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S.i. XAFS spectra measurements and fitting

The X-ray absorption fine structure (XAFS) spectra were measured on the XAFS/XRF 

beamline, Synchrotron-Light for Experimental Science and Applications in the Middle East 

(SESAME), operating at 2.5 GeV in “decay” mode with a maximum electron current of 250 mA. 

XAFS spectra were acquired in fluorescence mode with a Silicon Drift Detectors (SDD), 

KETEK GmbH at room temperature, in the spectral range of Zn K-edge (9659 eV) for the Z-C-

TiO2 and Z-R-TiO2-x. X-ray beam intensity before and after the sample was also measured by 

two ionization chambers filled with a mixture of noble gases. The energy was calibrated 

according to the absorption K-edge of Zn metallic foil. The samples were prepared in pallet form 

by pressing a homogeneous mixture of calculated quantity of finely ground material and 

polyvinylpyrrolidone (PVP) powder. The amount of material in each pellet was calculated using 

XAFS mass software to give an absorption μt~1.5, just above the Zn absorption K-edge.

The extended X-ray absorption fine structure (EXAFS) spectra were quantitatively analyzed 

and nonlinear best fit was performed for the Fourier transformed k2-weighted experimental 

EXAFS signals, using Artemis program [1] from the Demeter. The EXAFS data were 

preprocessed in Athena. Fitting procedure employs both the imaginary and real parts of the 

Fourier transformed EXAFS oscillations and theoretical EXAFS paths that were constructed 

from the ZnSe zinc-blende structure of lattice parameters (a = 5.674, b = 5.674 and c = 5.674 Å) 

using FEFF 8-lite code in Artemis program. The best fits to the Zn K-edge EXAFS data were 

performed in R-space in the interval of 1–4.0 Å with Hanning windows in the 3-12 Å-1k range, 

and two single scattering (SS) paths were used, including Zn-Se (2.45 Å) and Zn-Zn (4.00 Å). 



The fitting parameters included amplitude reduction factor ( ) and correction to the difference 𝑆2
0

in photoelectron energy between the experimental data and FEFF calculation (E), which were 

set similar for all the scattering paths. Whereas, interatomic distances (R) and disorder in the 

bond lengths or mean-square relative displacements (MSRDs), also known as Debye-Waller 

factors () were refined to get the best fit result. 

S.ii. Electrochemical studies

The electrochemical studies were conducted on an electrochemical workstation (CHI 660D) in a 

standard three-electrode system with the as-prepared electrocatalysts on fluorine-doped tin oxide 

(FTO) glasses as the working electrode, a Pt wire as the counter electrode and Ag/AgCl as the 

reference electrode. The electrolyte was an aqueous solution of 0.1 M NaOH (pH = 13). The working 

electrode was fabricated as follows: 300 mg of active material was sonicated with absolute ethanol 

and nafion to form slurry, following by coating the slurry on a piece of FTO glass.

The measured potentials vs. Ag/AgCl were converted to the reversible hydrogen electrode (RHE) 

scale according to the Nernst equation [2] given below:

                                                                             (S. i)𝐸𝑅𝐻𝐸 =   𝐸𝐴𝑔 𝐴𝑔𝐶𝑙 +   0.059𝑝𝐻  +   𝐸 0
𝐴𝑔 𝐴𝑔𝐶𝑙

Where ERHE is the converted potential vs. RHE, EAg/AgCl is the experimental potential measured 

against Ag/AgCl reference electrode, and Eo
Ag/AgCl is the standard potential of Ag/AgCl at 25 oC 

(0.1976 V). LSV (OER & HER) were performed at scan rate of 50 mV/ s. The CV was done at scan 

rate of 25 mV/ s, 50 mV/ s, 100 mV/ s, 200 mV / s, 400 mV / s and 800 mV / s. EIS measurements 

were done at a frequency of 0.1- 100000 Hz.



