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Supplementary Section 1: Characterization methods 

Structural identification was conducted by X-ray diffraction (XRD) using Cu Kα 

radiation (λ = 1.5406 Å). The morphological characterization was carried out by field-

emission scanning electron microscopy (FE-SEM) and transmission electron microscopy 

(TEM) as well as high-resolution TEM (HR-TEM). The FE-SEM and HR-TEM studies were 

conducted using Hitachi SU8230 and JEOL JEM-2200FS instruments, respectively. A UV–

Vis spectrophotometer was used to evaluate the optical properties and estimate the bandgap 

energy values. The chemical composition was evaluated by energy-dispersive X-ray 

spectroscopy (EDS). The samples' surface chemical composition and elemental valence state 

were evaluated by X-ray photoelectron spectroscopy (XPS, NEXSA, Thermo Fisher 

Scientific, UK). Typical vibrations of the bonds in the nanocomposites were recorded at room 

temperature by Fourier transform infrared (FTIR) spectroscopy on a Thermo Fisher Scientific 

Nicolet iS5. For the measurements, the samples were converted into pellets after being mixed 

with potassium powder. The pore-size distributions and specific surface area of the samples 

were studied by the Brunauer–Emmett–Teller/Barrett–Joyner–Halenda (BET/BJH) methods 

(Micromeritics ASAP 2420 V2.09, USA). The MB degradation products were identified 

using liquid chromatography–mass spectrometry (LC–MS). MS analysis was carried out on 

an Agilent 6410B instrument (Agilent Technologies, Wilmington, USA). Ions were generated 

in ionization mode using an electrospray-ionization (ESI) interface. ESI was conducted at 

+3000 V and at a source temperature of 380°C. The capillary voltage, cone voltage, and 

source offset were 3 kV, 30 kV, and 30 V, respectively. The gas flow of desolvation and in the 

cone was set at 650 L/Hr and 150 L/Hr with a nebulizer pressure of 15 bar. A mobile phase 

composed of 0.1% formic acid in distilled water (buffer A) and 0.1% formic acid in 

acetonitrile (buffer B) was used to separate the analytes and was pumped into the ESI 

chamber at a flow rate of 0.5 mL/min for 20 min. The fragmentation potential was set to 110 
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V, and the interface heater was set to 300°C. Ion detection was carried out in MS full-scan 

mode. 

 

Figure S1. Proposed formation pathways of two different nanocomposite structures: 

Ti3+/TiO2/CNT (TTOC-1 and TTOC-3) and Ti3+/TiO2/C (TTOC-2). 
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Figure S2. (a) Low-resolution and (b) high-resolution FE-SEM images of the TTOC-1 

nanocomposite. (c) Low-resolution and (d) high-resolution FE-SEM images of the TTOC-3 

nanocomposite. 
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Figure S3. EDS spectra of the (a) TTOC-1 and (b) TTOC-3 nanocomposites. The 

corresponding regions analyzed by EDS, along with the tabulated results, are shown in insets 

of each graph. 
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Figure S4. (a) Low-resolution and (b) high-resolution TEM images of the TTOC-1 

nanocomposite. (c) Low-resolution and (d) high-resolution TEM images of the TTOC-3 

nanocomposite. 
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Figure S5. (a) XPS survey spectrum and the (b) Ti-2p, (c) C-1s, and (d) O-1s core-level XPS 

spectra of the TTOC-1 nanocomposite. 
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Figure S6. (a) XPS survey spectrum and the (b) Ti-2p, (c) C-1s, and (d) O-1s core-level XPS 

spectra of the TTOC-3 nanocomposite. 
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Supplementary Section 2:  

The C-1s fitting results are presented in Figures 4c, Supplementary Figures 5Sc, and 

6Sc for all of the samples, showing the characteristic most intense peak of C–C bonds at 

