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Supplementary Information 

 

S.1. Thermal gravimetric analysis (TGA). 

Thermal gravimetric analysis were adopted to evaluate the thermal properties of the undoped and NS 

codoped TiO2 powders before calcination. Figure S1 shows the TGA/DTGA curves of (a) Tcontrol (b) TFA 

and (NS)0.06-TFA (c) TAA (c) and (d) (NS)0.06-TAA powders, respectively. In the TGA curves, the mass of 

the sample (M %) is recorded as a function of heating temperature; in the DTGA curve, the first 

derivative of TGA curve is ascribed as a function of temperature and its maximum peaks show very 

accurately the temperature values where any process of partial mass loss has taken place. In TGA curves; 

a total weight loss of 30.7% (Tcontrol), 17.5% (TFA, (NS)0.06-TFA), 8.3% (TAA) and 17.5% ((NS)0.06-TAA) was 

recorded between the temperature span of 25 
o
C to 800 

o
C. This total weight loss occurred at different 

temperatures during the heating process as depicted in the DTGA curves. In all the powders the peaks 

below 100 
o
C is attributed to the evaporation of ethanol and chemically adsorbed water molecules from 

the TiO2 surface [1] surface. However, the evaporation process occurs earlier in TFA and (NS)0.06-TFA 

(49.4 
o
C), TAA (59.6 

o
C), (NS)0.06-TAA (48.7 

o
C) compared to Tcontrol (71.2 

o
C) powders due to the chelation 

of formate and acetate group with titanium precursor. The peak at 373 
o
C in Tcontrol powder is attributed to 

a phase change from amorphous to anatase powder while this transformation temperature is observed in 

the modified TiO2 powder at 228.8 
o
C (TFA), 275.1 

o
C ((NS)0.06-TFA) and 360.8 

o
C ((NS)0.06-TAA) implying 

that due to carboxylic acid chelation and NS codoping crystalline anatase formation is occurring at lower 

temperature. This result further indicates the stability of anatase phase which could be converted to rutile 

at extended temperature compared to Tcontrol powder where due to powder amorphous nature anatase is 

converted to rutile at lower temperature. Moreover, the highest weight loss in the Tcontrol powder further 

clarify the weakened gel structure formation which collapse rapidly on calcination forming rutile at lower 

temperature. The peaks appear at 181.4 
o
C (TFA), 189.1 

o
C (TAA), 171.2 and 253.1 

o
C ((NS)0.06-TAA) may 

represent the removal of carboxylic acid or ascribed to the thermal decomposition of residual organic 

groups or to the dehydroxylation. Furthermore, in the TGA curves, after 500 
o
C weight loss started to 

remain constant, which illustrate that 500 
o
C is an appropriate and ideal calcination temperature for 

synthesizing crystalline TiO2.   

 



 

 

Figure S1: TGA/DTGA curves of (a) Tcontrol (b), TFA and N0.06-TFA (c), TAA and (d) N0.06-TAA powders, 

respectively. 
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Figure S2: FTIR spectra of calcined powders at 700 
o
C (a) Tcontrol, TFA and (NS)0.08-TFA, (b) TAA and 

(NS)0.08-TAA. 

 

S.2. Photoluminescence (PL) Spectroscopy.  

PL analysis has given a great deal of attention in the field of photocatalysis, because PL emission spectra 

not only help to understand the fate of photogenerated electron hole pairs (charge carrier trapping and 

recombination), but, also give information regarding lattice defects (self-trapped excitons, oxygen 

vacancies (OVs) and surface states. PL emission mainly results from the radiative recombination of 

electrons and holes either directly via band-band or indirectly via band gap states [2]. Higher PL intensity 

indicates an increased recombination rate of electrons and holes, implying lower separation efficiency and 

decreased photocatalytic activity [3-5]. Figure S3 shows the room temperature PL spectra of the powders 

(TFA, (NS)0.06-TFA, (NS)0.08-TFA, (NS)0.1-TFA) excited with two different wavelengths 310 and 410 nm, 

respectively. The emission spectra of the powders excited at 310 nm consist of a UV shoulder at 396 nm, 

four violet emission peaks at 412, 418, 437 and 449 nm, six blue emission peaks at 456, 461, 466, 471, 

479 and 490 nm and one green emission peak at 559 nm, while the emission spectra obtained at excitation 

wavelength of 410 nm shows peaks at 542 nm (green emission peak), 610 nm (orange emission peak) and 

663 nm (red emission peak), respectively. Table S1 illustrates the explanation of these peaks; 
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Table S1 Observed peaks explanation for PL spectra of TFA and (NS)x-TFA. 

Peak  Assignment 

396 attributed to the phonon assisted indirect transmission from the center of Brillouin zone to the 

edge (Г3 to X1b) [6]. 

412 assigned to free excitons [7]. 

418 ascribed to the phonon assisted indirect transition, but from the edge to the center of the Brillouin 

zone (X1a to Г1b) [6]. 