S.iii. Photocatalytic activity evaluation 

The application of synthesized photocatalysts was investigated by photodegradation of the reactive 

blue-866 (RB-866) dye under visible light irradiation in sunlight. Photocatalytic activity was tested 

by mixing 5 mg of the photocatalysts (C-TiO2, Z-C-TiO2, R-TiO2-x and Z-R-TiO2-x) (1 g/L) in 50 mL 

of reactive blue-866 dye solution (20 ppm prepared in double distilled water). After ultrasonication, 

the samples were bubbled with atmospheric oxygen for about 1hour in order to create adsorption 

desorption equilibrium. After dark adsorption period, the first sample was taken out considered as 

initial concentration. Five more samples were regularly withdrawn from the reactor after 10, 20, 30, 

40 and 50 min of direct sunlight irradiation. These solutions were immediately centrifuged to 

separate any suspended solids and analyzed using a UV-Vis spectrophotometer to measure the 

percentage degradation at wavelength range of 350 nm - 750 nm. The following equation was used to 

find out the percent degradation activity of each photocatalyst [3].

                                                                                                            (S. ii)
ƞ(%) =

𝐴0 ‒  𝐴𝑡

𝐴0
×   100

Where Ao = initial concentration of dye, At = concentration of dye at time t.

S.iv. Theoratical band edge calculation

                 Butler and Ginley introduced a theoretical approach [4] for the prediction of the 

position of band edges using the above  relation where E0 is the energy of free electrons on the 

hydrogen scale (4.44 ± 0.02 eV), Eg is the band gap energy, and  χ  is the Sanderson electro 

negativity of the semiconductor, expressed as the geometric mean of the electro negativities of 



the constituent atoms, which are defined after Mulliken as the arithmetic mean of the atomic 

electron affinity and the first ionization energy (both in eV). Equations S. (iii,iv) are given below

  EVB =  χ - E0 + 0.5Eg                                                                                                                                                  (S.iii)

  ECB =  EVB - Eg                                                                                                                                                               (S. iv)

Figure S.1 : Ti K-edge (4966 eV) X-ray absorption near edge structure (XANES) spectra of 
(C-TiO2), Mg-TiO2-x, CA-TiO2-x, AA-TiO2-x and Zn-TiO2-x
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Figure S.2: 3D structure of anatase titania



Figure S.3:  SEM micrographs of (a,b) C-TiO2, (c,d) Zn-TiO2-x, (e,f) Mg-TiO2-x, (g,h) AA-

TiO2-x and (i,j) CA-TiO2-x nanocatalysts.
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Figure S.4:  EDS spectra of (a) C-TiO2, (b) Zn-TiO2-x, (c) Mg-TiO2-x, (d) AA-TiO2-x and (e) 

CA-TiO2-x nanocatalysts.

Figure S.5: Equivalent circuit for CPE model.



Material Bond Type N R(Å) s2(Å2) E0(eV) 