284.64 eV7. The C–C bond signal originates from the CNTs (TTOC-1 and TTOC-3) and the 

carbon layer (TTOC-2) in the nanocomposites. In the spectra of all of the samples, the lower-

binding-energy peak at 283.31 eV confirms the metal carbide (Ti–C) bond between the TiO2 

and C7. The peaks at 285.23 and 288.74 eV originate from –C–OH and –C–O–Ti bonds, 

respectively10, S1. The –C=O bond peak localized at 287.97 eV is attributed to the presence of 

a carboxylic group impurityS1. Figures 4d, Supplementary Figures 5Sd, and 6Sd show the 

high-resolution O-1s spectra of the samples, with four signals. The peak at 529.27 is assigned 

to the Ti–O–Ti bonds of the TiO2 lattice8. The signal at 530.07 eV is ascribed to the Ti–O–C 

bonds, i.e., the interaction between the O atoms of TiO2 and C atoms8. The C=O bond peak at 

531.13 eV likely arises from carboxylic groups present as an impurityS2. The signal at 530 eV 

is attributed to Ti–OH, indicating the formation of –OH groups on the TiO2S2. 
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Figure S7. FTIR spectra of as-synthesized nanocomposites (TTOC-1, TTOC-2, and TTOC-3) 

and pristine CNTs. 
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Supplementary Section 3: 

The functional groups of the nanocomposites were investigated by Fourier transform 

infrared (FTIR) spectroscopy (Supplementary Figure S7). The FTIR spectra of the bare CNTs 

and the nanocomposites are illustrated in the range 4000~400 cm−1. The FTIR spectrum of 

the bare CNTs exhibits two strong peaks at 1554 and 1650 cm−1, which are attributed to 

stretch mode of C=C bonds in the building units of the graphitic carbon. In the spectra of all 

of the nanocomposites, peaks are shifted to lower wavelengths at 1344 and 1638 cm−1, 

indicating strong interaction between the graphitic C and the TiO2. The spectra of the pristine 

CNTs and the nanocomposites show a broad peak at 3430 cm−1 ascribed to the H–O–H 

bonding mode of surface-adsorbed H2O molecules. A broad transmittance peak in the range 

800–500 cm−1 is due to Ti–O–Ti bond vibrations in TiO211, 12. 
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Figure S8. Tauc plots of (a) pristine CNTs and the (b) TTOC-1, (c) TTOC-2, and (d) TTOC-3 

nanocomposites. 
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Figure S9. BET adsorption-desorption isotherms and pore size distribution of (a) pristine 

CNT, (b) TTOC-1, (c) TTOC-2, and (d) TTOC-3 nanocomposites, respectively. Red and 

Black lines denote desorption and adsorption data, respectively. 
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Supplementary Section 4: 

The average surface area was estimated based on the Brunauer–Emmett–Teller (BET) 

theory. Supplementary Figures S9a–S9d illustrate the adsorption–desorption isotherms of the 

pristine CNTs and the TTOC-1, TTOC-2, and TTOC-3 nanocomposites, respectively. The 

corresponding pore-size distribution is presented in the inset of each diagram. The isotherms 

of the pristine CNTs show an H2 hysteresis loop at relatively low pressures, indicating 

spontaneous filling of the mesopores. All of the nanocomposites show Type IV adsorption 

isotherms, where the isotherm reaches a plateau at high relative pressures and the surface is 

only partially occupied at low pressures. 
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Figure S10. Decoloration of MB solutions containing (a) TTOC-1, (b) TTOC-2, and (c) 

TTOC-3 nanocomposites. MB degradation using the TTOC-2 nanocomposite at (d) pH 2 and 

(e) pH 12. The illumination source was visible light. 
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Figure 11. Photocatalytic performance of the TTOC-2 nanocomposite under visible light: (a) 

degradation ratio over time and (b) first-order kinetics analysis for the degradation reactions 

of MO and RhB.  

 

Figure S12. Point of zero charge of the nanocomposites (TTOC-1, TTOC-2, and TTOC-3).  
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Figure S13. Effect of pH on the MB degradation under visible light using TTOC-2 

nanocomposites: (a) photodegradation ratio vs time and (b) first-order kinetics study. 

 

 

Figure S14. Stability and reusability tests of nanocomposites under visible light: (a) variation 

of the degradation change over five consecutive cycles and (b) XRD patterns of the 

photocatalysts after five runs.  
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Table S1. Comparative studies on the organic pollutant degradation efficiencies of various 

photocatalysts.  

