraction pattern (XRD) and high-resolution XPS spectra of Ru 2p in 
RuO2-DNCTs after OER(c-d) test.

Fig. S17  (a) Gas collection device of water splitting, (b)Photographs of hydrogen 
and oxygen collected at different times.



Fig. S18  (a-c)Calculated model of Ru-DNC, RuO2-C and RuO2-DNC.

Fig. S19  Partial electronic density of states of Ru d orbital in RuO2-DNC, RuO2-C 
and Ru-DNC.

Fig. S20  Calculated model of H2O on (a)Ru-DNC, (b)RuO2-C and (c)RuO2-DNC. 

Fig. S21  Free-energy diagrams of RuO2-DNC at different potential.



Table S1. HER comparison in 1.0 M KOH with the recently reported literatures

Materials j(mA/m2) HER(mV) Reference

RuO2-DNCTs 10 19 This work

RuO2/N-C 10 40 5

Ru40@mONC 10 28 6

Ru/Ni3N–Ni 10 53 7

RuNi-NCNFs 10 49 8

RuO2-RuP2/Ru 10 33 9

PtSA-Co(OH)2@AgNWs 10 29 10

IrP2@NC 10 28 11

Pd3Ru/C 10 42 12

RuAu SAAs 10 24 13

CF@Ru-CoCH 10 66 14

NiRu@N–C 10 32 15

Ru-CoV-LDH/NF 10 32 16

Ru-NiFe-P 10 44 17

Ru-MnFeP/NF 10 35 18

MIL-53(Ru-NiFe)@NF 10 68 19



Table S2. Cdl and ECSA values of RuO2-DNCTs, RuO2-C and Ru-DNCTs in the 
region of (0.2)- (0.3) V versus Hg/HgO

Materials Cdl(mF/cm2) ECSA(cm2)

RuO2-DNCTs 17.5 291

RuO2-CB 12.9 215

Ru-DNCTs 10.2 170



Table S3. OER comparison in 1.0 M KOH with the recently reported literatures

Materials j(mA/m2) OER(mV) Reference

RuO2-DNCTs 10 229 This work

RuIrOx 10 250 20

RuO2/N-C 10 280 5

RuCu NSs/C 10 230 21

D–RuO2/TiO2 10 296 22

Ru-CoV-LDH/NF 10 230 16

RuO2/CeO2 10 350 23

RuNi-NCNFs 10 290 8

Ru/RuO2-MoO2 10 260 24

CoNG/Ru 10 350 25

0.4-Ru@NG-750 10 372 26

Co doped RuO2 NWs 10 304 27

Ir/MoS2 10 330 28

Pt-MoS2/CC 10 300 29



Table S4. Summary of overall water-splitting electrocatalysts
Materials Overpotential ( V@10 mA/cm2) Reference

RuO2-DNCTs 1.48 This work

Ru-HMT-MP-7 1.50 9

D-RuO2/TiO2 1.59 22

RuO2/N–C 1.554 15

Ru/NiFe LDH-F/NF 1.53 30

NiRu@MWCNTs 1.51 31

Ru/Ni3N–Ni 1.55 7

RuNi-NCNFs 1.564 8

CoNG/Ru 1.58 25

Ru1Co2 NP 1.59 32

Ru-NiCoP 1.515 33

OMS Mo2C/NC‐Ru 1.62 34

Ru/RuO2-MoO2 1.54 35

RuCu NSs/C 1.49 21
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