Ti0-Oeq 3.9 1.912±0.0101 0.00780±0.00361 3.95

Ti0-Oax 1.9 1.960±0.0101 0.00162±0.00033 3.95

Ti0-Ti1 4 3.067±0.0148 0.00567±0.00193 3.95

C-TiO2 

Ti0-Ti2 3.9 3.749±0.0371 0.00570±0.00185 3.95

Ti0-Oeq 3.9 1.907±0.0196 0.00715±0.00268 3.22

Ti0-Oax 1.7 2.034±0.0449 0.00391±0.00072 3.22

Ti0-Ti1 3.3 3.060±0.0235 0.00930±0.00351 3.22

Zn-TiO2-x 

Ti0-Ti2 2.8 3.652±0.1488 0.01450±0.00300 3.22

Ti0-Oeq 3.7 1.911±0.0287 0.00611±0.00418 3.00

Ti0-Oax 1.9 1.992±0.0499 0.00175±0.00032 3.00

Ti0-Ti1 3.5 3.068±0.0189 0.00844±0.00249 3.00

Mg-TiO2-x 

Ti0-Ti2 2.7 3.663±0.240 0.01951±0.00948 3.00

Ti0-Oeq 3.9 1.913±0.0112 0.00738±0.00394 4.48

Ti0-Oax 1.7 1.961±0.0112 0.00220±0.00050 4.48

Ti0-Ti1 4 3.068±0.0190 0.00678±0.00248 4.48

AA-TiO2-x 

Ti0-Ti2 3.7 3.727±0.0551 0.00996±0.00367 4.48

Ti0-Oeq 3.5 1.921±0.0101 0.00839 ±0.00339 3.25

Ti0-Oax 1.3 1.969±0.0101 0.00105±0.00052 3.25

Ti0-Ti1 4 3.084±0.0173 0.00916±0.00234 3.25

CA-TiO2-x 

Ti0-Ti2 3.9 3.733±0.0526 0.01322±0.00610 3.25

 



Table S.1. Derived EXAFS fitting parameters, including N: coordination number, R: mean 

coordination shell radii, 2: mean square relative displacements (MSRDs) or Debye–Waller 

factor, : amplitude reduction factor and E0: photoelectron energy for the TiO2 𝑆2
0

nanomaterials.

Catalysts Surface area 

m²/g

Pore volume 

cc/g

Pore width (nm) Particle size 

(nm)

C-TiO2 14.243 0.020 3.537 54

Zn-TiO2−x 247.925 0.335 5.682 12

Mg-TiO2−x 342.598 0.466 5.682 10

AA-TiO2−x 145.654 0.228 5.682 24

CA-TiO2−x 228.254 0.332 4.887 10

Table S. II.  The textural properties of all nanocatalysts.

Samples Band

gap (eV)

Valence band

edge

(eV)

Conduction band edge

(eV)

C-TiO2 3.01 2.91 -0.29

Zn-R-TiO2-x 2.81 2.71 -0.04

Mg-R-TiO2-x 2.66 2.66 -0.04

AA-R-TiO2-x <1.5 - -



CA-R-TiO2-x 2.71 2.66 -0.04

Table S.III. Absorption and TRPL data of the synthesized photocatalysts.

Catalysts (HER) 

η

@ 10 

mA cm-

2 

(OER) 

η 

@ 10 

mA 

cm-2 

Tafel 

slope  

(OER) 

(mV dec-

1) 

Rct

(Ω) 

Rs 

(Ω) 

CPE or Y0 

(µf) 

A 

Surface 

roughness 

Wd or Rw 

(µΩ) 

C-TiO2 >1000 >1000 181 210.4 22.59 2.663e-6 919.8e-3 237.8e-6 

Zn-

TiO2−x 

750 480 70 10.58 28.20 7.450e-6 1.000 3.807e-3 

Mg-

TiO2−x 

650 420 62 6.662 18.10 559.6e-6 820.00 25.97e-3 

AA-

TiO2−x 

780 485 79 21.75 32.07 55.21e-6 8445e-3 4.311e-3 

CA-

TiO2−x 

790 493 80 12.26 28.10 999.0e-6 870.0e-3 25.97e-3 

aThe electrolyte is 0.1 M NaOH solution.

Table S. IV. Overpotential (HER & OER), Tafel slope and electrochemical impedance data 

of as prepared electrocatalystsa.



Electrocatalysts Current density

(j mA cm-2 )

Overpotential
(η/mv)

TiO2
Zn-TiO2−x
Mg-TiO2−x
AA-TiO2−x
CA-TiO2−x

10 >1000                     [Present Work]
750
650
780
790

TiO2-x 
TiO1.51
TiO0.89
TiO1.23

10 730                                           [5]
590
340  
280

Tour-MWCNTs@Pd/TiO2
Ox-MWCNTs@ Pd/TiO2

1 350                                           [6]
310

TiO2
(Defect rich titania with 1-7min 
cathodization)

1 800                                           [7]
390
370

TABLE S. V : Comparison of overpotential (HER) of present work with few similar works.
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