Catalyst Source of 
light 

Pollut
ant 

Catalys
t dose 
(g) 

Dye dose  Degrada
tion (%) 

Time 
(min) Ref. 

aMWCNT/TiO2 Solar MO 0.1 100 mL, 
15 mg/L 87 180 8 

TiO2-bRGO Metal-halide 
lamp MO 0.05 100 mL, 

10 mg/L 87.4 240 13 

CNT/TiO2 Fluorescent 
lamp MB 0.05 

50 mL, 
1×10−5 

M 
58 180 14 

Ti3+ self-doped 
TiO2-x Xenon lamp MB 0.05  100 mL, 

10 mg/L 74 180 15 

TiO2 cNRs/CNT Sunlight MB 0.02 100 mL, 
5 mg/L 97.3 300 16 

TiO2-CNT UV MB 0.04 130 mL, 
20 ppm 98 180 17 

MWCNT/TiO2 Mercury 
lamp MB 0.05 100 mL, 

10 mg/L 52 200 18 

TiO2/CNT Xenon lamp MB 0.025 50 mL, 
10 ppm 38 240 19 

Ti3+/TiO2/CNT Xenon lamp MB 0.05 100 mL, 
10 mg/L 93 25 Our 

work 

Ti3+/TiO2/C Xenon lamp 

MB 

0.05 100 mL, 
10 mg/L 

98 

25 Our 
work 

RhB 71 

MO 28 
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Figure S15. Mass spectra of the aqueous solution of MB after photocatalysis in the presence 

of the TTOC-2 nanocomposite for 25 min under visible light. 
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Figure S16. Possible degradation pathway of MB.  
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Supplementary Section 5: Proposed mechanism of photocatalytic performance 

When the energy of incident light is greater than or equal to the bandgap of the 

catalyst, the VB electrons excite to the CB. The holes in the VB (h+VB) act as an oxidizing 

agent; simultaneously, the CB electrons (e−CB) function as a reducing agent.  

hν + catalyst  →  (e−CB + h+VB) catalyst (S1)   

The CB edge potential should be more negative than the acceptor potential, and the VB 

edge potential should be more positive than the donor potential. On this basis, we calculated 

the VB and CB potentials using the following formulas: 

ECB = χ − Ee − 0.5Eg  (S2) 

EVB = ECB + Eg (S3) 

where ECB and EVB represent the CB and VB potentials, respectively, Ee (= 4.5 eV) represents 

the free electrons' energy on the hydrogen scale, χ indicates the absolute electronegativity, 

and Eg is the bandgap energy. The proposed reaction mechanism with redox couples and 

energy band positions is shown in Figure 7. The ECB of the TTOC-1, TTOC-2, and TTOC-3 

nanocomposites is positioned at −0.44, −0.36, and −0.42 eV vs normal hydrogen electrode 

(NHE), respectively. Because the ECB of all the composites is lower than that of O2/O2−• 

(−0.28 eV), superoxide radicals (O2−•) originate from the reduction of dissolved O2 by the 

e−CB (Eq. (S4)): 

O2 + e−CB    →  O2−• (S4) 

The produced O2−• radicals undergo a series of reactions to produce hydrogen peroxide 

(H2O2) (Eqs. (S5)–(S9)): 
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H+ + O2−•  → HO2•  (S5) 

HO2• + O2−•  → O2 + HO2−  (S6) 

HO2• + HO2•  → O2 + H2O2  (S7) 

H+ + HO2−  → H2O2  (S8) 

HO2• + HO2•  → O2 + H2O2  (S9) 

 

The H2O2 subsequently dissociates into OH• radicals. The reactive oxygen species 

(OH•, O2−•, etc.) are the principal oxidizing agents and are responsible for the degradation of 

the organic pollutant (Eqs. (S10)–(S11)). The EVB values of the TTOC-1, TTOC-2, and 

TTOC-3 nanocomposites are positioned at 1.64, 1.56, and 1.62 eV vs NHE, respectively. The 

large hVB+ potential of all nanocomposites energetically enables the direct hole oxidation of 

MO, MB, and RhB: 

H2O2   →  2 OH• (S10) 

Pollutant + (h+, O2−•, OH•) → Degradation Products  (S11) 
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