437 attributed to self-trapped excitons localized on TiO6 octahedra [8, 9]. 

450  excitons transition from isolated N 2p level to the conduction band of TiO2 [10]. 

456 related to surface states or oxygen related defect states [11]. 

460 oxygen vacancy with one trapped electrons (F
+
 color center) [12]. 

466 oxygen vacancy with two trapped electrons (F color centre) [13]. 

471 ascribed to band edge emission or related to crystal defects such as oxygen vacancies or 

interstitial sites in TiO2 and or the free O
2-

 → Ti
4+

 charge transfer transition. 

479 attributed to charge transfer transition from Ti
+3

 to oxygen anion in a TiO6
8-

 complex associated 

with surface oxygen vacancies [14]. 

490 related to the formation of oxygen defect states (TiO2-x) located near the bottom of the conduction 

band [12]. 

560 associated with transitions of electrons from the conduction band edge to deep trap holes owing to 

oxygen vacancies. 

542 appears due to structural defects, which may be attributed to native defects and impurities such as 

Ti interstitials and oxygen vacancies or from the recombination process of the excited holes and 

electrons in a self-trapped excited states [13]. 

610 associated with different types of charged (F, F
+
, F

++
) oxygen vacancies states or may be assigned 

to the recombination of trapped electrons with valance band holes [15]. 

663 attributed to deep traps caused by oxygen vacancies or electron trappers with under coordinated 

Ti
4+/3+

 species [15]. 

To further understand the PL spectra, the peak at 560 nm vanishes upon switching the excitation 

wavelength (Figure S3b), which implies that recombination of conduction band electrons with the holes 

in the deep trap are weakened, because due to low photon energy excitation of electrons to conduction 

band is minimized. Figure S3c and d shows the intensity ratio of oxygen vacancy for carboxylic acid 

modified TiO2 at 460 and 466 nm and oxygen defect states at 490 nm versus dopant concentration, 

respectively. As observed the intensity of oxygen vacancies (IOV) and oxygen defect states (TiO2-x) are 

higher in undoped and NS codoped powders employing formic acid compared to acetic acid. This means 



that in comparison to acetate (NS)x-TiO2, the increase formation of oxygen vacancies and defect states in 

formate (NS)x-TiO2 result in the transformation of anatase to rutile (Table 1, section 3.1). This result show 

that due to the presence of oxygen vacancies, space is created within the crystal lattice facilitating the 

rearrangement of oxide ions with greater ease, which is necessary for the structural changes associated 

with anatase to rutile transformation [16]. Furthermore, it is also possible that due to the compact 

structure of the alkoxide precursor (Figure 4b) chemically modified by acetate group compared to the 

open structure of formate group modified alkoxide precursor (Figure 4a), it may not be easy for the NS 

dopant atoms to enter into the acetate structure and replaces substitutionaly the oxygen and titanium 

atoms. As a result, the oxygen vacancy concentration in the samples (TAA and (NS)x-TAA) decreases, 

which promotes and stabilizes anatase formation towards higher calcination temperature.    

The PL intensity of the sample TFA is higher than the NS codoped samples signifying the decrease 

in the recombination rate upon codoping, because PL spectrum is the outcome of recombination of 

photogenerated electrons and holes. The effective quenching of the photoluminescence is ascribed to the 

trapping of photoinduced charge carriers by the dopants ions in addition to oxygen vacancies and surface 

states (Ti
4+/3+

). The charge carriers on diffusion to the surface generates super oxide anions (O2
-•
) and 

hydroxyl radicals (OH
•
) which are necessary for the degradation of aqueous organic compounds. Based 

on these observations it is expected that due to decrease in PL intensity, NS codoped powders will have 

enhanced photocatalytic activity than undoped TiO2 powders. 

 

330 360 390 420 450 480 510 540 570 600

P
L

 i
n

te
n

si
ty

 (
a

.u
.)

Wavelenght (nm)

(a)

TFA

(NS)0.06-TFA

(NS)0.08-TFA

(NS)0.1-TFA

480 510 540 570 600 630 660 690 720 750

P
L

 i
n

te
n

si
ty

 (
a

.u
.)

Wavelength (nm)

(b)

TFA

(NS)0.06-TFA

(NS)0.08-TFA

(NS)0.1-TFA



 

Figure S3: Room temperature PL spectra of TFA, (NS)0.06-TFA, (NS)0.08-TFA and (NS)0.1-TFA powders 

calcined at 700 
o
C and excited at; (a) 310 nm and (b) 410 nm. Intensity ratio of oxygen vacancy in formic 

acid modified TiO2 to acetic acid modified TiO2 versus dopant concentration (c) at 460 (full lines) and 

466 nm (dotted lines) and (d) at 490 nm. 
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Figure S4: Pseudo first order kinetics of 4-chlorophenol degradation under (a) UV irradiation and (b) 

visible irradiation for Degussa P25 and the selected photocatalyst powders calcined at 700 
o
C. 
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